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Abstract. The paper proposes a modification of the method for formation con-
trol of the group of autonomous uninhabited underwater vehicles (AUVs) in the
unknown environment containing obstacles for large group of AUV. AUVs move
in the “leader-follower” mode in the given formation. The AUV-leader has infor-
mation about the mission, moves to the target and defines the motion trajectory
to safely avoid the detected obstacles. AUV-followers follow the leader, in accor-
dance with the place given to them in the formation. For this movement, informa-
tion about the current position of the AUV-leader is used. In the basic proposed
method, the followers receive this information via hydroacoustic communica-
tion channels. Obstacles and the distance to them are determined via onboard
rangefinders. The low bandwidth of hydroacoustic channels and large delays in
data transmission do not provide safe and accurate movement of group members
when they are close to an obstacle or to another AUV. To solve this problem, using
onboard video cameras of AUV-followers and technical vision to determine the
position of the leader, on which a special light beacons are installed, is proposed.
This approach makes possible eliminating delays in the receiving of information
by the followers and ensure the safe movement of the AUV group when using
high-precision control systems. The main difficulty of using visual information in
underwater environment is the limited visibility distance. To consider this limita-
tion, some AUV-followers can act as leaders for other followers. This will allow to
form groups from a large number of AUV. At the same time, a control system with
a predictive model is used to ensure high accuracy of controlling the movement
of the AUV inside the formation when bypassing obstacles. The effectiveness of
the proposed method is confirmed by the results of mathematical simulation.

Keywords: Formation control · Underwater vehicle · Path planning · Obstacle
avoidance · Computer vision

1 Introduction

Currently, using autonomous underwater vehicles (AUVs) is one of the most promising
approach for the studying and development of the World Ocean. AUVs are capable
of performing a wide range of tasks related to survey and prospecting and geological
exploration, oceanographic research.
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A certain disadvantage of using AUVs is the limited operation time during the mis-
sion, which is conditioned by a limited energy reserve of onboard batteries. This disad-
vantage complicates the performance of operations for the survey of sufficiently large
areas. To eliminate this shortcoming, many researchers suggest using groups of AUVs
cooperatively performing the mission [1].

One of the main strategies for using groups of AUVs is the “leader-follower” mode,
in which one of the AUVs is appointed as a leader who has complete information about
the given mission and defines the movement trajectory of the group, and other AUVs
are considered as followers, receiving information from the leader about its current
position and correcting their movement, taking into account their prescribed position in
the formation.

An important condition for the implementation of this strategy is the availability
of communication channels between all AUVs of the group, which allows exchanging
information about the current position of the AUV-leader and each member of the group.
This is especially important when a group of AUVs performs a joint mission in an
environment containing obstacles.When avoiding obstacles, the trajectories of the leader
and followers can change unpredictably. In this case, AUVs must move in such a way
as to avoid these obstacles at a safe distance, while excluding the possibility of collision
with other members of the group.

One of the approaches to ensure the safe movement of robots is using of a special
schedule in which the robot collision is not allowed [2, 3]. But using of such a method
is permissible only in cases where the working environment is known. At the same
time, an additional problem for AUVs is large errors in determining their coordinates in
the absolute system, which requires using of additional mechanisms for matching the
indications of their navigation systems and thereby leads to a significant complication
of the implementation of AUV group control systems [4–6].

Methods for controlling a group of robots based on algorithms that are intended
for a swarm of robots are described in the works [7, 8]. These algorithms are hardly
applicable for controlling a group of AUVs, because swarm control implies a frequent
exchange of information between group members, which can be difficult in the under-
water environment. Also, the control of a group of robots in an unknown environment
is considered in [9], where collisions with obstacles are prevented by changing the type
of a given formation or the speed of movement of a group of robots so the group avoids
the obstacle at the safe distance.

