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ABSTRACT The applications of multiple underwater robots are becoming more widespread as the oceans
continue to be explored. However, the cooperative control of multiple underwater robotic systems lacks an
effective way to interact with information in the presence of weak communication in the water. This study
proposes a brief binary optical-acoustic dual signals hybrid cooperative control method for overcoming this
difficulty. It simplifies the information interaction rule to improve the efficiency of cooperative control while
guaranteeing the range of underwater communication. This method includes an acoustic communication
mechanism that enables the underwater robot to transmit signals over long distances and an optical
communication mechanism that enables the transmission of signals in close situations. Avoiding information
redundancy due to traditional underwater real-time communication, the underwater robots send brief binary
signals through optical and acoustic sensors to realize cooperative control. An underwater robot equipped
with a dual optical-acoustic system is designed in this paper combining the leader and follower formation
structure. The triangular formation experiment and diamond formation experiment were also conducted in
the pool to verify the effectiveness of this cooperative control method. The study provides a method for the
cooperative control of multiple underwater robotic systems.

INDEX TERMS Multiple underwater robots, information interaction, brief binary optical-acoustic dual
signals, cooperative control method.

I. INTRODUCTION robotic systems are highly robust and allow for multi-tasking

Underwater robots have become the most effective tools in
developing and utilizing marine resources. As early as the
20th century, underwater submersibles were the most studied
underwater robots globally [1]. A single underwater robot
has various drawbacks such as limited task completion, high
power consumption, and low efficiency when it comes to
complex underwater tasks. In contrast, multiple underwater
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and more flexibility, which have used in underwater sur-
veys, underwater search, rescue, navigation, and many other
areas [2], [3], [4], [5]. Cooperative control has received
widespread attention as the key to efficiently carrying out
tasks with multiple underwater robots. And the underwater
weak communication environment leads to the lack of effec-
tive interaction between individual multi-underwater robots
[6]. Therefore, there is an urgent need to develop an effective
way to interact with information between underwater multi-
robot individuals.

© 2023 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
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Normally, high frequency radio, Bluetooth, infrared and
other communication methods are widely used in multi-robot
systems [7]. Airborne swarms of small robots have achieved
higher precision of group coordination and formations in
dense and complex environments [8]. They rely on electro-
magnetic waves for information interaction. However, studies
have shown that underwater communication conditions are
more demanding than traditional land and air communi-
cation methods. Wireless communication methods such as
wireless electromagnetic waves are more severely attenuated
underwater. Underwater acoustic wireless communication
[9] and underwater wireless optical communication [10] are
the main wireless communication mode used underwater.
Sound waves have long wavelengths and can travel thousands
of kilometers in the ocean. The long-distance transmis-
sion characteristics of sound waves have been widely used
in underwater multi-robot communication [11], [12], [13].
However, when acoustic waves are used for underwater com-
munication, the channel bandwidth is narrow, and the signal
frequency available is basically around 20 kHz. Furthermore,
acoustic waves propagate in the form of mechanical vibra-
tions in multiple directions, which are prone to multi-path
effects and make the propagation unstable. Moreover, the
propagation speed of water sound is only 1500 m/s, which has
high delay [14]. Another underwater optical communication
technology can be used to overcome the defects of underwater
acoustic communication, including narrow broadband, the
large impact of environmental noise, the low applicable car-
rier frequency, and a large transmission delay. The absorption
of 400 ~ 600nm wave band is much lower than that of other
wavelengths in the seawater environment. The blue-green
light provides the condition for underwater wireless opti-
cal communication. The European Union’s CoCoRo project
realized group recognition and self-awareness of the under-
water robots by using blue-green light in three heterogeneous
groups for monitoring [15] and searching [16]. However, the
propagation distance of light is greatly limited by the turbidity
of underwater [17]. As a solution, researchers have conducted
formation experiments using soft robot fish schools [18] and
spherical robots [19], [20], [21], [22] by acquiring relative
position and attitude using binocular vision. Still, the lim-
ited formation distance caused by the robot’s visual range
underwater is yet to be overcome [23]. Therefore, the lack
of efficient communication methods underwater is the main
reasons limiting the development of cooperative technologies
for multiple underwater robots. Relying only on a single
communication method can no longer meet the future devel-
opment trend of cooperative tasks of multiple underwater
robots. In ocean exploration, a kind of novel Optical-Acoustic
hybrid Underwater Wireless Sensor Network has been pro-
posed. This scheme realizes high-speed transmission of
optical and acoustic links by deploying multiple nodes on
the seabed for networking in order to transmit ocean detec-
tion information in real time [24]. This optical-acoustic
networking improves communication efficiency. However,
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fixed and limited networking ranges, expensive construction
costs and complex communication protocols are impractical
in underwater multi-robot systems. For cooperative control
of multiple underwater robots, real-time connections between
individuals are not required. On the contrary, a simple and
efficient optical-acoustic hybrid communication method is
more meaningful.

