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Methods of Formation Control for a Group of Mobile Robots (a Review)

Abstract

The multi-robot formation control is an essential issue in robotics. This review focuses on important lines of research on current
control issues and strategies on a group of unmanned autonomous vehicles/robots formation. In this paper, we provide a brief description of
each method characterizing its key benefits and drawbacks. A multilayered classification of both centralized and decentralized formation
control methods is proposed. We consider the classification of robot communication topologies in terms of centralized control. Seminal
works dedicated to the practical application of centralized approach are briefly discussed. The majority of centralized methods are
represented by a "leader-follower” approach, taking into account the robot’s dynamics models. Furthermore, the most common models of
vehicle dynamics are mentioned. In the framework of decentralized approach, behaviour-based algorithms, as well as swarm algorithms,
are discussed. Then, we present an outlook of both centralized and decentralized virtual structure methods used in robot formation
control. The described modifications of these methods allow tracing the evolution of the virtual structure approach to hybrid algorithms
used for cooperative movement of a group of robots. This paper deals with formation control approach considering communication delays
and low carrying capacity in an inter-vehicular communication network as very few works discussed this issue despite its relevance.
We pointed out the main development trends of formation control approaches. The most effective approach is the integration of various
methods of the formation control so that their disadvantages are nullified. As the same time, the most common disadvantage of discussed
Jormation control methods is their weak conceptual framework in terms of kinematic and dynamic constraints of robots.

Keywords: mobile robot, unmanned autonomous vehicle, formation control, formation navigation, leader-follower approach,
behaviour-based approach, swarm intelligence, virtual structure approach
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MeToabl ynpaBneHusi rpynnoBbIM ABUXeHMEM MOOUNbLHbLIX po6oToB (0630p)

Ynpaenenue coenacosannvim dsuicenuem epynnol MOOUAbHBIX POOOMOEB A8A55eMCs OOHOU U3 AKMYAAbHbIX NPOOAeM cO8pe-
MeHHOU pobomomexHuku. B nacmosuem 0630pe npedcmasieHvl pe3ysbmamel AHAAU3A HAubosee nepcneKmuHvlx Hanpaeie-
Hull uccaedoeanuii 8 danuou obaacmu. Paccmompernsl ocHogHble Memodbl YynpasieHUs 08UNCEHUEM ePYRNbL MOOUAbHBIX POOO-
moe ¢ coxpaHeHuem 3a0anHoU eeomempuu cmpos. I[lpedcmasieno kpamkoe onucanue Kaxc0oeo memooa, NOKA3aHbl OCHOBHbIE
npeumyujecmea u Hedocmamku. Ilpedrodxcena MHO20YPOBHEBAA KAacCUPUKAYUS Memod08 YNpasieHUus 08UNCEHUEM, 0X68aMbl-
8aUAs KAK YUeHMpaIu308aHHble, MAK U 0eyeHmpaiu3068anHsie Memoosl. B pamkax yenmpaiu3o08anHoeo ynpagieHus oeuice-
HueM epynnvl MOOUABHBIX POOOMOE PACCMOMPEHa KAACCUPUKAUUS MONOA0UL OP2AHUZAUUU CBA3U Medcdy pobomamu, Kpamko
onucanbl Haubonsee 3HaAUUMble pAOOMbl, NOCBAUCHHbIE NPUMEHEeHUI 0aHH020 n00x00a Ha npakmuke. Ommeueno, 4mo 604b-
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WUHCMBO UeHMPAAU308AHHBIX MEMO0008 Pealu3yom nooxoo «eedyuuii-eedombiii». Paccmompenust areopummol, yuumoiearoujue
npu ynpaeieHuu cmpoem OUHAMUKY 08UNCEHUs OMOeNbHbIX pOOOmMOos, npusedensl Hauboaee pacnpocmpaneHtbie OUHAMU4ecKue
MoOeau pobomos. B pamkax deyeHmpaiuz08aHH020 n00X00a K YNPAGACHUIO CO2AACOBAHHbIM 0BUNCEHUeM epYNn poOOmoeé pac-
CMOMpPeHbl KAK KOANeKmUeHble, MaK U cmatiHvie aieopummel ynpasnenus. Ilpedcmasnen 0630p Kaacca memoooe Ha 0CHOGe
UCNOABb308AHUS "GUPMYAAbHOU CIMPYKmMYpbl”, 8KAIOHAIOWe20 KAK UeHMPAAU308anHble, MAK U OeyeHmpaiu308anHvle Memoosl
YRPABACHUS CO2AACOBAHHBIM 08UNCEHUEM epynnbL pobomos. [Ipodemoncmpuposana 360404UUs OAHHO20 N00X00aA, PACCMOMPEHbL
ee0 mMoouukayuu, npuMeHsOWUecs 8 eUOPUOHbIX AN20PUMMAX YNPABAEHUS CO2AACO8AHHBIM O8uUdCeHuem epynnbl. Paccmo-
mpeHbsl pabomsl, NOCBAULCHHBIE MeMOO0aM YNPasAeHUs 08UICEHUEeM eDYRNbl POOOMOE C YHemOM 803HUKAIOWUX 8 KAHAAAX C8A3U
3ana30bl8anuil, a makdce 02paAHUMEHHOU NPONYCKHOU CNOCOOHOCMU, YKA3AHA HedoCMAamo4Has NpopabomanHOCMy OAHHbIX
Memodos. B pabome nokazanvl ocHoHble MeHOeHUUU pa3eumus Memodoe epynnoeozo deuxcenus pooomos. OmmeueHo, 4mo
Haubonee nepcneKmusHbIM s841emcsi KOMOUHUPOBAHUE DA3AUMHBIX AN2OPUMMO8 2PYNN0B020 YNPABACHUS, YMO HO3804s1em
HUGeAUpo8ams HedOCMAMKU, 803HUKAWUE NPU UCNOAb308AHUU UX N0 omdeavhocmu. Tlokazano, ymo Hauboaee pacnpocmpa-
HeHHbIM HeDOCMAamKOM CYuecmeyruux mMemooos ynpasienus 16131emcs Hedocmamouras npopadomKa aieopummos ynpasie-
HUsl ePYNNOLU MOOUABHBIX POOOMOE ¢ MOUKU 3PeHUs yYema KUHeMAmu4eckux oepanuvenui pobomoes, a maxice ux OUHAMUKU.

