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 In complex swarm robotic applications that perform different tasks such as transportation 
and observation, robot swarms should construct and maintain a formation to adapt and 
move as a single large-scale robot. For example, transportation and observation tasks 
require unique robot swarms with either high densities to support the weight of the 
transported objects or low densities to avoid overlapping field of views and avoid 
obstructions. Previous literature has not focused on structure optimization because 
swarming provides a large-collective capability. This paper proposes a leader-follower-
controlled collective movement method by calculating direction and distance potentials 
between robots based on geometric constraints, constricting robot positioning along radial 
gradients around the leader robot according to these potentials. This paper demonstrates a 
robot swarm applying the proposed method while maintaining formations with different 
densities while moving and evaluates the robot swarm structure-maintaining performance. 
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1. Introduction 

Cooperation between multiple robots is one method to 
complete large-scale and parallel tasks that a single robot cannot 
solve alone. Swarm robotic systems achieve this cooperative 
capability without centralized control by implementing swarm 
intelligence. In this system, a swarm of robots behaves in an 
organized manner through robot interactions [1]. When robots 
must complete a complex task that requires object transportation 
and tracking, they must move in a group or swarm. Various 
methods have been studied to determine swarm behaviors suitable 
for the task. Heavy object transportation requires a high-density 
robot swarm to support the weight. In contrast, the transport of 
light objects requires a low-density robot swarm to reduce the 
number of operating robots. In addition, monitoring dynamic 
targets, such as a school of fish, requires a low-density robot 
swarm to expand and optimize the observation range. Swarm 
robotics requires adaptive swarm behaviors that control robots to 
achieve different densities and shapes. 

Swarm behavior control for object transportation robots 
includes collective movements in which the robot swarm moves 
while maintaining either a pre-organized shape in a two-
dimensional [2] or three-dimensional space [3], or a flock, in which 
robots move while changing their arrangement to adapt to the 

velocities and positions of other robots [4, 5]. These approaches 
typically control the robots using local interactions based on inter-
robot relative distances and orientations [6], global interactions 
based on a virtual leader robot [7], environmental geometry, and 
the positions of the robots [8]. Local interactions distribute control 
based on the states of neighboring robots; formations determined 
in this way must place robots at intervals in which they recognize 
their neighbors. Robots can build a dense hexagonal close-packed 
structure to ensure that they do not deform, split, or break 
formation, while at the same time prioritizing swarming [9] or area 
cover [10]. Global interactions, on the other hand, require 
centralized control to share arbitrary information. Formations 
constructed using this method can freely position the robots 
individually. The number of controllable robots in this global-
control scheme then depends on the communication performance 
of the robots and the computational performance of the centralized 
control unit. Hence, distributed control based on local information 
is advantageous when controlling a large-scale robot swarm. 
However, the formations constructed under this control method 
cannot provide density and area coverage suitable for many 
cooperative tasks with different densities. Therefore, we consider 
a method for constructing and moving a large-scale robot swarm 
with different densities, scales, and shapes to perform cooperative 
tasks. Cooperation between multiple robots is one method to 
complete large-scale and parallel tasks that a single robot cannot 
solve alone. Swarm robotic systems achieve this cooperative 
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capability without centralized control by implementing swarm 
intelligence. In this system, a swarm of robots behaves in an 
organized manner through robot interactions [1]. When robots 
must complete a complex task that requires object transportation 
and tracking, they must move in a group or swarm. Various 
methods have been studied to determine swarm behaviors suitable 
for the task. Heavy object transportation requires a high-density 
robot swarm to support the weight. In contrast, the transport of 
light objects requires a low-density robot swarm to reduce the 
number of operating robots. In addition, monitoring dynamic 
targets, such as a school of fish, requires a low-density robot 
swarm to expand and optimize the observation range. Swarm 
robotics requires adaptive swarm behaviors that control robots to 
achieve different densities and shapes. 

Figure 1 shows two types of structures based on connections 
between neighboring robots: crystalline structures, which arrange 
robots in a regular tessellation [11], and amorphous structures, 
which place robots in an irregular pattern suited to a given 
condition [12]. Comparing the density of each crystalline structure 
when packed by circular robots, the hexagonal lattice is the 
highest, and the honeycomb lattice is the lowest, depending on the 
number of neighbors. In crystalline structures, robots can maintain 
their construction with only the relative angles and distances 
between them, making the formations match the constructed 
lattice. In contrast, an amorphous structure has irregular angles 
between neighboring robots. Therefore, the swarm shape can meet 
evolving environmental requirements. Amorphous swarms also 
prevent splitting by reinforcing high-load sections during 
transportation. However, owing to these properties, amorphous 
structures cannot build a shape with high density. This study 
focuses on crystalline robotic formations to stably control swarms 
with different densities. 