In this article, a method of brief binary optical-acoustic
dual-signal hybrid cooperative control is proposed. Relevant
communication tests are conducted using low-cost, small-
sized multi-sensors, and an underwater robot is designed
based on the formation structure of a leader and a follower
to form a formation strategy based on optical-acoustic dual-
signal hybrid communication. The pool experiment provides
a feasible solution to the current challenge of cooperative
control of underwater robots.

This article is divided into five sections. Section II intro-
duces the small underwater robot system, including the
structure and hardware composition of the robot. Section III
covers the design and construction of the brief binary optical-
acoustic dual-signal hybrid cooperative control system. The
optical and acoustic communication system of the robot is
described, and the advantages of this cooperative approach
are demonstrated here. Section IV discusses the formation
strategy of multiple underwater robots, the related pool exper-
iments, and the results. Finally, a summary is presented in
Section V.

Il. SMALL UNDERWATER ROBOTS
A. THE MECHANICAL STRUCTURE DESIGN OF A SMALL

UNDERWATER ROBOT

An underwater robot with optical-acoustic dual-signal hybrid
control is designed by integrating the ability to possess mul-
tiple sensor positions, underwater power, and ideal size. The
main structure of the robot is shown in Fig.1. The robot is
18 cm long, 13.5 cm wide and is symmetrical. It consists
of a hull, four propellers, an electronic system and a mobile
power supply. The design is ideal for the assembly positions
of the photoelectric sensors and LEDs of underwater robots.
As the only light-sensitive surface, the photoelectric sensor
has the inherent characteristic of different angles of light
corresponding to different voltage signals. The head and tail
of the robot are ellipsed, the head is equipped with a photo-
electric sensor, and the tail is equipped with Blue LEDs as a
light source, which is distributed in all directions in a semi-arc
shape.

Consequently, the robot can use the light signal to identify
robots in front. In addition, it can use the voltage values sam-
pled in real-time from the photoelectric sensors in the front
half of the body to compare the position of the light source
and determine the orientation of other robots. The mounting
position of the photoelectric detector is adapted to the struc-
ture of an equal-sized groove. In other words, the mounting
positions of photoelectric sensors are made of equal-sized
grooves, whereas the LEDs mounting positions are made
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FIGURE 1. The main form structure of the underwater robot.
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FIGURE 2. The electronic modules of the underwater robot.

of an open-120° tapered structure. In addition, because the
sound sensor can receive an omnidirectional sound signal in
the water, it is fixed directly in front of the robot. The robot
can effectively carry optical-acoustic sensors, which provides
an experimental platform to verify the underwater optical-
acoustic dual-signal hybrid cooperative control method.

B. THE ELECTRONIC SYSTEMS OF SMALL UNDERWATER
ROBOTS

The main electronic system’s design needs to consider mod-
ularity and miniaturization. The electronic system mainly
consists of a main control module, an optical sensing module,
an acoustic sensing module, a driver module, and a power
supply module. The details of the electronic system and each
module are shown in Fig.2.

Raspberry Pi is selected as the main control board of the
robot to facilitate surface debugging and future functional
expansion. The Raspberry Pi is equipped with the Linux
operating system. The multi-sensor fusion control closed-
loop algorithm was completed in the Linux system, including
optical and acoustic sensing data fusion and attitude angle
fusion power regulation. VNC was used to connect and
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debug with the host computer to avoid frequent assembly
and debugging of individual robots. Each robot became an
independent underwater system after the commissioning of
the host computer.

