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Abstract: In this paper, we propose a mobile robot formation control method and an
efficient formation transformation strategy for an engineering problem where mobile
robot formation transformation is inflexible in a complex obstacle environment. First,
kinematic and positional models of differentially mobile robots are designed for accurate
control of robot formation; Second, an improved leader-follower formation method for
introducing virtual robots is designed, and the data set for robot formation avoidance
strategy is proposed by considering the obstacle data in the environment
comprehensively, which lays the foundation for dynamic robot formation
transformation , Finally, a formation strategy with a robot formation scaling factor p
and a robot formation dynamic transformation factor o is designed. This strategy can
quickly determine the position of each robot in the formation through the parameter
matrix of the target formation based on the information of obstacles in the environment
detected by the robot, thus realizing the dynamic transformation of the robot formation.
We have verified its effectiveness through computer simulation and physical experiments.
The strategy of this paper realizes the robot formation through the complex obstacle
environment, and successfully realizes the functions of formation maintenance,
isomorphic deformation, heterogeneous deformation and scattered obstacles crossing
obstacles.

Keywords: Mobile robot; Topological structure, Leader-Follower, Multi-mobile robot
system, Formation transformation.
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1. Introduction

A multi-robot system is a regular formation sequence of multiple individuals in a
certain way, and they work together to complete tasks through mutual cooperation.
The advantages of multi-robot systems are reflected in the following: (1). A multi-
robot system accomplishes tasks through a distributed working model, within which
the robots can share their own resources with access to information, thus significantly
increasing efficiency. (2). Multi-robot systems allow for a more comprehensive
inspection of the environment. (3). When faced with complex tasks, multi-robot
systems can collaborate with each other to compensate for their lack of capability. (4).
When performing complex tasks, multi-robot systems have better flexibility and
robustness.

Multi-robot formation technology has been widely used in many fields, especially
in complex and changeable obstacles. For example, In logistics, the e-commerce
platform, Amazon, has made warehousing intelligent through collaboration between
handling robots, greatly improving efficiency, shown as Figure 1.

This paper focuses on the problem of formation change when multiple robots
encounter obstacles, so that the multi-robot group can quickly and dynamically avoid
obstacles according to the environmental constraints and achieve effective avoidance
of obstacles during the formation operation.

The innovations of this paper are as follows:

1. The kinematics control model of robot formation is designed, which improves the
accuracy of formation control.

2. In this paper, the position and angle of each robot in the formation and the real-time
pose of the robot are defined by using the mathematical model. A quantitative data
set is formed. This can improve the efficiency of robot formation deformation.

3. The obstacle avoidance strategy of dynamic formation transformation of multi-
mobile robots is designed, which can realize the functions of isomorphic
deformation, heterogeneous deformation, formation maintenance and scattered
obstacle crossing, and effectively deal with complex obstacles.

2. Literature Review

Compared with single mobile robot operation, multi-robot formation has the
advantages of high cooperation, strong fault tolerance and high efficiency. Therefore,
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multi-mobile robot formation system have been widely used in industrial fields (Gao
et al., 2018), such as smart factories, logistics and transportation, unmanned
inspection, cooperative handling and other application scenarios. Multi-robot
formation control, as the most important problem in the field of swarm robots, forms
a multi-robot cooperative mechanism through the mutual positioning of multi-robots
to respond to the tasks of the system efficiently. The main purpose of multi-machine
cooperation mechanism is to design a control protocol, so that robots can maintain
stable formation, formation transformation and obstacle avoidance behavior under
the action of this control protocol (Yin et al., 2022).

After years of research by scholars in the field of robot formation control, several
typical formation control methods have been developed, including: the virtual
structure method (Liu & Zhang, 2018), the behavior-based method (Lee & Chwa
2018), the graph theory method (Issa & Rashid, 2019), and the leader-following
method (Chen etal., 2022).

In the virtual structure method, robot formation is regarded as a rigid body
structure. In the virtual rigid body structure, each individual has a unique target
position. In the formation process, the individual completes the formation by adjusting
its own linear velocity and angular velocity to track the target position Rabelo,
Brandio, and Sarcinelli-Filho (2018) Yan et al.,, (2021). proposed a control strategy to
steer the formation of two mobile robots (Rabelo et al.,, 2018; Yan et al., 2021). The
strategy corresponds to treating the entire formation as a single virtual structure,
which corresponds to a line formation in 3D space. Dibyendu Roy et al. (2018)
proposed a region-based shape controller switching strategy for the traditional
obstacle avoidance problem in the virtual structure approach (Roy et al., 2018). The
initial virtual structure allows the robot to move as a group within a circular region.
This helps to form changes in the intelligent

In the behavior-based approach, the formation control task is decomposed into
basic behaviors such as driving to the target area, formation generation, and formation
maintenance, and the formation motion control of multiple mobile robots is
accomplished through behavior fusion (Arrichiello et al., 2010; Hacene & Mendil,
2021). designed a formation control method for robot swarms with behavior-based
control to bring the robots together and maintain a specific formation while avoiding
obstacles and walls in a dynamic environment Lee and Chwa (2018). proposed a
discrete behavior-based multi-robot population control algorithm (Lee & Chwa
2018). The algorithm uses the relative position information between the robot and the
adjacent robot, between the robot and the obstacle, and designs an algorithm based on
the behavior method to realize the formation control. The flexibility of multi-robot
control based on behavior method needs to be improved because there is no accurate
mathematical analysis of the individual and the whole system.

The graph theory approach applied to group formation control is to model the
group robots using graph theory knowledge, where each node in the graph represents
the motion state of each robot or the motion state of each obstacle Liu and Jiang (2013).
proposed a distributed controller based on graph theory that can achieve the
formation control goal without assuming any tree-aware structure (Liu & Jiang, 2013).
Liang, Sun, and Wang (2017) used graph theoretic approach to determine two time-
varying reliability evaluation metrics and proposed a method to evaluate the time-
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varying reliability of a collaborative system of multiple underwater robots (Liang et
al.,, 2017).