In all the considered examples implementation of the correction of the robots group
trajectories occurs due to the constant exchange of information with each other, con-
taining data on the current position of group members, which makes possible to coor-
dinate the trajectories of the robots. However, this approach is not always applicable to
AUVs, because the possible data transmission via hydroacoustic channels is carried out
with large delays and has low bandwidth. The method without the necessity for a large
exchange of information between the group members is presented in [10]. The disad-
vantage of the proposed approach is using of hydroacoustic communication channels,
which do not ensure the safe and accurate movement of a group of AUVs, when they
are located at a small distance from each other.
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At the same time, a method for generating the trajectories of a group of AUVs
during their movement in the “leader-followers” mode in an unknown environment with
obstacles that does not require the additional data transmission between the AUVs of the
group to coordinate their trajectories when avoiding obstacles was proposed in [11]. This
method assumes that all AUVs of the group must know their coordinates in the absolute
coordinate system quite accurately, which requires expensive hydroacoustic navigation
systems, as well as the use of methods for coordinating their readings.

A method for solving the problem of the necessity of using hydroacoustic systems
on AUV-followers, for the coordinated movement of the AUVs group based on visual
information about the position and orientation of the leader, obtained from the on-board
cameras of the followerswas proposed in [12].When using thismethod for implementing
the movement of the AUVs group in an environment with obstacles, a problem arises
that, when avoiding an obstacle, AUV-followers can cover the AUV-leader from other
AUVs moving behind them, which can lead to incorrect and unsafe movement of these
AUVs relative to other AUVs of the group.

This article solves the problem of developing such a method of group movement that
would allow the formation of the AUVs group in which the followers do not need expen-
sive sonar systems to follow the leader and use high-speed communication channels to
coordinate the trajectories of these AUVs in the avoiding obstacles process. At the same
time, the approach described in [12] will be used as the basic method that implements
the “leader-follower” strategy for the AUV group, and the method [11] will be used to
implement the method for generating safe obstacle avoidance trajectories in the group,
which will be modified taking into account the features of the method [13].

2 Problem Formulation

A group of AUVs, consisting of AUV-leader, AUV-followers and AUV which are fol-
lowers for other AUV-followers considers in this article. The AUV-leader has all the
information about the mission and forms its trajectory in such a way as to ensure the
accomplishment of thismission. Several light beacons are installed onAUV-leader board,
which can be observed by AUV-followers through their onboard video cameras. Using
this video information, they form data about the position and orientation of the AUV-
leader relatively to the follower. This informationAUV-followers use to follow the leader
and keep given them place in the formation (Fig. 1). At the same time, AUV-followers
are leaders for other AUV-followers.

AUV-followers do not have information about their current position in the absolute
coordinate frame (ACF). In this case, the position of the AUV-follower in the CF relative
the AUV-leader will be determined by the following expression:

X L
F = −(RF

L )
T
X F
L , (1)

where X L
F is the coordinate vector of the AUV-follower position in the CF of the AUV-

leader; XF
L is the coordinate vector of the AUV-leader position in the CF of the AUV-

follower; RF
L is the is the orientation matrix of the AUV-leader in the CF of the AUV-

follower.
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The desired position of the AUV-follower in the formation is calculated in the CF
relative to the AUV-leader, which makes possible to form the desired formation of the
AUV group, regardless of their position and orientation in the ACF during the mission.

To determine the position and orientation of the AUV-leader relative to the followers,
these followers are equipped with video cameras that observe light beacons on the video
image, the location on the leader’s body and the position of which is known relative to
the leader’s center of mass. The position of the beacons in the CF of the AUV-leader is
known and is set by the coordinates B = (B1,B2, . . . ,Bk), where Bi = (xbi, ybi, zbi)T

is the coordinates of the i-th beacon in the CF of the AUV-leader; k is the number of
beacons on the leader AUV. The beacons have such characteristics that they can be
identified in the image received from the video camera.

The main difficulty of using visual information in underwater environment is the
limited visibility distance. To consider this limitation, some AUV-followers can act as
leaders for other followers. This will allow to form groups from a large number of AUV.

Fig. 1. AUV group formation

From the image received from the video camera of the follower, the vector P =
(P1,P2, . . . ,Pk) is formed, where Pi = (pxi, pyi) are the pixel coordinates of the i-th
beacon.