The optical source uses bright LEDs with advantages like
fast switching, low cost, and are small. Blue LEDs and Pho-
toelectric sensors were selected for communication in the
underwater environment. The driver board drove the sound
source after tuning the frequency to drive the loudspeaker.
The microphone and filter realized the receiver side. The
MEMS inertial sensor provided the robot motion attitude
angle, and the depth sensing module took the depth value
to control the motor motion through the closed-loop PID
algorithm. A four-paddle propulsion device propels the robot.
The double paddles at the tail ensure the robot can move
differentially horizontally to complete forward, backwards,
and turning movements. The double-side paddles ensure ver-
tical movement, which could achieve surfacing, diving, and
hovering in the water. A large enough mobile power supply
powered the whole system.

Ill. BRIEF BINARY OPTICAL-ACOUSTIC DUAL-SIGNAL
HYBRID COOPERATIVE CONTROL

Many researchers now develop swarm algorithms based on
nature-inspired and use them in underwater multi-robot sys-
tems. However, the implementation of these cooperative
control algorithms requires a large amount of communication
between underwater intelligences [7]. Thus, the cooperative
control problems in underwater multi-robots all originate
from the dependence on communication.

To reduce the impact of underwater communication, this
paper proposes a cooperative control method for underwater
brief binary optical-acoustic dual-signal hybrid. A combina-
tion of underwater long-range acoustic signal transmission
and near range optical signal transmission is used to improve
the control efficiency of multiple underwater robots. The
robots send binary codes with smooth and intermittent
optical-acoustic dual signals to simplify the interaction prin-
ciples. In order to complete the optical-acoustic dual-signal
transmission system for the robots, two communication meth-
ods, optical and acoustic, are designed and experimented
respectively.

A. DESCRIPTION OF THE COOPERATIVE CONTROL
METHOD

No obvious information exchange between individuals is
required for the behaviour of many underlying collabora-
tive instructions between underwater robots, which can be
achieved using simple interaction rules with local sensing
from sensors. The transmitted information is simplified, split,
and binary-coded to improve the efficiency of the underwater
cooperative. Using the presence or absence of optical and
acoustic signals for communication, the complex communi-
cation between underwater robots is transformed into a fast,
simple and reliable “code word”. For example, the binary
numbers 0 and 1 represent the beacon light going off and on,
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FIGURE 3. Schematic diagram of optical-acoustic dual-signal hybrid
communication for underwater robots.

respectively. The robot receiving the signal can convert the
received light signal into a binary code.

R1 and R2 are two underwater robots of the same con-
figuration. The distance is determined to be long range
when it is below the optical signal transmission threshold,
and the signal is transmitted through the sound module.
A large and diverse amount of inter-individual information
transfer is required in the case of close clustering for rapid
cooperative control. At close range, introducing an optical
channel not only enriches the data that can be transmitted and
expands the communication bandwidth but also avoids con-
flicts with the commands and answers of the acoustic channel
(Fig.3). Therefore, underwater robots use a mixture of light
and sound to form information perception and interaction
between individuals.

B. THE OPTICAL COMMUNICATION MECHANISM

The underwater robot is considered to complete the vali-
dation of a brief binary optical-acoustic dual-signal hybrid
control method in an experimental pool. The robot chooses
to use bright LEDs as light source. Due to the nature of
underwater wireless optical transmission, the robot chooses
blue bright LEDs for communication [25]. While the robot
autonomously controls the LED to send signals within the
effective distance, the other robot receives signals using
photoelectric sensors. The photoelectric sensor outputs an
electrical signal based on the real-time change of its built-in
photoresistor, which then becomes a digital signal after pass-
ing through the A/D conversion module. A test was conducted
in a water tank to investigate the photosensitive distance
and calibrate the effective range of communication using
blue LEDs and photoelectric sensors to exclude the real-time
influence of external underwater light on the photoelectric
sensor and the interference of a few light reflections. Briefly,
blue LED and three photoelectric sensors are fixed. The three
photoelectric sensors are fixed at equal distances from one
end of the tank. The blue LED is in the same straight line
with the middle photoelectric sensor (Fig.4). The experiment
expands the test range using three equidistant positions in the
same plane to ensure that the photoelectric sensors in different
positions of the robot can produce judgmental differences
according to the light sources in different orientations. The
signal strength is measured at an interval of 5 cm when the
blue LED slowly moves away from the three photoelectric
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FIGURE 4. An experimental setup for measuring light-sensitive distance.
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FIGURE 5. Results of the experiment generated from the measurement of
light sensitivity at different distances.