In the leader-follower method, the navigator plans the movement path of the whole
team and leads the movement of the whole formation, while the follower tracks its
running trajectory, generates and maintains the formation according to the distance
and angle relative to the navigator, and finally realizes the movement of the formation
as a whole Halima, Abdelouahab, & Yaakoub, 2018; Park and Yoo (2021). proposed a
robust leader-follower formation tracking design method based on connectivity
preservation and collision avoidance performance function (Halima et al., 2018; Park
& Yoo, 2021). This method enables multiple uncertain under actuated surface ship
formations to move steadily. Similarly, Qinhang Jiang and Yan (2022) established the
tracking error relationship between the follower and the guide and utilized the PID
algorithm to generate the follower's linear velocity (Jiang & Yan, 2022), which solved
the problem of guiding-following motion of two line-circulating AGVs.

In addition, (Li, 2021) designed a multi-robot formation control and tracking
algorithm based on improved leader follower in wireless sensor environment. The
method helps robot formation to remain stable in a perturbed environment (Yaghmaei
& Abedi, 2018). proposed a new state space model based on leader-follower formation
for non-holonomic mobile robot systems. Furthermore, considering the influence of
interference signals (Yan & Fang, 2019), designed a new distributed tracking
controller, so that the followers in the formation can estimate the degree of
interference to the leader based on the observer, so as to adjust their pose in real time.
The leader-follower method is widely used because of its simple method (Liang et al.
2020) and less computation, but its biggest drawback is its poor stability, that is, once
the leader cannot move normally due to system failures or algorithm problems, the
entire group will fall into stagnation.

Based on the above analysis, we will introduce virtual robots in this paper to
improve the leader-following algorithm in order to improve its stability.

The multi-robot formation transformation mainly includes static formation
transformation and dynamic formation transformation, among which the most one is
the multi-robot dynamic formation transformation problem. One of the more popular
methods of avoiding obstacles in multi-robot formations during missions is the flexible
avoidance of obstacles through formation changes. Scholars have carried out a series
of studies on the formation transformation control of multi-robots in obstacle
environments and have achieved many research results.

(Deng et al., 2022) proposed a multivariate D-leader algorithm based on multi-
robot formation transformation. On the basis of the Leader-Follower algorithm, the
idea of dynamic guidance is introduced to flexibly carry out multi-robot formation and
realize the dynamic formation adjustment of guided robots (Jiamin et al., 2022).
proposed a hierarchical multi-robot formation control algorithm. Among them, the
tactical layer designed the control laws for formation switching motion and different
formation keeping motion, and the dynamic window method was used to design the
anti-collision strategy during the formation process (Chen et al., 2020). proposed a
multi- robot formation control algorithm based on an improved virtual spring method.
It enables the robot formation to switch between reach target mode and obstacle
avoidance mode according to the distance to the obstacle. As a result, robots can
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realize stable formation in complex environments.

The purpose of robot formation change is that the multi-robot system receives
instructions to change from the initial formation to a specified formation in order to
meet the mission requirements (Wasik et al., 2016). explored a graph-based
framework to achieve control of real robot formations moving in a world cluttered
with a variety of obstacles by introducing a new distributed algorithm for
reconfiguring the formation shape. (Tran et al., 2020) extended the negative imaginary
number consensus control method to switch the formation shape of the robot while
using only the relative distance between agents, combined with the relative distance
between agents and obstacles, to investigate a new method for invariant formation
control when switching for a set of heterogeneous autonomous vehicles. Turpin et al.
(2021) proposed the CAPT algorithm, which is a combination of centralized and
improved distributed algorithms, in which the robot's trajectory is controlled without
collisions, but the optimization of the formation transformation is not considered in
the algorithm.

In practice, multi-robot collaborative operations are often constrained by the real
environment, and the current multi-robot handling environment is relatively simple,
and the main consideration in formation control is the interrelationship between the
robots, with less consideration given to the interaction between the formation
members and the environment.

In summary, there are some limitations in the research on robot formation
transformation. Most of the methods do not sufficiently consider the problem of
formation transformation and the efficiency of formation transformation in
conjunction with environmental constraints. In a practical environment, robots in
formation performing some kind of task will inevitably encounter obstacles. In order
to avoid the obstacles, the robots in the formation need to dynamically change the
formation in real time according to the environmental constraints. In this paper, we
focus on the dynamic formation change based on environmental constraints. By
establishing the kinematic and positional models of differential mobile robots and
introducing the pilot-follower algorithm of virtual robots to realize the formation
control of multi-mobile robots. The mathematical matrix is designed to define the
position and angle of each robot in the formation and the real-time pose of the robot.
A quantitative data set is formed. The multi-robot formation can flexibly change
formation to avoid obstacles according to the constraints of the surrounding
environment. And designing the formation strategy with robot formation expansion
factor p and robot formation dynamic transformation factor g, we finally realize the
efficient transformation of multi-mobile robot formation in complex obstacle
environment. The other sections of this paper are the arrangement: Section 3
describes how to establish the motion model of differential mobile robot and discloses
the establishment of the leader-follower formation algorithm model. Section 4 shows
the obstacle avoidance strategy of multi-robot dynamic formation transformation.
Section 5 presents the experiments and discussions. Section 6 shows the conclusions
and future works.

3. Methodology
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3.1 Differential Mobile Robot Motion Model

3.1.1 Kinematics Model Construction

The kinematics model of mobile robot is a mathematical model formed by
simplifying and abstracting the running state and motion characteristics of the robot.
Through the analysis of the model, the relationship between the position and speed of
the robot can be calculated (Saleh et al., 2018).