The expressions binding the pixel coordinates of the beacons and the position and
orientation of the leader in the camera CF:

Pi = FB2P

(
U ,Bi,X

C
L ,AC

L

)
,

XC
Bi(Pi) = RC

L

(
AC
L

)
Bi + XC

L , i =
(
1, k

)
,

(2)

where XC
Bi ∈ R3 is the coordinate vector of the i-th beacon in the CF of the AUV-

follower; XC
L ∈ R3 is the coordinate vector AUV-leader in follower’s camera CF; RC

L is
the transformation matrix AUV-leader relatively to CF of follower’s camera; AC

L ∈ R3 is
the vector of orientation angles of the AUV-leader relatively to the axes of the camera’s
CF.

The system of Eqs. (2) contains 6 unknown variables, at least 3 beacons are required
for their definite determination. Equations (2) are significantly non-linear and cannot
be solved analytically, the determination of the values AC

L and XC
L is possible using

numerical optimization methods [14].
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The coordinate vector of the AUV-leader in CF of follower can be determined by
equation:

XF
L = RF

CX
C
L + XF

C , (3)

where XF
C ∈ R3 is the camera’s position coordinate vector of i-th follower in CF of

follower, RF
C ∈ R3×3 is the orientation matrix of onboard camera in CF of follower.

To provide the ability of the AUVs to determine surrounding obstacles, they are
equipped with rangefinders (sonars), which form information about the distance to the
obstacle in the direction of these rangefinders. During the operation of rangefinders
and the movement of the AUV, a vector D = (d1, d2, . . . , dn) is formed, where di is
the distance to the obstacle determined by the i-th rangefinder. This vector is used for
calculating the AUV target point.

The problemof forming such trajectories ofAUV-followersmoving behind theAUV-
leader as part of a group in an environment containing obstacles is solving in this paper.
These trajectories must satisfy the following requirements:

• The formation of the trajectories of the AUVs of group should occur independently
of each other and do not require data exchange between the AUVs of group via
hydroacoustic communication channels. At the same time, AUV-followers form their
trajectories using information about the position of the AUV-leader received from
their onboard video cameras and readings from onboard rangefinders.

• The trajectories of the AUVs of group pass at a safe distance from the detected
obstacles.

• During movement and avoiding obstacles, the possibility of collision between
members of the group should be excluded.

• In the process of avoiding obstacles, keeping a given formation is not required.
• Due to limited visibility, another AUV-follower can act as a leader.

3 Trajectories Formation Method

Due to the lack of communication channels between the AUV-followers, the problem of
coordinating the trajectories of the group members movement in the process of avoiding
obstacles arises. In this case, the desired position of theAUV-followers is determined rel-
atively to the position of the AUV-leader, and all followers can determine the position of
the leader relatively to themselves. This fact can be used to guarantee the safe movement
of followers when avoiding obstacles without directly coordinating their trajectories.

The method described in [13] will be used as a base method, which will be modified
for the case when the position determination of the leader is based on video information,
and the followers do not have information about their coordinates in the ACF.

This method is illustrated in Fig. 2. This figure shows the AUV-followers moving in
a given formation behind the AUV-leader and being at their prescribed positions in the
formation.

The black dots on Fig. 2 indicate the desired positions of the AUV-followers in the
formation, and the dotted lines indicate the trajectories of the adjusted displacement of
the AUV-followers within the formation when avoiding the detected obstacles.
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When the onboard rangefinders detect obstacles located at a distance less than safe,
the desired position of the AUV-follower inside the formation begins to shift along the
dotted lines towards the trajectory along which the AUV-leader passed. Since the AUV-
leader has already found a safe trajectory, shifting to this trajectory, the AUV-followers
will also provide themselves with a safe passage. At the same time, the trajectories of
AUV-followersmovementwithin the formation are chosen to ensure their safemovement
relatively to each other.

Setting the trajectories of AUV-followers movement inside the formation is as fol-
lows. The indicated motion trajectories are segments of straight lines in the CF of the
AUV-leader. The starting point of the i-th AUV-followers trajectory corresponds to its
desired position in the formation with coordinates X̃Fi = (x̃fi, ỹfi), and the end point lies
on the axis x̃ in CF of AUV-leader and has coordinates X̃ 0

Fi = (x̃fi ±Da/2, 0). The value
Da is chosen so that when different AUVs move along these given trajectories inside the
formation, the distances between them would always be no less than the safe distance
Dmin. The choice of sign when determining the point X̃ 0

Fi depends on the location of the
AUV-follower relatively to the axis x̃ (sign “+” indicates that the AUV is located to the
left of the x̃, sign “−” indicates that the AUV is located to the right of the x̃). Value Da

> Dmin depends on the number of columns, on the features of the formation and the
number of AUV-followers.