 
Figure 1: Examples of crystalline and amorphous structures 

Regular tessellations provide latticed structures with high 
density by arranging the robots according to geometric constraints. 
The study of modular robots in lattice structures has facilitated the 
development of self-organizing robots with angular joints between 
neighbors in honeycomb, square, and hexagonal lattices [13, 14, 
15]. These robots can self-organize various swarm shapes by 
recursively communicating with their neighbors, and can behave 
rigidly as they are physically interconnected with neighboring 
robots. However, these modular robots cannot organize other 
lattice formations owing to the physical constraints of their joint 
assemblies. In this study, we design a virtual interaction to 
construct lattice-based swarm shapes without the physical 
restriction of joints, such as the joint limits of modular robots. In 
our previous study, we proposed a collective movement using a 
distance-based local interaction based on the Lennard-Jones 
potential, an intermolecular potential [16]. This potential 
converges into a hexagonal close-packed structure, as described 

above. This study develops a group-forming model that adds an 
angular potential to this distance potential. For collective 
movement, the method introduces a leader-follower control, in 
which the robots orient with respect to a single leader robot in the 
group. Host systems and operators can then control the robot 
swarm by managing only the path of the leader. Therefore, the 
system does not require a large-capacity network to connect all 
robots. The above global-information-based approach can achieve 
collective movement without this physical leader by introducing a 
goal location and a virtual leader. For the host system to broadcast 
such information to the swarm, the system must either deploy an 
area network to communicate the information to all robots or equip 
them with a sensor device that can detect the direction of a physical 
goal, such as a light [17] or sound [18]. The robots then move 
autonomously toward the position indicated by the global 
information. Unfortunately, it is difficult for systems to manage the 
moving path of the whole swarm because the robots move 
autonomously. Therefore, this study considers the collective 
movement of a large-scale robot swarm using leader-follower 
control, controlling the swarm path in real-time by communicating 
with a single robot. We developed a collective movement method 
for a robot swarm with a density, scale, and shape suitable for 
cooperative tasks solved by robot swarms via teleoperation of a 
leader robot. This paper shows that a robot swarm applying the 
proposed method can move while maintaining various swarm 
shapes constructed with different densities. 

The rest of this paper is structured as follows: Section 2 
describes the configuration of the robot swarm and mathematical 
variables. Section 3 proposes a group-forming potential and 
collective movement method using leader-follower control. In 
Section 4, we discuss changing the robot swarm structures, and 
apply the changes during movements with different densities, 
sizes, and shapes. Finally, Section 5 summarizes the study. 

2. Preliminaries 

The robot swarm used in this study consists of two or more 
homogeneous mobile robots that may move within a linearly 
controllable speed vmax in all directions in a two-dimensional plane 
without any obstacles. The robot is equipped with both a distance 
sensor, such as light detection and ranging (LiDAR), to obtain the 
relative positions of surrounding neighbor robots and a local 
communication device, such as an infrared communicator, to 
exchange unique information with neighbors detected by the 
sensor. The position information is input to the proposed 
controller. As shown in Figure 2, the controller recognizes the 
neighbors to construct the lattice connected by the red lines among 
the communicable neighbors in all directions. The outer shape of 
the robots is circular with a diameter of σ [m] to prevent the 
occurrence of distance error due to robots measuring each other 
from all directions. All robots require a shared common reference 
direction to determine their neighboring angles and construct 
lattice structures; to provide this orientation, we initialize the 
robots with the same heading or synchronize directional 
information by averaging the data through local communication 
[19]. The i-th robot obtains the physical information of a neighbor 
robot with a distance-vector rij , composed of the distance ||rij|| and 
the direction angle θij, to the j-th neighboring robot. 
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Figure 2: Neighbors that can communicate with the central robot in each latticed 
structure. The red line represents the connection with the neighboring robots 
equidistant from the central robot. 

3. Multi-Robot Movement Control Method 

3.1. Group-forming potential with latticed structures 

Geometric swarm tessellations depend on the distance and 
angle between neighboring robots, treated as points. To maintain 
the structure of these points, distance and angle are used to 
compute and converge on a target structure. We propose a virtual 
potential-based interaction that depends on the relative position of 
neighboring robots to maintain cohesion. 