Karoueente caoea: mobunvHblli pobom, 6e33KUNANCHOE MPAHCROPMHOE CPEOCME0, YNPAGACHUe CIMPOeM, HABU2AYUSL CMPOS,
n00xo0 "sedyuwuii-eedomuiii”, nogedenueckuii N00X00, poesoil UHMeANeKm, MemOo0 6UPMYAAbHOL CIPYKMYPbl

1. Introduction

An application of multi-robot systems covers a wide
range of applied problems for both civil [1—3] and
military purposes [4—6], while the number of robots
in a group can reach several hundred units [7]. One of
the most urgent scientific problems of group robotics
today is the problem of coordinated motion control
of mobile robots with their maintenance of the for-
mation geometry. For example, in [8, 9] a formation
control is considered when transporting passengers
and goods indoor as well as on public roads and over
rough terrain [10]. The most of papers dealing with
public transportation are related to CACC — Coop-
erative Adaptive Cruise Control [11, 12]. In the CACC
system, autonomous vehicles [13] are combined into a
platoon and drive at the same speed, maintaining the
desired shape or formation geometry communicating
over the wireless network [1].

An impressive number of articles are devoted
to the problem of motion control for mobile ro-
bot group while maintaining their formation. For
example, the query "robot formation control” in
Google Scholar search engine is produced more
than 838,000 results. In the last five years alone,
the number of articles is devoted to the coordina-
ted control of the robotic group movement is about
64,000. To determine the trends in the design of
group motion control methods over the past quarter

consider methods of motion control for a mobile
robot group are most often implemented by reac-
tive, or "behavioural”" algorithms are known as a
behaviour-based approach. In Section 5, methods
based upon a virtual structure approach are dis-
cussed. Finally, conclusions are made in Section 6.

2. Proposed classification of methods and
approaches used for formation control

In this section, we introduce the proposed by the
authors’ classification of methods used for forma-
tion control shown in Fig. 1.

The most frequent formation control methods
are divided into three classes: leader-follower meth-
ods (the centralized control strategy), behavioural
methods (the decentralized control strategy) and
virtual structure methods, which can be both cen-
tralized and decentralized.