Fig. 2. AUV-followers movement trajectories when avoiding obstacles

The equation of the displacement trajectory of the i-th AUV-follower inside the
formation, passing through the points X̃Fi and X̃ 0

Fi in CF of AUV-leader in horizontal
plane [15]:

±Da

2
(ỹ − ỹFi) + ỹFi(x̃ − x̃Fi) = 0, (4)

As information about the position of the AUV-leader is obtained by AUV-follower
using video information from the onboard video camera that observes the leader’s light
beacons, it becomes possible that during the process of displacement, AUV-follower
will cover the visibility area of the beacons for other group members.

To eliminate this situation, it is proposed to carry out an additional displacement in
the vertical plane along the axis (Fig. 3). The trajectory of such displacement passes
through points X̃ z

Fi = (0, ỹfi) and X̃ z0
Fi = (±Db, 0), where X̃ z

Fi – is the initial position of
the i-th AUV-follower in the absence of obstacles, X̃ z0

Fi – is the point located on the axis
z̃, that determines the position of the i-th follower when moving behind the AUV-leader
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in the plane x̃z̃ of the CF of the AUV-leader. The choice of the sign when determining
the point X̃ z0

Fi depends on the desired displacement of the AUV-follower relative to the
axis z̃ when avoiding the detected obstacle.

The formation of the displacement trajectory along the axis z̃ occurs similarly to
Eq. (4):

±Db

2
(ỹ − ỹFi) + ỹFiz̃ = 0, (5)

Fig. 3. Changing the depth of AUV-followers during displacement

The value Db depends on the characteristics of the video cameras installed on the
AUV-followers, the characteristics of the beacons of the AUV-leader and the type of
formation. Db is chosen for each follower in such a way that any displacement along
the given trajectories within the formation does not cover the beacon’s visibility area for
other members of the group.

In the process of moving behind the leader, the followers determine the presence and
proximity of obstacles to the trajectories using onboard rangefinders. If this distance is
less than a safe distance Dmin, the program point of this follower, which set its position
in the formation, is shifted along the trajectory described by Eqs. (4), (5). When several
rangefinders are triggered at once, the distance to all obstacles is estimated and the
nearest one is selected. If the distance to obstacles is more than safe, then AUV-followers
continue to move in the place, gave them in the formation.

To determine the required shift of the AUV-follower program point, it is necessary
to determine the obstacle point closest to the follower, which must be avoided. As the
shift of the AUV-follower is set in the AUV-leader’s CF, the coordinates of the extreme
point of the obstacle are respectively translated into the leader’s CF. This calculation is
carried out as follows:

Xdj = X L
F + RLR

T
F

[
djcos

(
αj

)
djsin

(
αj

)
]
, j = (

1, n
)
, (6)

where Xdj are the coordinates of detected point of obstacle in ACF, fixed by j-th
rangefinder of AUV-follower; ψf is the follower heading angle; αj is the angle of ori-
entation of j-th rangefinder relatively to longitudinal axis of the AUV-follower; dj is the
distance to the obstacle point, determined by the j-th range finder.

Next, it is necessary to determine where the program point, which sets the position
of the AUV-follower in the formation, should move to ensure its safe avoidance of the
detected obstacle.
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For this, first need to determine which point on the obstacle is closest to the AUV-
follower trajectory. As the AUV-follower does not know in advance the trajectory of its
movement, because it is determined by the movement of the AUV-leader, will assume
that the predicted trajectory of the AUV-follower is a straight line parallel to the axis
x̃. Therefore, the proximity of the detected points Xdj to the specified trajectory can be
calculated by the formula:

δj = S
(
ỹdj

)(
ỹdj − ỹF

)
, j = (

1,m
)
,

S
(
ỹdj

) =
{

1, if ỹdj ≥ 0,
−1, if ỹdj < 0

(7)

The multiplier S(ỹdj) is necessary to take into account on which side of the slave an
obstacle is detected.