3.1.1.1 Analysis of Coordinate Transformation of Mobile Robot

The coordinate system of mobile robot includes global coordinate system and robot
coordinate system (Li & Chou, 2018). In general, the center position of the robot can
be set as the origin. The transformation relationship between the two is shown in
Figure 2.

X X
Figure2.Robot coordinate system transformation diagram
The robot center point Q is set as the origin of the robot coordinate system, and A
is any position point in the current environment. The transformation relationship of

point A in the world coordinate system and the robot coordinate system is shown in
Formula (1).

(1)

X =Xq+ xXgcos@ —ypsing
{y Yq + Xgsin® + yg cos@

Where x, y are the coordinates of point A in the global coordinate system, xR, yR are
the coordinates of point A in the robot coordinate system, and 6 is the azimuth angle
of the robot.

3.1.1.2 Kinematics Model of Mobile Robot

The two-wheel differential mobile robot is the simplest form of mobile robot, so it
is one of the most widely used research objects in academic research. According to the
motion constraint relationship, the two-wheel differential mobile robot belongs to a
non-holonomic constraint motion system model (Fu et al., 2018). Therefore, when the
mobile robot reaches a certain position, its running rate will be limited, and the
corresponding kinematic model is shown in Figure 3.
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Figure3.Kinematics model of mobile robot

Letp =[x, y, 6]7, the kinematic equation is shown in Equation (2):
cosf 0
- sm 9 0 V] @

where Q is the robot centroid; ¥, y. @ and represent the linear velocities of point
Q in the global coordinate system in the X,Y and Z directions, respectively; Use w=6 to
represent its angular velocity and define the counterclockwise direction as positive;
Use v to represent the linear velocity of point Q in the robot coordinate system.

u=[v,w]" (3)

cosf 0
H(p) =|sin8 0] (4)
0 1
Then its equation of state is

p=H@u (5)

where u = [v, w] T and (wi, wr) satisfy the relation:
Iy
2
2R
Bringing equation (6) into equation (3) yields:

1 |2 ]
. 1 . 1
X—Ersmﬂ erme [w] (7)

A
2R 2R

3.1.2 Mobile Robot Posture Model Construction

1 1
. [—rcos@ Srcos6

p:
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Aiming at the pose perception requirements of mobile robots, a pose calculation
model is established, which is the basis of robot formation. The odometer can calculate
the real-time pose state of the mobile robot in the global coordinate system.

Its working principle is the encoder mounted on the drive motor is used to
determine its rotation angle, so as to calculate the real-time pose change of the robot
during motion (Dudzik, 2020).

The pose of the robot in the formation at any time t; is X; = [x;,y;,6;]7. Then the
pose at t; + 1is X;41 = [Xi+1,Vi+1,0i+1]7 The number of lines of the encoder in the
odometer is Z, If the left and right wheels output pulse signals At in time are N; and
Ny respectively, ignoring the phenomenon of wheel slip during the movement, the
driving distances are (8).

_ 2mrNp

where, Ax; . Axg respectively, for the left and right driving wheel driving distance
in time.

The formula (8) can be obtained:

27TT‘NL
WL =T
anNR (9)
WR -
zAt

Combining equation (8) and equation (9) yields the direction of rotation of the
mobile robot as in equation (10):

27TT(NL NR)

AQ = (10)

Therefore, it is known that:
1). when A8 =0, Mobile robot driving in a straight line.

2). when A@ >0, Mobile robots turn clockwise and drive.

3). when AG<0, The mobile robot turns and drives counterclockwise.

Combining the above equations, it can be deduced that the position state of the
mobile robot at the moment t; + 11is X;, ;.

Xit1 X cos(8; +A8) 07 (er(v NR)
Yis1| = |¥i| + [sin(6; +A9) 0 [ ] (11)
Zit1 i

3.2 Leader-Follower Formation Algorithm Modeling

3.2.1 Leader-Follower Formation Structure Model
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Figure4.Kinematic model of leader-follower formation with the introduction of virtual
robots

To represent the position of each robot member in the formation, the geometric
structure model of the formation needs to be designed, and the more widely used
leader-follower method is used in this paper for formation control (Raghuwaiya et al.,
2018). And the virtual robot is introduced in it to keep the formation in line with the
pilot robot at all times. The virtual robot determines the ideal position of the following
robot; the ideal operating position of the pilot robot is determined by the fused sensor
data; and the specific position relationship is derived from the corresponding pilot-
following formation mathematical model, which is shown in Figure 4.

Under the global coordinate system XOY, the meanings of the parameters in Figure
4 are as tablel.

Table 1. Formation operation model parameters

Parameters Description

R, leader, position (xg,y,0;)

Ry follower, position (xg, yg, 0F)
Rypy Virtual Followers, position (Xgy, Vry, O5y)

0, Angle between navigator speed and horizontal axis

Of The angle between the virtual follower speed and the horizontal

axis

Oy Angle between follower velocity and horizontal axis

Iq Distance of virtual followers relative to the leader

@®q Directional angle of the virtual follower relative to the navigator
Iir The distance of followers relative to navigators

@Qrr The directional angle of the follower relative to the navigator

Then the control goal of the formation is to be able to satisfy the following control
law for any of the following robots Rj:

tlim (Rpy — Rp) = 0(12)
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0 0]

The expected formation matrix of the followers Ry at this point: E = [ Re 1 @
d Pa

By translating and calculating the poses of the navigator R;, the positional
expression of the virtual following robot Ry in the global coordinate system can be
derived as (13).