Centralized strategies are suggested a robot group
is controlled by the so-called Central Control Unit
(CCU), which plans robot paths and assigns tasks for
each robot individually [14]. The robot group can also
assign a leader robot (static or dynamic) which tracks
a predefined path, while the others act as followers
and track the leader according to their states. The
main advantage of this method consists of the relative
simplicity of robots-followers and used control algo-

of a century, the authors of this paper . ____________________ o _______________ .

have summarized the disparate results
of researches in this area and have
proposed a multi-level classification
based on the "strategy for controlling

Centralized approach

Decentralized approach

Farmation
control methods

[

a group of robots".

Leader-follower

approa(h

virtual structure Behavioural
approach annroach

The remaining part of this paper
is organized as follows. In Section 2,

Single-handedl\r
control

Hierarchical
control

a proposed classification of methods
for the formation control is presented.

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
i
Section 3 is devoted to reviewing all |

3
] /\ Flu:kmg Sw1rm intellegence | [ :\rnhcr;lﬂp:\ennalj

Centralized
\urwal structure

Decentralized
wirtual structure

the main methods based on a leader- - -——-=------"===="="==="="="="="="="="="="-"—"—"—"—"—"-"—"—"—"—-"—"—"—"—"—"—"—"—"—"—~———— .

follower approach. In Section 4, we

Fig. 1. Classification of methods for the formation control
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rithms. The behaviour of robots can be analyzed using
standard methods of the control theory. The disad-
vantages of leader-follower methods can be attributed
to the fact that the error of the leader or the control
center punishes the whole group and often leads to
not-mission capable for further execution [15].

The methods relating to the decentralized ap-
proach include methods based on imitation of the
animal behaviour, the so-called "behavioural” or
"reactive”" approaches [16]. For the first time, such
a reactive approach was described by Craig Reyn-
olds in 1987 [17]. In this method, each agent of
the group has a pre-programmed set of behaviours
which it chooses scenario-depended: the state of the
environment, the behaviours of the other agents.

As an advantage of this class of methods, we can
note their convenience for robots performing tasks
in a dynamically changing environment and with
moderate interaction between robots [15].

In the class of virtual structure methods, the de-
sired position of each robot within the given struc-
ture and the shape of formation are specified. Thus,
each robot is assigned its virtual leader and it has to
minimize the error between its current and the de-
sired position in the formation. It’s important to stress
that the path of the formation is only set to the entire
virtual structure and not for each robot individually.
This class includes both centralized and decentralized
methods. Centralized virtual structure implies that
positions of the robots are observed by CCU, which
adjusts robot behaviour and appoints their poses in the
formation. While using a decentralized approach, ro-
bots exchanging information, distribute their positions
in formations they are involved.

The advantage of this class of methods, first
of all, is the simplicity of setting the coordinated
movement of the group, which is required, for ex-
ample, when carrying bulky cargo. The disadvan-
tages include the need to plan the path for the entire
structure and when bypassing both static and dy-
namic obstacles, as a result of which the trajectories
of individual robots may not be optimal [15].

3. Leader-follower approach

According to the centralized stra-
tegy, a mobile robot group is con-

sidered by a hierarchical structure. _O_Q_
There is either a CCU or a leading o

robot at the top level of this structure.

Leader robots can be assigned in
the group according to the number of
robots and their homogeneity. Typi-
cally, a robot-follower equipped with a
smaller set of navigation sensors than
the leader. The information exchange
between robots is organized following

N N-1

topology; f'—

one of the communication topologies, an overview of
them is given in [18]. The most commonly used com-
munication topologies are presented in Fig. 2.

In many situations, the leader-follower approach is
mostly used to control vehicle platoons on the high-
way [19—23] or on the varying terrain [24, 25]. For
example, Oncii et al. [19] consider the Cooperative
Adaptive Cruise Control (CACC) system, which con-
trols a group of vehicles of the same type driving along
the highway. Communication between vehicles is or-
ganized according to the principle of a bidirectional
topology (Fig. 2 ¢); a wireless communication channel
with transport delays and limited bandwidth is used
for data exchange. These communication limitations
were considered by authors during the development
of a control system for a group of vehicles movement
[19]. The described system made it possible to ensure
the reliable control of a vehicle platoon with an inter-
val between cars of 20 m and a speed of 65 km/h with
communication delays less than 750 ms.