The closest point to the trajectory of movement Xdc is considered to be the point Xdj
for which the value will have a minimum value.

The new program position of the point in the CF of the AUV-leader for the AUV-
follower can be calculated by the expression:

ỹ∗
F =

{
ydc − sign(ydc) · Dmin, if min(δj) < Dmin, j = (1,m)

ỹF , if min(δj) ≥ Dmin, j = (1,m)
,

x̃∗
F = x̃F ± Da(ỹF − ỹ∗

F )

2ỹF
,

z̃∗F = ±Db(ỹ∗
F − ỹF )

2ỹF
, (8)

where x̃∗
F , ỹ∗

F , z̃∗F – coordinates of the new position of the target point X̃ ∗
F AUV-follower

during obstacle avoidance in formation.
If obstacles are detected or there is a lot of noise in the data generated by the sonar,

the position of the target point may suddenly change, which will lead to the generation
of incorrect control signals. To eliminate this situation, it is possible to use a low-pass
filter [16] to smooth the trajectories:

X̂ ∗
F (k) = X̂ ∗

F (k − 1) + β(X̃ ∗
F (k) − X̂ ∗

F (k − 1)), (9)

where X̃ ∗
F is the desired position of the AUV-follower at the current step of the system

operation. 0 ≤ β ≤ 1 is the smoothing coefficient.
Thus, the proposed method for generating AUV trajectories during their movement

in a groupmakes it possible to dispensewith the use of acoustic communication channels
to coordinate the AUV trajectories when avoiding detected obstacles.

4 AUV Control System

AUV is a complex object described by a system of nonlinear equations. At the same
time, in the process of moving in a group and bypassing obstacles, the ability to move
along complex spatial trajectories is required. Thus, it is necessary to obtain a control
system that ensures the movement of the AUV in space with sufficient accuracy.
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4.1 Mathematical Model of AUV

Mathematical model of spatial movement of AUV has following view [14]:

M υ̇ + (C(υ) + D(υ))υ + g(η) = τ,

η̇ = J (η)υ,
(10)

where M = MR + MA ∈ R6x6; MR ∈ R6x6 is an AUV inertia matrix; MA ∈ R6x6

is a matrix of added mass and moment inertia; C(M , υ) ∈ R6×6 is a matrix of Cori-
olis and centripetal forces and torques; D(d1, d2, υ) ∈ R6x6 is a matrix of hydrody-
namic forces and moments; g(η) ∈ R6 is a vector of hydrostatic forces and torques;
η = [xa, ya, za, ϕa, θa, ψa]T ∈ R6 is a vector of the AUV position and orienta-
tion in an ACF; J (η) is a transition matrix from body-fixed CF (BCF) to ACF;
τ = [τx, τy, τz,Mx,My,Mz]T ∈ R6 is a vector of propulsion forces and moments in
the AUV BCF; υ = [υx, υy, υz, ωx, ωy, ωz]T ∈ R6 is a vector of linear and angular
velocities in the AUV BCF.

The matrix of Coriolis and centripetal forces and moments described by expressions
[17]:

C(M , υ) = CRB(MR, υ) + CA(MA, υ), (11)

where CRB(MR, υ) =
[

03×3 −S(M11υ1 + M12υ2)

−S(M11υ1 + M12υ2) −S(M21υ1 + M22υ2)

]
, MR =

[
M11 M12

M21 M22

]
,Mij ∈ R3x3, i, j = (1, 2);

CA(MA, υ) =
[

03×3 −S(A11υ1 + A12υ2)

−S(A11υ1 + A12υ2) −S(A21υ1 + A22υ2)

]
, MA =

[
A11 A12

A21 A22

]
,Aij ∈

R3x3, i, j = (
1, 2

)
; υ1 = [

υx υy υz
]T
; υ2 = [

ωx ωy ωz
]T
, and operator S(.) described

by expression: S(λ) =
⎡
⎣

0 −λ3 λ2

λ3 0 −λ1

−λ2 λ1 0

⎤
⎦,λ = [

λ1 λ2 λ3
]T ∈ R3 is the parameter of

operator S.
The elements of diagonal matrix D (d1, d2, υ) are described following expression:

Dii = d1i + d2i|υi|, i = (
1, 6

)
, (12)

where d1i, d2i, i = (
1, 6

)
are hydrodynamic coefficients respective linear and quadratic

dependances of hydrodynamic forces and torques from AUV velocities along all degree
of freedom.