Xpy = X, + 1z cos(0;, + @g)
{yFV =y, + lasin(6, + ¢q) (13)
Opy =6,
The actual position of the follower can be represented by the navigator position, as
shown in Equation (14).

xp = x;, + lp cos(8, + @rr)
Yr =YL+ lpsin(6, + ¢rr) (14)
HF = QF
Expression for the positional error of the following robot Ry relative to the virtual
following robot Rgy, (15).

AX = XFV — Xr
{AY =Yrv — Yr (15)
Ag = QFV - 91:

Based on the fact that the positional error relationship between the following robot
and the virtual following robot is derived from the global coordinate system, it needs
to be converted to an error equation in the following robot's own coordinate system,
which is conducive to controlling the robot's motion. The expression of the converted
positional error (16) can be obtained.

cosOr sinfg
ep = ey = —51n9F cosHF

Where: T is the transformation matrix. Substituting (13), (14) and (15) into (16),
we can get (16).

4 (16)

ey Ly cos(eg + @q) — Iy r cos(eg + @rr)
ep = [eYI = | lgsin(eg + @q) — lypsin(eg + ¢.p) | (17)
0, — 6

Where ey, ey, es is the tracking trajectory error of follower R and virtual follower
Rpy in the robot coordinate system. And the transformation matrix T is a full rank
matrix, that is, RANK (T) = 3 for any 0,. Therefore, the above transformation is
equivalent linear transformation, T is invertible.Then there exists T-1 such that e4
=T~ lep, er — Oequivalent to e4 — 0, Therefore, the control trajectory tracking error
tends to zero to obtain the desired formation. The kinematic equation of the trajectory
tracking difference can be obtained by deriving Formula (17).
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ey Vi, coseg — Vi + eywr — wylgsin(eg + @pr)
er = |8y| =1V, sineg — e,wp +w,l; cos(eg + @.r) (18)
€o W, — Wg

Using the robot formation structure model, any formation structure can be
described. Through the introduction of the virtual following robot RFV, the formation
keeping problem is transformed into the tracking problem between RF and RFV, and
then the formation keeping problem of the robot formation composed of n robots can
be transformed into the tracking problem between n-1 robots.

3.2.2 Build quantitative data set of formation.

In order to describe specific leader-follower relationships and formation shape
information control. In this paper, a mathematical model is used to define the position
and angle of each robot in the formation and to describe the real-time pose of the robot.
In this way, a quantitative dataset is formed that enables multi-mobility robot
formation to quickly generate target formation shapes required by environmental
changes during movement (Akman, 2014).

The leader in the specified formation is responsible for planning and coordinating
the motion of the whole system, while the follower can track the leader first when the
leader can be detected within the sensor sensing range, which can prevent the
cumulative propagation of formation error. When the leader of the formation is out of
the detection range of a follower due to the limitation of sensors and communication
range, or the leader of the formation is blocked by other robots, the follower chooses
its predecessor as the leader, which makes the formation robust to communication
failure. In this paper, a directed acyclic graph (Li et al., 2019) is used to represent a
scalable formation. Each robot can be regarded as a vertex, and the relationship
between two robots is regarded as an edge. Each robot has a unique identity, called
nRID (robot ID), and the robot uses its nRID number as its subscript, such as R1, R2,
etc. The nRID is used to determine the position of the robot in the formation, where
the nRID of the leader of the formation is 1, and the other robots in the formation are
follower robots (nRID = 2,3 -+ n). In order to express the relationship between the
robots and the shape parameters of the formation, the formula of the parameter
information matrix of the formation shape is defined as (19) and (20):

Fyg= [Fsl Fg, --an]4><n (19)
Fs; =1[fij fo5 f35 fa]" (20)

Where: j = 1..1; fi; = ji foj = i; f3j = If5; faj = @f}, Fq represents the parameter
information matrix of a formation shape, and its member Fj; represents the formation
information of the jth robot R; F;; consists of four parts : f;; is the nRID number of a
specific follower robot R; ; f; is the nRID number of the leader tracked by R; in the
current formation ; f3; represents the desired distance between the following robot R;
and its leader, and f,; is the desired direction angle between the following robot R; and
its leader. Since R, is designated as the leader of the formation, Fg; = [1 0 0 0]7.

By defining the formation parameter matrix set as F = {fi |F% E4 F4, F&} to
represent the current formation library formation. The common formation parameter
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matrix in the quantitative data set can be written as formulas (21), (22), (23), (24).

12 . j
01 .. j-2 .
Ft=|p B 17 . (21
0 7 - Z+(%2)
12 j
0 1 j—2 .
Fi=lo 1@ I @2
0 = . Z4Z (G +D%D)
12 j
0 1 -1 ..
Fd = 23
N AR [ (23)
L0 T Aasn
1 2 j
0 1 j—2 .
Fé=lo 12 I s
0 X . Z4T4 (%)

4Xn

where "%" is the remainder operation.
3.2.3 Robot formation controller design

i start |

( Specify tasks a:d target points

( Fusion obsta%le information )

" Select the correspond’ing formation shape in
the formation database.

‘ Formation initialization, selectlhg the pilot |
J and setting the ID number
L 2

| Setting the expected formation matrix |

( The Leader advances, and the |
’ odometer updates the position and -
posture coordinates )

~ Determine that pose coordinates of the virtual follow robot
| according to the pose of the navigator and the expectation ‘
matrix

| Follow the robot and keep
synchronization w';h the virtual robot

s Whether the
NO = pose of the
< virtual following
robot is reached
) or not? =
YES ¥ )

Calculate the distance between the
navigator robot and the target point -/d

+ NO
- 1a=0? N - A
YES
l " Robot formation |
s!opfed
((End ]

Figure5.Flow chart of robot formation control algorithm
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According to the idea of the improved virtual structure leader-follower method, the
specific implementation steps of the formation algorithm can be obtained.