The stability of the proposed method was analyzed
in terms of string stability methods. The studied pa-
rameters were the transport delay in the communica-
tion channel, the number of cars in the group and the
size of intervals between vehicles in the column. In the
formation control system, as well as in the numerical
simulation of the formation movement, a third-order
dynamic car model was used (1) taking into account
the delay in the wheel drive control loop:

= Vi(t);

v =a,(1); (1)
6= a)rLur-r, )

I_T~ i T i a,il»

1 1

where r;, v;, a; — the absolute position, the velocity
and the acceleration of the i-th vehicle, respectively;
T, — the parameter characterizing the internal
actuator dynamics; u; — the acceleration for the i-th
vehicle; t,; — the constant actuation delay.

The effectlveness of the proposed algorithm was
shown in [20], where the problem of forming a pla-
toon and its further safe movement at a speed of
100 km/h in the presence of a transport delay up to

0.15 s has been solved.

., —O-—O —© @ O CjHQH _oi.o-’}) )
-—O-_o.— (b) O._(j/ 7
OO0 000 @ O/ 4)// “//—o/—o% 0

DV

-—(5—O~—O fe) i

. —

Leader N-2 Leader

Fig. 2. Leader-follower topologies:

a — predecessor following topology; b — predecessor-leader following topology; ¢ — bi-
directional topology; d — bidirectional-leader topology; e — two-predecessor following
two-predecessor-leader following topology
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The method of formation control of non-identical
vehicles while exchanging information over a wire-
less network of the IEEE 802.11p standard was pro-
posed in [20]. This study was also taken into account
transport delay in the communication network, packet
loss as well as the switching time between different
communication topologies (Fig. 2 a—f). In the in-line
simulation in the Plexe simulator [21], the third-order
linear model [22] similar to (1) was used. The stability
of the control system for group motion was analyzed
via Lyapunov-Razumikhin and Lyapunov-Krasovskii
theorems. The transport lag margin in the communi-
cation channel was determined using the methods of
linear matrix inequalities [20, 23].

It is widely known that the formation control of
various shapes (diamond, chain, double column,
etc.) is still a fundamental problem in unmanned ve-
hicles. A detailed review of the control method in the
formation of the "convoy" moving in a 2D-plane is
presented in [24]. The navigation method for a group
of heterogeneous mobile autonomous robots using
the rules of the nearest neighbour was presented in
[25]. The essence of this method is that robots of
the group planning their trajectories taking into ac-
count the positions of their neighbours. The leader
of such group moves along a planned trajectory and
all other robots repeat his path with a given displace-
ment [25, 24]. Further, this control method includes
a mechanism for the reconfiguration of the forma-
tion, which is designed to avoid obstacles.

In general, the leader-follower approach can be
used in sub-tasks of the group’s motion control. For
example, the leader-follower approach was used for the
coordinated group’s formation control while changing
the formation shape [26]. In the control system [26],
a-priori defined robot-leader sends commands to the
rest of the group. The robots-followers move to their
desired positions while avoiding collisions with ob-
stacles and other robots, if the robot-follower finds its
neighbour, then it moves after the neighbour until this
robot-leader is in the desired position. In addition, the
Hungarian algorithm was used in [26] to solve the prob-
lem of he minimizing the cost of moving by robots.

4. Behaviour-based approach

Decentralized methods of motion control of the
robot group are most often implemented by reac-
tive, or "behavioural” algorithms. These algorithms
are based on the imitation of behavioural reactions of
various organisms common in the living nature. Such
algorithms are based on the concept of using com-
petencies (behaviours) in known situations. Based on
the information received from the robot’s sensors, its
control system selects the most appropriate behaviour
for the environment. The basic principles of the be-
havioural approach are described in [27]:

— the behaviours of each robot are represented by
standard algorithms implemented both at the software
and hardware levels built with separate modules;

— each behaviour receives input information
from the robot’s sensors (radars, tactile sensors, li-
dars or cameras) and/or from other modules of its
control system, and can also send commands to the
robot’s actuators and/or other modules of the ro-
bot’s control system;

— the behaviours can independently receive data
from the same sensors and send commands to the
same actuators;

— the behaviours are relatively simple software
modules added to the control system sequentially;

— the behaviours are performed in parallel taking
into account interaction dynamics among behaviours
and between behaviours and the environment.