The vector of hydrostatic forces and torques has the following form [14]:

g(η) =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

(W − B)sin θ

−(W − B)cos θ sin ϕ

−(W − B) cos θ cos ϕ

−By cos θ cos ϕ + Bz cos θ sin ϕ

Bz sin θ + Bx cos θ cos ϕ

−Bx cos θ sin ϕ − By sin θ

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

, (13)
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where Wa is the gravity force; Ba is the buoyancy force; Bx = WaxG − BaxB, By =
WayG − BayB, Bz = WazG − BazB; xG, yG, zG are coordinates of the center of gravity
(CG) in the AUV BCF; xB, yB, zB are coordinates of the center of buoyancy (CB) in the
AUV BCF.

4.2 Model Predictive Control for AUV

The essence of the control approachwith a predictivemodel is in the formation of current
control actions based on the analysis of the predictedAUV response to various sequences
of their changes. This makes it possible to improve the adaptive and robust properties
of the developed control systems (CS). To build an CS with a predictive model, it is
rational to use a discrete model of AUV dynamics [18]:

xi+1 = f (xi, ui) + wi, i = 0, 1, 2 . . .

yi = Hxi + vi (14)

where the vectors xi ∈ En, ui ∈ Em, yi ∈ Er represent the current state of the object, the
control actions and the observation vector, i is the current step of the system, f is a known
nonlinear vector function, H is the matrix measurements. Such a model is random in
nature, since it is impossible to determine in advance the values of external disturbances
wi and measurement errors vi.

Eliminating unknown randomcomponents, a predictivemodel of the form is selected:

xi+1 = f (xi, ui), i = 0, 1, 2 . . .

yi = Hxi (15)

Model (15) is initialized at the initial cycle by the current state of the control object
and allows one to approximately predict its dynamics. The final sequence of vectors
xi+j, j = 1, . . . ,P - calculated according to the system (15), is called the forecast of the
movement of the object on the prediction horizon P.

To quantify the quality of control, the following functional should be specified [19]:

J = J (x, u);
x = (xi+1, xi+2 . . . xi+P) ∈ EnP,

u = (ui, ui+1 . . . ui+P−1) ∈ EmP.

(16)

The quality ofAUVmotion control depends on themethod of forming control actions
on the forecast horizon and the performance of the onboard computer system.

Consider the solution of the optimal control problem based on predictive model (15).
The quality of the control process is determined by the functional (16). The behavior
of system (15) on cycles i = 1, 2, . . . ,P, uniquely depends on the choice of the vector
u. Considering that there is a functional dependence x = f (u), we can assume that
J = J (x, u) = J (u). Thus, the constrained optimization problem is formulated as
follows:

J = J (u) → min
u ∈ Ω ⊂ EmP , (17)
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where Ω = {u ∈ EmP : ui+j−1 ∈ U , j = 1, 2, . . . ,P} – admissible set of finite
sequences of m- dimensional vectors. J (u) is a function of mP arguments.

Thus, the control scheme for a specific optimization problem (17) takes the following
form:

1. The state vector yi is measured;
2. Optimization problem (17) is solved for predictive model (15) with initial conditions

x = xi. The extremum of the functional J (ui, ui+1 . . . ui+P−1) is calculated on the
admissible set of values �.

3. From the generated optimal sequence u∗
i , u

∗
i+1 . . . u∗

i+P−1 the first vector is used as a
control action at the next cycle of the system.