Step 1: The program starts, specifying the mission and target point.

step 2: The pilot acquires information about surrounding obstacles, makes a
judgment, and selects a suitable formation shape in the database.

Step 3: Select a robot as the pilot robot and set the ID identification number matrix R=
[1 2 3..n], where ID number "1" is the pilot robot and ID number "2 ---n" are the
following robots.

Step 4: Build the desired formation matrix E based on the set desired formation.

Step 5: The pilot robot keeps moving towards the target point and updates the
position information according to the odometer feedback data.

Step 6: Determining the virtual following robot positional coordinates based on the
results of steps 4 and 5.

Step 7: The following robot takes the coordinates of the following virtual following
robot's poses as its own target point in the formation, constantly adjusts its own poses
to maintain the formation, keeps the following robot and the virtual robot
synchronized, and judges whether the error between them is zero.

Step 8: Continuing to execute step 7; if synchronization is not achieved, and step 9 if
synchronization is achieved.

Step 9: Calculate the distance I; between the pilot robot and the target point.

Step 10: If /; = 0, then the robot formation stops; if I; # 0, then continue to execute
step 5. The flow chart of the virtual structure leader-follower formation algorithm is
shown in Figure 5.

4. Multi-mobile Robot Dynamic Formation Transformation Obstacle
Avoidance Strategy

4.1 Calculation of the Width of the Obstacle Course

When the mobile robot formation passes through a complex environment, it is
necessary to use the airborne light detection and ranging (LiDAR) to detect the
obstacle environment in front of it and calculate the maximum width of the obstacle
area. Among them, the leading robot plays a role of decision-making control, judging
how the current area should pass, and completing the generation of passable paths. At
the same time, it publishes the control coefficient of the following robot, commands
the formation to carry out formation transformation, and then realizes multi-aircraft
formation obstacle avoidance.

4.1.1 Complex Obstacle Environment Recognition

The robot formation will monitor the distance of obstacles in the surrounding
environment in real time to avoid collision caused by untimely formation change.
During the formation change process, the maximum safe collision avoidance distance
between two robots is set in order to avoid collision caused by the distance between
the robots. When the robot detects the existence of obstacles in the environment, the
formation program starts to calculate the passable width and starts the corresponding
obstacle avoidance strategy according to the width size.
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Figure6.Calculation of the passage width of mobile robot formation

4.1.2 Robot Formation Passing Width Calculation

As shown in Figure 6, a robot formation wants to pass an environment with
obstacles on both sides and needs to calculate the distance to the obstacles and the
passable width. The specific calculation is as (25) to (27).

di={J0-x)?+ -y (25

d, = \/(x —x)%2+ (y —y2)? (26)

Dinax = \/(xl —x%)%+ (0 —y2)* (27)

where

d,, d, are the distances from the robot to the obstacles 1 and 2, respectively.

Dinax 1s the maximum gap distance between the two obstacles, which is the
passable distance.

Dgmax 1S the overall width of the robot formation.

d,’ is the maximum theoretical size of a single mobile robot.

Similarly, when there are enough obstacles in the environment, the calculation is
as (28) to (30).

dp = —x)2+ (Y —yn)? m=135..2i+1 (28)

dp=/(x—x)2+ (Y —y)? n=246..20 (29)

Dinax(m, 1) =/ (= Xp)% + (Vm — )2 (30)

where

dn. d, arethe distances from the robot to the obstacles m and n, respectively.
Drax(mn) is the maximum gap distance between two obstacles m and n.

When the mobile robot formation wants to pass through the obstacle area on both
sides, it needs to judge the environment according to the detection distance, and then
calculate the passable width, and if it is passable, the midpoint of the connecting line
is chosen as the safe path point that the formation must pass.

4.2 Mobile Robot Formation Dynamic Transformation Strategy

In this section, four different formation transformation strategies are proposed for
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obstacle avoidance: formation hold, scattered crossing formation transformation,
formation isomorphic transformation, and formation heterogeneous transformation.
The design increases the formation stretching transformation factor p and formation
transformation coefficient o, so that when the formation encounters different
obstacles, it can fully consider the environmental constraints and dynamically select
the formation transformation strategy suitable for formation avoidance.

Definition 1: Formation expansion factor is a parameter that allows a formation of
multiple robots to maintain its existing shape and expand only in size, denoted by the
symbol p, p>pt and the threshold value of the formation expansion factor (the
minimum value of the expansion factor that ensures that the robots in the formation
do not collide), which is calculated as follows:

p =32 (31)

Fmax
where, denotes the maximum width of the robot formation, and is the maximum

width of the passable path formed by the obstacles in front of the robot formation
running route in the obstacle environment, as shown in Figure 6.

The workflow of the dynamically optimized formation transformation obstacle
avoidance strategy is shown in Figure 5. During the movement of the whole robot
formation toward the target point, the pilot robot relies on the laser sensor it carries
to sense the surrounding environment information and obtain the passable area
between the current position and the target point to determine the desired path of the
whole formation. If this desired path is located between two obstacles (D,,,, > 0), the
current formation stretch factor p can be calculated, and the specific value of the
stretch factor o, is used to determine the formation transformation mode coefficient
of obstacle avoidance, according to which the coefficient enters the formation
transformation mode.

i. Scattered obstacle crossing

When the robot formation detects that the width of the passage between obstacles
is less than the width of the robot formation and the width of the obstacles themselves
is less than the width of the individual robots, the robot formation scatter obstacle
crossing formation change procedure is initiated. On the basis of maintaining the
overall formation of the robot formation, each mobile robot single body will do
dynamic fine-tuning to pass through the scattered obstacle zone without consuming
too much energy.
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Where:

d,r is the maximum theoretical width dimension of the mobile robot mono block.
d, is the maximum actual width dimension of the mobile robot mono block.
I, is the safety expansion size of the mobile robot monolithic periphery.
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Figure8.Schematic diagram of scattered obstacle crossing decision.