The behavioural-based methods are used for con-
trol of a robot group while motioning in the formation
of a certain geometric shape (pattern). For example, in
[10], the problem of a moving convoy over rough ter-
rain is considered. Using behavioural-based methods,
the logic of movement of individual robots included
in the group is implemented by simple behaviours: a
movement to the target point, avoiding collisions with
obstacles and other robots, a maintaining the shape
of the formation (column, line, diamond and wedge).
Two variants of the formation organization were also
considered: relative to the geometric center and rela-
tive to the leading robot. As the experiments have
shown, the formation relative to the leading robot is
best suited for tasks where a column of robots is led by
a human who independently navigates the terrain and
drive around various obstacles. It was also noted that
in this approach, the loss of communication or break-
down of one of the robots does not affect the overall
behaviour of the system. The method of forming a
group relative to its geometric center, as the authors
note, has better performance [10], but the failure of
one of the robots can stop the movement of the whole
group. It is also noted that in the version of movement
with the leader, the load on the communication net-
work is reduced since there is no need for all robots
to participate in the exchange of location information:
only the leader transmits his position, and the neces-
sary positions of the other robots of the group are
calculated relative to him.

As another example describing the principle of op-
eration of the behavioural approach, we can cite the
robot motion control system described in the article
[28]. In this paper, the behavioural-based method is
used to control a group of robots, which task was to
move the box in a dynamically changing environ-
ment. The control algorithm describes four possible
situations in which robots may find its way into the
process of performing a given task, using two pa-
rameters: the complexity of the task and the number
of active robots. The architecture of the behaviour
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Fig. 3. The architecture of behaviour actions selection algorithm

actions selection algorithm of each robot is schemati-
cally shown in Fig. 3. Each robot recognizes one of
the four possible situations and chooses the appropri-
ate action for it. Thus, robots act according to the
principles of a behavioural approach, responding to
changes in the environment and adaptively selecting
actions that correspond to the current situation.

A key node in this control system using a behav-
ioural approach is a coordination system that links the
available responses and output of the robot’s actuators.
The following coordination methods are usually used:
an arbitration or a mixed strategy. When the arbitration
method is used, only one of the available behaviours
can participate in the computation of the control signal.
This method is simple to implement, but unstable [29].
It is also noted that the choice of the correct rule (be-
haviour) is a non-trivial task [29]. In the mixed strategy
method, all behaviours are simultaneously involved in
the computation of the control signal, but the contribu-
tion of each is proportional to its applicability (weight)
for the current situation. One of the implementations
of the method with mixed strategy considered in the
article [30] is presented in Fig. 4.

In such a control system, there is a supervisor
unit that, based on data from the robot’s sensors,
tunes the weight for a set of actions, which are then
added up and the resulting action is applied to the
lower level of the robot’s control system.

A modification of the behavioural approach called
NSB-control (Null-Space-based Behavioral Control)
was proposed in [31, 32]. In the proposed control sys-
tem there is a supervisor unit that assigns a certain

Fig. 4. Architecture of the control system for multi-robot formation control

weight to each action based on the robot’s sensor data.
In other words, each pre-described behaviour is as-
signed a priority, so that the robot can perform sev-
eral actions simultaneously. Low-priority behaviours
are not executed if they conflict with high-priority
behaviours. Using this method, algorithms for the
movement of robots in the formation of a certain geo-
metric shape, the tasks of escorting a moving object,
the movement of a flock, and patrolling a certain area
were implemented in [31]. A detailed review of these
algorithms is presented in the article [32]. The behav-
ioural-based approach is also used in works devoted
to the transportation of large-sized cargo by a group
of UAVs, where the same problem of maintaining a
certain form of structure is solving [33—35].

An algorithm using the principles of platoon move-
ment is proposed in [36]. To maintain the formation
of a certain geometric shape, the method of poten-
tials was applied. Using simulation, it was shown that
the proposed algorithm ensures the movement of a
robot group in the formation of a given shape, while
the same speed of movement of robots is provided
during the movement. A similar approach was ap-
plied in the article [37], which describes the method
of controlling a group of non-holonomic robots mo-
ving along a straight road. A safe distance between
robots and maintaining the shape of the system was
provided using the method of potentials. The La-
Salle invariance principle was applied to analyze the
stability of the robot’s formation control system [38]

Another category of behavioural methods which
used for controlling the movement of groups of ro-
bots is the swarm intelligence methods. Swarm intel-
ligence methods are usually taken as an approach to
managing and optimizing distributed systems using
stable, decentralized, self-organizing methods based
on the behaviour of social insects [39]. This category
of methods of group motion control is well-known
ant algorithms, a pack of wolves, swarm of bees, etc.
Some of the most popular algorithms [40], as well
as examples of their application, are shown in Table.