4. For the next measure, operations 1–3 are repeated. When controlling the AUVmove-
ment based on a predictive model, the control quality functional (17) on the forecast
horizon is chosen as:

J = ρ1
∑P

j=1
e2i+j + ρ2

∑P

j=1
(ui+j − ui+j−1)

2, (18)

where ei+j is the system output error, ρ1 is the contribution of the cost of changing the
error to the final functional J , ρ2 is the contribution of the cost of changing the control
signal to the final functional J . This form allows minimizing not only the system output
error, but also abrupt changes in the control impact on the device.

The structure of the CS with a predictive model is shown in Fig. 4. The setting signal
ri and the current estimate y∗

i are fed to the input of the optimization block. This block

generates sequences of control actions
∼
ui applied to the predictive model of the control

object, and receives a prediction of the object behavior
∼
yi for P cycles ahead. The value

of the functional J (y, u) is calculated for each sequence. The found optimal value u∗
i is

the input of the control object, which is also affected by external disturbances wi. The
state of the object xi changes, measurements of yi are made with unknown noises vi, and
the state of the object is specified by the observer.

Fig. 4. AUV CS structure
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5 Simulation Results

To test the effectiveness of the method, mathematical modeling of the movement of a
group of underwater vehicles consisting of five robots (1 leader, 2 followers, 2 followers
by followers) moving in a triangular formation was carried out. Each AUV-follower is
equipped with a video camera with a resolution of 512 × 512 pixels, has 4 rangefinders
on board, located in front of the AUV. Four beacons are installed at the stern of the
leader AUV. The simulation was carried out in the CoppeliaSim environment (Fig. 5).
The AUV-leader moves in a straight line, passing through a narrow passage between
two obstacles, and the AUV-followers, being unable to pass the obstacles while keeping
formation, move beyond the trajectory of the leader.

AUVCSwas performed inMATLABSimulink. TheAUVwith following parameters
is considered in this simulation:

ma = 325kg, Jxx = 225kg · m2, Jyy = 175kg · m2, Jzz = 215kg · m2,

Yc = 0.05m, λijmin = 40kg(i, j = 1, 2, 3), λijmax = 300kg(i, j = 1, 2, 3),

λijmin = 20kg · m2(i, j = 4, 5, 6), λijmax = 225kg · m2(i, j = 4, 5, 6),

d1min = Ns/m, d1max = 50Ns/m, d2min = 75kg · m−2, d2max = 125kg · m−2.

Fig. 5. The movement of the AUV group in an unknown environment

Figures 6 and 7 show the processes of changing the coordinates of the AUV group
during their movement while avoiding obstacles. Figure 6 shows that in the process
of movement, AUV-follower detect obstacles in their path and avoid them along the
computed safe trajectories. At the same time, the AUV-followers trajectories follow the
shape of obstacles, and the distances between the AUVs of the group are always greater
than the specified safe distance (Figs. 9, 10, 11). Figure 8 shows that the distance between

Fig. 6. Movement trajectories of the AUV group in the horizontal plane when avoiding obstacles
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the AUV-followers and obstacles does not exceed 2 m. After passing the obstacles, the
AUV-followers return to their prescribed position in the formation. At the same time,
AUV-followers are also shifted in the vertical plane (Fig. 7), which provides them with
continuous tracking of the leader AUV with the help of onboard video cameras, even
when these AUVs line up one after another in the process of avoiding obstacles.

Fig. 7. Movement trajectories of the AUV group in the vertical plane when avoiding obstacles

Fig. 8. Distances between AUV-followers and detectable obstacles

Fig. 9. Distances between AUVs while moving

Fig. 10. Distances between AUVs while moving
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Fig. 11. Minimal distance between AUVs

6 Conclusions

The paper presents a method for formation control of the AUVs group in the “leader-
follower” mode in an environment containing unknown obstacles. A feature of the pro-
posed method is to ensure the safe movement of these AUVs in conditions when there is
no data transmission between the AUVs of the group via hydroacoustic communication
channels to coordinate their movement trajectories. This is achieved by using informa-
tion from the onboard video cameras of the followers to determine the position and
orientation of the leader AUV relatively to these followers, and by presetting the move-
ment trajectories of each follower AUV within the formation. A feature of the proposed
method is the setting of such a displacement of the followers within the formation, which
excludes the loss of beacons of the AUV-leader in the visibility area of the cameras of
the followers.
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