Satisfying equation (32) and equation (33) as follows:
D; < Dppax < d(i=12..1n) (32)
do2ri(i=12..n) (33)

where :

D; is the width dimension of the gap between each obstacle r; is the maximum form
factor of each obstacle.

Drmax is the maximum form factor of the multi-robot formation

Dgmin is the minimum form factor of the multi-robot formation

Dinay 1s the dimension of the narrow passage
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ii. Narrow passage obstacle crossing.

First, when the narrow aisle width D,,,, , which conforms to the relationship of
d,’ < Dipax < Dpmayx the robot formation needs to perform distance and angle
reduction to make formation changes based on maintaining the basic formation.

Team isomorphic transformation mode (o = 1):If p < 1 and p > pt, it means that
the robot team cannot pass the obstacle zone directly, but can pass the obstacle zone
by compressing the formation size and not changing the formation shape, then set the
formation transformation factor ¢ to 1. The new formation parameter matrix FI1 can
be determined by the scaling factor p, and this transformation only changes the size
of the formation without destroying the original formation structure. At the same time,
after the robot team passes through the obstacle zone, the robot members in the
formation easily revert to the original formation and continue the task.

Second, the robot formation has the maximum deformation capability to pass
through the narrow passage in a straight line formation when the width of the narrow
passage Dy, hich is consistent with the relationship Dppin = dr < Dy, €Ue
heterogeneous transformation mode (o = 2): When the above two modes are not
established (p < pt).It shows that only the existing formation of the robot group can
pass through the obstacle area. This transformation mode is called formation
heterogeneous transformation. At this time, the formation transformation coefficient
is set o to 2. However, what kind of target formation the robot team transforms from
the current formation needs to be comprehensively evaluated according to the
formation transformation evaluation index proposed in the previous section, so as to
obtain the formation parameter matrix F2 of the target formation.

Zero-transformation mode (o = 0): If p>1, D,,,, > D space in front of the pilot
robot is large enough, the member robots in the formation can pass the obstacle zone
without changing the existing formation shape, which is called zero-transformation,
and the formation transformation coefficient o is set to 0. Zero-transformation does
not change the structure of the formation, so it is the optimal solution of the dynamic
formation optimization transformation obstacle avoidance strategy.

By obtaining the target formation parameter matrix, the desired position of
individual robots can be calculated and then the dynamic formation optimization
transformation in the obstacle environment can be implemented. When the last
follower in the formation successfully crosses the obstacle zone, the leader robot
issues a command to resume the formation, and the individual robots in the formation
regroup with their respective leaders as a reference to complete the obstacle
avoidance and continue the task.
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Figure9.Flow chart of mobile robot formation change strategy

5. Experiments Results and Discussion

The goal of this paper is to enable the robot team to dynamically and optimally
select the best leader-follower topology through the obstacle zone according to the
environmental constraints. The simulation validation is achieved through the MATLAB
software platform.

5.1 Simulation Tests

The sampling time interval in the simulation experiment is set to ts=0.1.
Considering the performance parameters of the actual robots and the limitations of
the robot driver output capability, the control input constraints are as follows:

0 <V < Vg —Omax < ® < Opax (34)

Where: v, = 0.7 m/S, Wpe, = 0.11ad/s

The trajectory of the navigator robot is determined by equation (35):

X, =20-t—50-cos(0.1-t) (35)

In addition, initialize x maximum velocity 0.7m/s; y maximum velocity 0.7m/s; x

maximum acceleration 0.4m/s% y maximum acceleration 0.4m/s? The robot
formation parameters during the simulation are shown in Table 2.
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Table 2. Parameter table of robot formation

Item Sparameters
X y 0
Leader 0 0.5 /4
Follower1 0 1 /4
Follower2 0 -0.5 -n/4
Follower3 0 -1 /4
Follower4 0 0 /4

First, before a multi-robot system can perform formation motion, an initial
formation needs to be formed from a random state. Before starting the movement, the
robots are located in different areas of the workspace and have no communication
with each other. When the formation task is given, each robot in the system needs to
move to the target location to form the initial formation. In this paper, we adopt the
widely used leader- follower method for formation control and simulate the formation
process of mobile robots.
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Figurel0.Multi-mobile robot formation shaping diagram
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Figurel1.Multi-robot formation trajectory diagram.
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Figurel2. Multi-robot formation position error convergence diagram

Second, the simulation experiment of obstacle avoidance of multi-robot formation
passing through the scattered obstacle area is conducted. In the experiment, some
scattered obstacles are set on the paths through which the robot formations pass, and
it is tested whether the robot formations can pass successfully. First step, the LiDAR
carried by the robot formation's navigator detects the obstacle location and size data
in front of it, and these data are judged by the program to be consistent with the
scattered obstacle avoidance mode. Second step, the scattered obstacle avoidance
mode is activated. Third step, complete the formation obstacle avoidance.
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Figurel3.Robot formation passing through scattered obstacles

(a). Initial Location Map. (b). Formation change process. (c). Formation completion
chart
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Finally, in order to fully verify the performance of the strategy of dynamic
formation transformation of mobile robot formations in complex scenarios proposed
in this paper, simulation experiments are conducted. The initial formation shape of the
robot formation is experimented with five robots forming a triangular initial formation
as an example.