A detailed description of the above algorithms is
given in the monograph [55]. In the [56], the algorithm
of an ant colony optimization (ACO) was applied to
solve the problem of rearrangement a
group of robots in order to reduce the
distances travelled by each robot in
the process of changing the formation
shape. Also, the ACO algorithm was

Sensory > Opstacte used in the problem of fotming a group
Data o g S I Pioed outt of robots into the formation of a given
| I | Avoidance Behavior | | of robot shape. In [57], ants and the pheromones
N ! I , Li— that they emit were implemented as
Targetpostion ol pormation || Formtion Behavior " mobile software agents. The diagram of
CoondnatcofRabot | Module | the algorithm is shown in Fig. 5.
|

One agent, called the ant, controls
the robot’s actions, and another agent,
called the pheromone, tells the ant agent
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Algorithms inspired by swarm intelligence

Particle Swarm Optimization (PSO) [41], [42] [43], [44]
Ant Colony Optimization (ACO) [45] [46]
Artificial Bees Colony Optimization [47] 48]
(ABCO)

Bacteria Foraging Optimization (BFO) [49] [50]
Glowworm Swarm Optimization (GSO) [51] [52]
Grey Wolf Optimizer (GWO) [53] [54]

Final
(©) position

Initial

position (b) Attracting

OA
o
]
@
5L..879

Fig. 5. The process of forming a shape by the group of ant agents

in which direction the robot is moved. Each ant agent
knows only a fraction of the information about the
shape of the formation. In order to spread partially
known information among its neighbours, each ant
agent generates pheromone agents and sends them to
the surrounding robots (Fig. 5 a). The sent pheromone
agent searches for the ant agent to which it was di-
rected, and when the pheromone finds it, the ant agent
leads the robot by following the pheromone agent’s in-
structions, thus forming a building element (Fig. 5 b).

To solve the problem of a robot’s rearrangement
in the group, the known bat algorithm is also used.
In [58], this algorithm was used to find the time-
optimal method of group rearrangement. The al-
gorithm has shown high efficiency in controlling a
group of robots described by inaccurate mathemati-
cal models, in comparison with the CPTD (control
parameterization and time discretization) method
[59] and "line of sight" [60].

5. Virtual structure approach

The concept of the virtual structure was first in-
troduced in [61] for methods of coordinated motion
control of robot groups. In [61], a movement of three
robots in shape formation of a triangle was described.
The idea of the proposed method was to make similar
the shapes of formation to a rigid formation, which
elements are always at a fixed distance from each
other, due to a system of physical constraints.

In a similar system, the perturbation of one ele-
ment extends to all the others. An important feature
of this class of methods is that if one of the robots
cannot continue moving, for example, in the event
of a breakdown, then the other robots do not al-
low the formation to break up until some high-level
control process detects the failure and decides on
further actions (Fig. 6). Among the advantages of
the virtual structure method in comparison with the
leader-follower approach, it is noted:

— a leader robot does not require due to high
fault tolerance appointment of a group;

— the method of virtual structure can implement
the movement of a robot group-in the formation of
any possible shape;

— the virtual structure method does not require
high computational burden for each robot in a cen-
tralized approach;

— there are no complex protocols for communi-
cation and decision-making.

According to the paper [61], the proposed meth-
od can be used in problems that require coordi-
nated movement of robot groups transporting large
objects, for example, boxes. This method can also
be used in problems related to laser interferometry,
in which it is required that several objects move in
space, maintaining a fixed geometry with an accu-
racy of 1 cm [62].

In [62], the main directions of development of the
proposed virtual structure algorithm were identified:
the use of flexible or deformable structures, as well
as hierarchical virtual structures. In [63], the virtual
structure method was proposed for controlling robot
groups moving along several lanes of the highway
while maintaining the formation of a given shape. To
achieve that, the control problem was divided into
two subtasks: a high-level one for controlling the
formation using the virtual structure method, and
a low-level one for trajectory control of the robot’s
movement using a predictive model. The proposed
method provided both the movement of robots in

200 T T T T
Trail of the other two robots
compensating for the failed robot

160

140 |

120 |

80

Trails of robots when
there are no failures

Robot that failed the secont experiment
L L L

|
|
|
|
|
|
|
|
|
|
|
|
|
| Ym0
|
|
|
|
|
|
|
|
|
|
|
|
|
|

100 X.m 150 200 250

Fig. 6. The trajectory of three robots with a robot failure
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the formation of a given shape and the prevention
of collisions between robots. In [64] was proposed
the architecture of an adaptive management system
to arrange robots using a virtual structure, and the
control system for the motion of a group of nonholo-
nomic robots with reconfigurable formation shape
was developed. Two controllers were used, the first
one provided stable control of the group during a
change in the configuration of the formation, and
the second one controlling the movement of robots
relative to a given position in the formation.