sensors in a straight line. The measurement results are shown
in Fig.5, and the maximum transmission distance of the
system with the photoelectric sensor voltage not lower than
0.2V is 120cm. The effective threshold of 0.35 V is chosen
for the system to avoid the effects of light attenuation and
inter-individual optical interference.

It is necessary to guarantee the reliability of the optical
signal transmission and reception to achieve accurate control
of the robot to complete the specified movements in the
underwater environment. Therefore, ‘‘non-connected” com-
munication protocols are used for posting or subscribing to
messages across multiple bots with different roles. In this pro-
tocol, the publisher sends a message in a cycle and waits for
the corresponding feedback information before proceeding
to the next step. The receiver judges and analyzes the data
in real-time and determines the reception as valid informa-
tion before sending a feedback signal. The robots transmit
messages using the LEDs’ on and off for binary coding. All
optical signals consist of an 8-bit binary code, which includes
three check bits, one status bit, and four information bits.
The calibration bits are used to determine whether the signal
received by the photoelectric sensors is the correct binary
code. The status bit indicates whether it is an execution state.
The information bits correspond to the value of the trans-
mitted signal. For this communication protocol, hardware
tests have been conducted to simulate robot R1 transmitting
blue light signals and robot R2 receiving blue light signals
(Fig.6). In the Fig.6(a) and (b), this communication device
has two blue LEDs fixed on the left panel. Two photoelec-
tric sensors and four green indicators are fixed on the right
panel. The blue LEDs flash to transmit information, and the
photoelectric sensors receive information. The main control
board decodes the information bits displayed on the green
indicator. Intercept the two results of the experiment. Fig.6 (c)
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TABLE 1. Comparison of interaction methods used in underwater multi-robot projects.

Communication

Project Interaction Methods - Data Transmission Interaction Principle
Characteristic
CoCoRo Underwater optical Short distance; Fast transmission at close ranec Simple
[15,16] communication Light scattering g P
EC MORPH Underwater acoustic Long d1st.an§e; Narrow broadband;
[27.28] communication Doppler principle; Low rate; Complex
! Noise effect High latency
Spherical Robots Underwater visual Limited range; .
[19,22] recognition Turbidity effect Redundant data processing Complex
M-AUEs Underwater RF Severe attenuation; Fast transmission at close range; Complex
[29] communication Multipath effect High loss P
Undrvaspia. LTI secsal Ot and s
This Work acoustic hybrid ’ P ¥ Simple

communication T
transmission

Near-range optical signal

Binary optical and acoustic
signal transmission

FIGURE 6. The process of receiving binary encoded information bits in
the display.

shows a successfully received binary code transmitted by the
blue LEDs with the information bits of 1011, Fig.6 (d) shows
a successfully received binary code transmitted by the blue
LEDs, and its information bits are 0101. The system transmits
24 bits of data a second. This method of simple signaling does
not require large bandwidth considerations.

A threshold value is set based on the voltage variation of
the photoelectric sensor affected by ambient light since the
voltage value of the photoelectric sensor output varies with
the ambient light at different times. To accurately define the
binary value, the voltage difference between any two sensors
on the robot is compared to a set threshold value. When the
threshold is exceeded, the larger value is defined as a binary
value of 1, and the smaller value is defined as a binary value
of 0.

C. THE ACOUSTIC COMMUNICATION MECHANISM

At the same time, the underwater robot is equipped with an
acoustic sensing system for information transmission over
longer distances. The active unit emits the sound signal by
driving a loudspeaker, and the passive unit receives the sound
signal through a microphone. The passive detection signal is
filtered and amplified to obtain the correct frequency signal.
This experiment verifies the feasibility of sound signal trans-
mission in the strategy.