In this experiment, the initial formation of the robot formation is designed as a
triangle, and in order to make the studied experimental scenario practical, the
experimental environment is designed as shown in Figure 16, containing a total of four
zones A, B, C, and D, E. The maximum passable width of each zone is different.
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Figurel6.Simulation experiment environment setup

In Figure 16, the obstacles are divided into continuous obstacle walls and scattered
obstacles; the colored circles represent the robots, where the red cell is the leader
robot and the rest are the following robots; the black dot represents the starting point
and the star represents the target point; the arrow represents the direction of robot
movement. The environment contains several common types of environments, such as
narrow passage corridors, turning points and scattered obstacles and open spaces. The
pilot robot detects the obstacles in the environment through its own laser sensors, and
the robot formation dynamically optimizes the formation to pass the obstacle zone
based on the detected obstacles and the strategy proposed in Section 5 of this paper.
Figure 17-27 shows the dynamic formation optimization process when the robot
formation passes through the experimental scenario.

A five-aircraft formation with an initial formation of a triangle is selected for
simulation experiments. The formation starts at the starting point (x=0, y=0) to the
target point of the formation (x=25, y=25). Ideal Formation Parameters: HY =
[1000], HY =[2113m/4], HS =[3113 —n/4], HY =[412.6n/4], HE =
[512.6 —m/4], Safe distancels = 0.3; Robot formation scaling factor p = 0.6.

Description of the formation crossing process.

In the interval 0 < x <3 ; 0 <y < 3, it is the robot formation formation phase. In the
0-60s time interval, the mobile robot completes the initialization of the 5 robot
formations according to the formation parameter matrix and the initial poses, forms a

triangular formation shape, and keeps this formation in forward continuous motion.
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(a). Start formation. (b). Formation deformation. (c). Form a formation.

In the interval 3 < x <10 ; 3 <y <10, the mobile robot formation movement to the
100th s, the robot detects the appearance of obstacles. And judge its passable distance
is D = 7m, and D<D; so the formation according to the obstacle distance information
with the formation operation, calculate to get the current formation stretching
transformation parameter p > 1; the pilot robot leader set the formation
transformation mode to o= 0 , and the formation adopts the formation keeping
obstacle avoidance strategy to pass the obstacle area A with the current formation.
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In the interval of 10 < x < 12.5 ; 10 <y < 12.5, the robot continues to move in the
original formation after passing the obstacle area at this time. At x=10m, an obstacle
area B is detected in front of it, at which time an obstacle avoidance strategy is adopted.
Calculated its passable distance is D = 5.6m, and then according to the obstacle
distance information and the current formation operation state, calculated the current
formation expansion and contraction transformation parameter p < p < 1, at this time
the pilot robot leader set the formation transformation mode for o = 1, the formation
using isomorphic deformation obstacle avoidance strategy, contraction formation
length and formation angle. At this time, the distance between follower robot and the
obstacle are greater than the robot avoidance safety distancels, and each robot does
not collide with each other, so that they pass the obstacle area B smoothly.

30

Target Point
25+

20 t

y position (m)

5 0 5 10 15 20 25 30
X position (m)
Figurel9.Formation isomorphic deformation through obstacle zone
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In the interval of 12.5 < x < 14 ; 12.5 <y < 14, at this time, the robot calculates the
passable width D = 3m in the front obstacle area C. According to the obstacle
information and the operation of the formation, the current formation expansion
transformation parameter p < p is calculated, and the leader of the pilot robot sets the
formation transformation mode to o = 2, and the formation adopts the heterogeneous
deformation obstacle avoidance strategy, at this time, the formation formation
becomes linear transformation, so that the generation of its formation, and complete
the formation of obstacle avoidance.
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Figure20. Formation heterogeneous deformation through the obstacle zone

(a). Isomorphic deformation initiated. (b). Isomorphic deformation completed

263



Research on Formation Control and Dynamic Formation Transformation Strategy of Mobile Robots
in Complex Scenarioscomprehensive

In the interval of 14 < x < 17.5 ; 14 <y < 17.5, the robot detects that the obstacle
appears, and its passable distance is D = 7m, and at this time the distance between
follower robot and the obstacle are greater than the robot avoidance safety distance
ls. Therefore, according to the obstacle distance information and the formation
operation, the formation calculates and gets the current formation stretching
transformation parameter p > 1, and the leader robot leader set the formation
transformation mode to o = 0, the formation to restore the original formation,
formation to maintain the obstacle avoidance strategy, with the current formation
through the obstacle area D.
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Figure21.Simulation diagram of robot formation heterogeneous formation recovery

(a). Transition from heterogeneous formation to homogeneous formation. (b).
Return to original formation and maintain.

In the interval of 22.5 < x < 25 ; 22.5 <y < 25, the robot scans and gets multiple
scattered obstacles in the obstacle area E ahead, the passable width D = 5m, and the
size of the obstacles < the width of the robot body, the formation operation mode is
determined according to the obstacle information. First, calculate the current
formation expansion transformation parameter p < p, the pilot robot leader set the
formation transformation mode to ¢ = 2, second, the formation adopts the scattered
obstacle avoidance strategy, at this time, the formation does not make a large change,
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each robot avoid scattered obstacles to make its formation generation, and complete
the formation to avoid obstacles.
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Figure22.Robot formation crossing a scattered obstacle.

(a). Scatter Crossing Start. (b). Crossing the first layer of obstacles. (c). Start the
second layer of scattered obstacles over the barrier. (d). Formation through the
obstacles to the finish line

In the interval of 22.5 < x < 25m, the robot formation has passed the scattered
obstacle zone, and in the absence of obs acles ahead, the formation starts to form the
final target formation, and reaches the target point at t=600s to stop in a straight-line
formation and complete the scheduled formation task.
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Figure23. Robot formation arrives at the target point to complete the process of

crossing the barrier.