Among the works devoted to methods of control-
ling the formation of robots using flexible virtual
structures, one can note the article [65]. The control
system for a robot group is used three control algo-
rithms: an algorithm for maintaining the shape of the
system and avoiding collisions between robots, an at-
traction algorithm that ensures convergence to a given
shape of the system, and an algorithm for avoiding
obstacles. The stability of the proposed control system
to external disturbances using the Lyapunov method
was studied in [66]. The flexible virtual structure was
described as a system of masses, springs, and damp-
ers connecting each robot to its neighbours. The pro-
posed method allowed a group of robots to behave like
a flexible body, which can be used to avoid obstacles.

In [67], the architecture of a distributed control
system for the motion of a robot group in an unstruc-
tured environment was considered. The architecture
has used as a combination of a behavioural approach
and a virtual structure method that, as the authors
note [67], has the advantages of both control meth-
ods. The robot motion control system includes two
algorithms: an algorithm for maintaining the shape
of the system (a robot moves to its place in a virtual
structure) and an algorithm for avoiding obstacles
(Fig. 7). The robot control system based on the ro-
bot’s sensors data selects the optimal algorithm for
the current situation, like a supervisor using the ar-
bitration method in a behavioural approach.

In subsequent works [68, 69], the authors proposed
a modification of the control system for a group of
unmanned vehicles: Multi-Layer and Multi-Control-
ler (MLMC) architecture for dynamic navigation
in the formation of a UGV’s group in constrained

Parameters of the formation to achieve

}

= Obstacle Avoidance

P

Attraction to
Dynamical Target

——

Hierarchial
set-point
selection

—»| Control Law —» Roboti

Perception and
Communication

Fig. 7. Architecture of multi-robot formation control using hybrid
control (deliberative/reactive)

environments. This control method also consists of
two approach combination: the centralized leader-
follower based approach and the decentralized be-
havioural-based approach, i.e. hybrid (centralized/
decentralized) control as well as cognitive/reactive.
The centralized part of the control algorithm is used
to solve global tasks performed by the group, and
the decentralized part is responsible for the naviga-
tion of robots and their local tasks, such as avoid-
ing obstacles. In a group of robots controlled by this
system, there is a leader leading the entire group and
planning the path to avoid obstacles, taking into ac-
count the kinematic limitations of the other robots
in the group. Also, these restrictions are used by the
group control system during shape formation re-
configurations. In [70], the stability of the described
control system is analyzed during the movement of a
triangular structure in a circle with a change in the
direction of movement using the Lyapunov method.

6. Conclusion

In this paper, we presented a literature review
on the current research efforts on formation control
for a group of robots/vehicles. Some well-developed
control methodologies have been introduced. Over
the last quarter of a century, there has been a ten-
dency towards combination of different group motion
control algorithms in order to eliminate the disad-
vantages that arise when using them separately. The
problem of controlling the movement of a formation
of robots does not lose its relevance, while the most
promising methods for controlling a group of robots
are hybrid methods that combine elements of both
centralized and decentralized system.

In our opinion, the most promising methods are
based on combinations of different approaches, es-
pecially those that use the virtual structure method
as part of the multi-controller architecture. It is
important to note the high versatility of the lat-
ter method, its low computational burden, as well
as the low communication network load. It is also
possible to use a decentralized virtual structure in
hybrid control methods for a group of robots.

When developing the described control systems
for groups of mobile robots, the authors usually fol-
low only the kinematic constraints of mobile ro-
bots, with the exception of methods related to group
movement on a one-lane road or highway in which
dynamic models of second-and third-order vehicles
are used. Also, only in a few of the reviewed works,
the authors take into account the limitations im-
posed by the communication system (delays and
bandwidth limitations). These shortcomings are
present in most of the described works, from which
it can be concluded that a thorough study of these
problems is required.
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