The experiment was completed in the laboratory pool.
A frequency sound of 3 kHz was selected for communication
experiments [26]. Two robots equipped with sound-sensing
systems were placed at different locations in the pool. One
robot is used to transmit the sound signal while the other
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receives the sound signal. If the receiver side of the sound
sensing system gets accurate information after signal process-
ing, then it needs to get a smooth sound signal profile after
receiving filtering. During the experiment, the stability of the
signal transmitted by the sound system is tested by adding
noise interference of different frequencies. The filter is a
bandpass filter with a center frequency of 3khz. In Fig.7, the
red curve is the sound signal received after noise interference,
and the blue curve is the sound signal at 3 kHz obtained
after filtering and amplification by the robot. The comparison
test results show that the system can receive effective water
sound signals. The robot has to analyze the sound signal
by perceiving the threshold value of the sound judgment.
If the reception exceeds the defined threshold value it starts
to analyze the sound signal, and below the threshold value it
ends the analysis. In order to define the sound threshold, the
process of receiving sound signals from nothing to something
is monitored. The results of Fig.8 get that the system can filter
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out noise signals of other frequencies before receiving the
signal of the target frequency.

D. THE CHARACTERISTICS OF THIS UNDERWATER
COOPERATIVE CONTROL APPROACH

There are few projects with practical applications of under-
water multi robots. Table 1 shows the technical advantages
and disadvantages of some excellent research projects. It is
not difficult to see that the current collaborative efficiency of
underwater multi-robot is limited by communication meth-
ods and interaction rules. The single communication mode
determines the scope of cooperative control, and the inter-
action principle between individuals will affect the accuracy
and efficiency of cooperative control. If the underwater
communication range is guaranteed and the information
transmission between individuals is compressed in an under-
water multi-robot cooperative task, the cooperative efficiency
will be greatly improved. This study verifies the feasibility of
a brief binary optical-acoustic dual-signal hybrid cooperative
control method from theory to multi-robot experiments. This
work not only combines the advantages of optical-acoustic
communication, but also improves the efficiency of informa-
tion interaction by using the way of sending and receiving
binary signals.

IV. MULTI-ROBOT FORMATION STRATEGY AND REAL
VEHICLE VERIFICATION

Formation control of multiple underwater robots is a key tech-
nology for cooperative control of multiple underwater robotic
systems. In the cooperative task of multiple robots, the effec-
tive geometric formation formed by the control is the basis to
complete the task. The feasibility of the brief binary optical-
acoustic dual-signal hybrid cooperative control method is
verified by realizing the formation task of multiple under-
water robots. The strategy of formation task is designed and
analyzed based on optical and acoustic dual signal communi-
cation method. It is mainly divided into multi-robot position
estimation and multi-robot system linkage. The formation
algorithm relies on a particle swarm algorithm combined with
an optical and acoustic signal feeder to form the formation
motion algorithm [30], which was subsequently physically
verified in the pool.

A. THE DESIGN OF THE FORMATION STRATEGY

The position expectations of triangle and diamond forma-
tion are formed according to the leader-follower formation
structure. In formation tasks, the control realizes that each
follower robot forms a different distance and angle from the
leader robot to achieve the desired formation. The formation
problem is transformed into a problem of the relationship
between the follower and the leader robot [31], [32], [33],
[34], [35].

The relationship between any of the follower robots
and the leader robot is shown in Fig.9. (x., yr) and (xF, yr)
are the position coordinates of the leader and follower
robots, respectively. ¢ro and ¢ro are the heading angles
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of the pilot robot and the following robot, respectively,
and d is the distance between the center of mass and the
head of the robot. Accordingly, the relative azimuth angle
¢ and relative distance ! between each follower and the
leader robot are obtained. (1) and (2) are the formulae
for calculating the relative distance and relative azimuth,
respectively.