From the above experimental process, it can be seen that the robot formation can
select the appropriate formation change mode independently according to the
constraints of the environment and optimize the selection of a reasonable formation
so that the robot formation can pass the experimental environment in Figure 16
smoothly, and finally pass the obstacle area and can return to the initial formation
shape autonomously. In the above experimental process, the trajectory change curve
of each robot is shown in Figure 24; the position error curve of follower1, follower2,
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followerR3 and follower4 is shown in Figure 25.
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Figure25. Robot formation position error chart

From Figure 25, it can be seen that there is a large change information error at
about 55s due to the change from the initialized linear formation to the triangular
formation. Also at 150s, 300s and 400s, 500s, the robot formation changes formation
due to environmental constraints, and at the moment of formation change, the position
error in the X and Y directions suddenly increases to 3.8, 4.2 and 0.8 and 3.5,
respectively, and the errors are the effect of changing formation when the robot
formation encounters different obstacles. However, as the formation task continues,
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all the position errors decrease rapidly when there are no obstacles, and the robot
team re-form the optimized formation, and finally all the errors converge to 0. This
indicates that the robot formation returns to the initial formation, which verifies the
effectiveness of the dynamic formation optimization and obstacle avoidance strategy
proposed in this paper.

5.2 Physical Experiments

This section builds a test environment for the multi-mobile robot formation
experimental platform to carry out research related to multi-robot formation motion
in a complex working environment and further test the practicality and effectiveness
of the formation control algorithm and obstacle avoidance strategy proposed in this
paper. The multi-mobile robot formation experimental platform uses a two-wheel
differential speed mobile robot as the control individual and communicates with each
robot using wireless LAN on the PC side. And based on the ROS development
environment, two mobile robots are used as the main body of the formation, and the
most representative heterogeneous formation transformation is adopted as the test
target to complete the experimental verification of formation generation,
maintenance, transformation and obstacle avoidance.

Obstacle 1 \)td .
[

A

Narrow ‘Obstacle 2
passage SN

PRA VRRAT
Figure26. A test environment of mobile robot formation

Physical experiments were designed to test the ability of robot formations to cross
obstacles by deforming one of the most demanding narrow-aisle obstacle
environments. Theoretically, if the robot formation can be adapted to this obstacle
environment, the rest of the obstacle forms can also be adapted. Therefore, the test
scenario basically covers the most demanding obstacle scenarios encountered by
robot formations in actual factories, and is valid for illustration.
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(9) (h)
Figure27.Experimental run diagram of mobile robot formation.

(a) Formation start point. (b). Formation heterogeneous deformation. (c). The
Leader robot enters the narrow passage. (d). The Leader robot passes through the
narrow passage. (e). Formation of Follower through the narrow passage. (f). Resume
formation. (g). Robot formation stays in formation. (h). Robot formation reaches target
point and stops.

The real-time operation of the formation is monitored at the PC. When t=0s, the
robot on-board LiDAR starts to operate and each robot in the mobile robot formation
is at the starting point position. As the formation advances, it continuously obtains data
information about the surrounding obstacles. And in the operation to t=5s, the
formation formed the initial formation, at this time, there is no obstacle in front of the
mobile robot, the formation according to the obstacle distance information and the
formation operation, calculate the current formation stretching transformation
parameter p > 1; pilot robot leader set the formation transformation mode for ¢ = 0,
the formation to maintain the formation to continue to move. When t=10s, the robot
detects an obstacle in front of it and its passable distance is smaller than the width of
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the formation, the controller calculates the current formation stretching parameter
p < p;, theleader sets the formation transformation mode to o = 2, and the formation
adopts the heterogeneous deformation obstacle avoidance strategy. The leader robot
and the follower robot pass the narrow passage in turn. When t=20s, at this time, the
robot formation passed the narrow channel obstacle area smoothly, and when the
laser sensor monitored that no obstacle appeared in front, the formation executed the
formation recovery command, and then moved forward in formation all the time. At
t=25s, the pilot robot reaches the end position, issues the termination command, and
the whole formation stops running.

In this section, the formation movement obstacle avoidance simulation
experiments are conducted under the conditions of obstacle environment and
different initial formation. The experimental results show that according to the
formation transformation obstacle avoidance strategy proposed in this paper, the
multi-mobile robot formation can select the most suitable formation to pass the
obstacle area under different working environments. It proves that the multi-mobile
robot formation control and transformation strategy proposed in this paper is
effective.

6. Conclusions and Future Work

We design a strategy for mobile robot formation control and dynamic formation
transformation in complex scenarios. Based on the introduction of the virtual robot's
navigator-follower formation algorithm model and the formation quantization
dataset, an efficient dynamic formation strategy for mobile robots with formation
scaling factor p and formation dynamic transformation factor o is finally developed.
The strategy fully considers the environmental constraints in the formation avoidance
process and the initial formation shape of the robot formation and dynamically selects
four formation avoidance modes: scatter avoidance, formation maintenance,
formation isomorphic transformation, and formation heterogeneous transformation,
to dynamically obtain the optimal leader-follower topology that adapts to the complex
obstacle environment. The simulation and physical experiment results show that the
robot formation successfully completed formation holding, and formation change and
successfully passed the set laboratory obstacles in the set obstacle environment.
Therefore, this strategy can dynamically control the formation of robot groups
performing formation tasks, and at the same time, it can adapt to the changes of the
current environment to the maximum extent and has the ability to make robot
formations switch to the optimal formation autonomously, which is a robot formation
control method with practical value. However, one of the limitations of this method is
that the distribution area of obstacles is too large, which is beyond the scanning range
of the LiDAR carried by the robot. We will take two measures to deal with it, one is to
replace the LiDAR with a wider scanning range, and the other is to adopt a step-by-
step scanning method to obtain comprehensive obstacle data and then make a logical
judgment on obstacle avoidance behavior. The future work will focus on two aspects:
robot formation to avoid obstacles in a large area and to deal with the influence of
dynamic obstacles.
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