1= /G — xi — d cos gro)? + (i — yr — d sin gro)

(1
X, — xp — d cos
7 — 1o + arctan =~ OSPFO ot > xp
¢ = yL —yr —dsingro
3 xXF —x, —d cos@Fg
—TT — @ro + arctan - , X[ < XF
2 YL — yF — d sin grq
)

If the position of the leader robot is known, the position of
the follower robot can be uniquely determined as long as
the relative horizontal distance /. and the relative vertical
distance [, between the leader robot and the follower robot
are determined. To obtain the desired formation structure,
it is necessary to control the relative horizontal distance, and
relative vertical distance between the leader robot and the
follower robot to achieve the desired values of I{ and [{. Point
P denotes the position (xr1, yr1) where the follower robot is
located in the desired formation structure. Point Q denotes
the desired path point position (xz1, yr1) of the leader robot.
During formation construction, the desired position point Q
(xz1,yr1) of the leader robot in the next cycle is estimated
based on its current positional information (including veloc-
ity vz, heading angle ¢, and coordinate value (xz,yr)).
By combining the current desired formation structure (includ-
ing the relative horizontal [{ and the relative vertical distance
[?), the desired position point P (xgy, yr1) of the follower
robot in the next cycle is obtained. Then, based on the current
position (xrg, yro) of the follower robot, the desired average
velocity vre of the follower robot moving toward the target
point (xr1, yr1) during the period T is calculated and vpe is
set to be less than the maximum velocity v,, of the follower
robot. (3) is the calculation method for multi-robot formation
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xp1 = xp + v T sin(ero)

ye1 = yL +vLT cos(¢ro)

xp1 =xp1 + 1§

YF1 =YL+ 1y

_ VOrFL —xp)2 + (F1 — yF)?

T
S.t.VEpe < vy (3)

VFe

In nonlinear formation control of multi-robot systems, the
formation control problem is transformed into a stability
problem of the system error to achieve the desired forma-
tion [36]. As shown in Fig.10(a), a triangle or diamond is
formed, and the leader is selected as the reference point of the
formation to establish the desired range of followers. Under
ideal conditions, the error formula of triangular formation is
derived as in (4).

E(p) = (a) cos O3 — (xi(p) — x,1(p)))*
+ (a1 sinB13 — Gi(p) — yr1(P)))*
+ (a2 c0s 623 — (x1(p) — x,2(P)))>
+ (a2 sin b3 — G1(p) — yr2(P)))*
+ (a3 c0s 012 — (x,2(p) — Xr1(P)))?
+ (a3 sinf13 — (r2(p) — yr1(P)) @)

In the triangle formation error formula: a;, a», az are the
side lengths of each side of the triangle formation, and 613
is the angle between the first and third sides of the trian-
gle. Similarly, Fig.10(b) shows a schematic diagram of the
diamond formation. It is easy to derive the error formula
for the diamond formation. The distributed adaptive control
avoids the overall communication topology dependency to
stabilize the control system and reduce the formation error
[37]. To stabilize the control system to reduce the formation
error, the output feedback and the robot’s motion algorithm
are formed by relying on optical and acoustic dual signals.

Step 1: The leader’s identity is determined, and the cor-
responding optical and acoustic signals are sent out after
movement.
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Step 2: The followers initialize the motion speed, and the
sound influence coefficient « is defined after the followers
receive the sound signal.

Step 3: The followers define B in the sensing range to
determine the extreme values of their motion targets.

Step 4: The followers update the speed until the termination
condition is reached.

xi(t+1)=x;(t)+vi(t)
Vi (1) = ovo + w1 [Po (1) — xi (D] + 2 [Pg (1) — xi(1)]
S

In the follower robot’s equation (5) of the motion:

x; = the position of follower robot i

v; = the speed of follower robot i

o = inertia coefficient

vo = Initialized speed value

u = Weight coefficient (0:1)

P = The extreme value of the moving target

a = a parameter of the optical control extremum

B = a parameter of the acoustic control extremum

The first term of the equation of motion is the initial
velocity hold of the robot. The second and third terms are
determined by the optical-acoustic target polarity P. Within
the sensing range, the coefficient « varies according to the
robot’s sensing orientation, and the motion polarity varies
with the sensing intensity. Outside the light-sensitive range,
the robot is judged by the received sound signal, and the
whole equation of motion is determined by the third term.
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FIGURE 13. Pictures of the formation experiment. (a)-(c) Formation process of triangle formation. (d) The result of triangular formation.
(e)-(g) Formation process of diamond formation. (h) The result of diamond formation.

In order to verify the convergence of this motion algorithm.
Fig.11(a) shows the random position orientation to find the
position of the light source in the case of the simulated robot
light source. It is easy to see in Fig.11(b) that the target
positions all converge at the light source. To facilitate the
illustration of the stability of the photoacoustic controller
in the formation system, Fig.12(a) simulates the process of
finding the target robot position for two photoacoustic robots
with random initial position for interference, and Fig.12(b)
shows the convergence direction of the motion of the three
photoacoustic simulated robots in forming a triangular for-
mation. It can be seen that the convergence directions of both
following robots are toward the pilot robot and the triangular
formation is robust.

B. UNDERWATER FORMATION EXPERIMENT

The pool experiment of the underwater optical-acoustic
hybrid control formation strategy has been conducted to
verify the feasibility of applying the optical-acoustic hybrid
system to the cooperative control of underwater robots.
A large transparent pool with a black bottom, 2m long, Im
wide, and Im deep, is selected for the experiment. Black
bottom surface aims to effectively avoid the interference of
reflected light from the bottom of the pool.

In the formation task, one robot assumes the role of the
leader robot and the rest all act as followers. The leader robot
is activated on the surface when it receives a task send from
the host computer. At the same time, the follower robots turn
on the acoustic system and set it to priority. After starting
the task, the leader robot dives and moves to the underwater
target location. The brain of the leader robot records the task
command, sailing time and other information. The acoustic
system is then turned on to transmit a fixed frequency acous-
tic signal through binary coding to send this information,
and the bright blue LEDs are activated to emit blue light
to attract followers. The on-call follower robots hear the
same-frequency acoustic signals at a far distance, decoding
and analyzing this command. The follower robots recognize
the task and analyze the motion information of the leader

VOLUME 11, 2023

robot and move. During the movement each follower robot
receives light signals from various directions through photo-
electric sensors for real-time threshold judgment. The optical
system is triggered when a photoelectric sensor following any
orientation of the robot reaches a threshold, and the optical
system is switched to the priority. The brain of the follower
robot analyzes the received light signals and recognizes the
orientation of the leader robot. Then, it continuously sends its
position relative to the leader robot through bright blue LEDs.
The rest of the followers receive optical signals from different
orientations, identifying their own position according to the
formation task. Then each followers send their own position.
Finally, multiple underwater robots complete the formation
task. Fig.13 (a) to (c) shows the process diagram of the
triangular formation experiment, where the follower robots
R1 and R2 search for the leader robot L to create a formation
gradually. Fig.13 (d) shows the result of creating a triangular
formation. Fig.13 (e) to (g) shows the process diagrams of the
diamond formation experiment. The three follower robots are
R1, R2, and R3, and the leader robot is L. Fig.13 (h) shows
the effect of the diamond formation.

This work is verified in the laboratory through multi-robot
collaboration. Future work still needs to face new challenges
for real-world applications, such as the stability of under-
water optical-acoustic communication systems for sending
and receiving, and the effects of water currents. This control
method is not limited to this robotic system. The structure of
the sensors and the robot need to be changed according to the
real environment. This research is continuing and more field
trials need to be conducted.

V. CONCLUSION

For solving the cooperative control problem of multiple
underwater robots in underwater weak communication envi-
ronment, this paper proposes a brief binary optical-acoustic
dual-signal hybrid cooperative control method. The method
combines the advantages of underwater optical-acoustic com-
munication, simplifies the information interaction rules to
the sending and receiving of binary signals, and improves
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the efficiency of information interaction between individuals.
An underwater optical-acoustic robotic system was designed
and a formation experiment of multiple robots was completed
in a pool. The experiment used a leader and follower struc-
ture, and the triangular and diamond-shaped formations were
realized by the optical-acoustic formation control algorithm.
This work is verified by multi-robot cooperation in the lab-
oratory. This brief binary optical-acoustic dual-signal hybrid
control method is expected to be widely applied to improve
the cooperative control efficiency of underwater multi-robot
systems.
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