Regarding the distance potential, we took inspiration from the 
interaction of molecules that organize molecular lattice structures. 
Among the various potential models that describe molecular 
bonds, the Lennard-Jones potential [20] is calculated with simple 
operations. With this potential, the repulsive and attractive forces 
diverge to infinity as the distance between molecules shrinks with 
an arbitrary maximum value determined by a coefficient past a 
certain distance depending on the molecular diameter. Considering 
the robot as a molecule, this study modifies the potential using the 
normalized coefficient adjusted to ensure that the maximum 
attractive force is one; the force on the relative distance, which is 
the first-order derivative of the Lennard-Jones potential, is 
expressed as follows: 

 . (1) 

The robot moves according to the calculated force, converging 
to a distance of ||r0||, where fi

D′(r0) = 0, depending on the diameter. 
The robots are controlled only by this potential move toward the 
balance distance between themselves and their neighbors, moving 
freely about a circle of radius ||r0||. Consequently, the robots 
organize into a close-packed hexagonal lattice structure. This study 
introduces an angular potential that converges in equally spaced 
directions, suitable for lattices with different densities. Robots 
constructing the lattice structure must place their neighbors in the 
angular intervals of 2π/3, π/2, and π/3 [rad], divided by the number 
of connections in honeycomb, square, and hexagonal lattices, 
respectively, as shown in Figure 2. This study applies a simple 
angular potential model to converge robots into these lattices, as 
follows: 

  (2) 

where L is three, four, and six for honeycomb, square, and 
hexagonal lattices, respectively, matching the number of neighbors 
constructing the lattice structure. This model works normal to the 

relative distance vector between each pair of robots and can modify 
the angular error between robots within ±π/4L [rad]. Thus, the 
robot moves to arrange its neighbors into angles matching the 
target lattice structure. By combining the distance and angular 
potentials, the robots converge into a lattice with their neighbors, 
as shown in Figure 3. The swarm organized by these robots 
maintains a latticed structure. 

 
Figure 3: Positions of neighbors converged by the proposed angular and distance 
potentials 

3.2. Collective movement using potential weights 

The collective movement method in this study uses leader-
follower control to ensure that the host system can manage the 
robot swarm similarly to the individual robots. Because the host 
system controls only the leader, as described above, we consider 
autonomous decentralized control for followers maintaining 
positional relationships with their neighbors. The proposed 
potential models rectify the positional errors caused by an 
organized latticed structure; if a robot swarm includes a leader, it 
can move while maintaining formation by adapting to structural 
changes caused by the leader’s movement. Followers will react to 
structural changes caused by both the leader and each other, 
because this interaction affects all neighbors uniformly. 
Consequently, the approach using the proposed potential models 
creates a slow and inefficient collective movement for the robots’, 
limiting formation speed. 

We facilitate follower behavior during structural change 
caused by the leader’s movement by weighting robot interactions. 
Interactions in the direction of the leader are weighted higher than 
interactions away from the leader. In a previous study [16], this 
approach was applied only to the distance potential. This study 
formulates a collective movement model for followers that 
introduces additional weights to the model potentials as follows: 

  (3) 

where Ni is the set of neighbors around the i-th robot. The robot 
applies a weight-adjusted potential to each neighbor, where Pr and 
Pw are the weights for neighbors closer to or farther from the 
leader, respectively. These weights are constrained by Pr + Pw = 2 
; (Pr > Pw > 0) to ensure that the adjusted interactions provide the 
same interaction magnitude as the interactions without the new 
collective movement approach. Followers weigh their neighbors 
based on the distance between themselves and the leader. We 
introduce an ordering layer based on the lattice construction, which 
represents the routing metric to the leader as shown in Figure 4. 
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The leader is given a layer reference value of zero, and followers 
set their layer value, li, as li = min(lj) + 1 based on the layer value 
of their neighbors, lj . The followers update this metric by repeating 
the calculation by each follower, and quickly produce a radial 
gradient around the leader. Consequently, each follower adjusts 
their potential weights according to this gradient to ensure that they 
more strongly perceive the structural change caused by the leader. 

The movement of the leader is teleoperated through a host 
system to control the destination of the swarm. The leader’s 
moving vector, related to a given moving command, is as follows: 

  (4) 

where Pl is an upper-speed limit coefficient for the leader designed 
as Pr − 1 to ensure that the leader’s movement does not exceed the 
convergence force for the neighbors around the leader, as shown 
in (3). fc is a velocity vector given via teleoperation that is less than 
one.  

With these control methods, this study realizes the collective 
movement of a leader-follower robotic swarm while maintaining a 
lattice swarm shape. The proposed method can be implemented 
into any swarm shape with lattice construction. 

 
Figure 4: Calculated layer metric between the leader and followers according to 

the lattice structures 

4. Verification of Collective Movement 

Collective movement is an essential technology to support 
swarm robotic applications. Robot swarms can contribute to cost 
reduction and efficiency in their applications. In Section 1, we 
focus on transport and observation tasks using multiple robots, 
explaining the necessity for unique swarm densities, scales, and 
shapes. This section confirms that the proposed control method 
satisfies these goals. The proposed method can control an arbitrary 
number of robots via distributed control based on local 
measurements and information exchanged with neighbor robots. 
This study demonstrates that a robot swarm applying the proposed 
method can move collectively in all directions, and quantitatively 
evaluates the scalability of the method for any swarm size [21]. 

We developed numerical simulations for these evaluations 
using Java. The robot in this simulation is a moving object with a 
diameter of 0.25 m, moving with a speed limit of 0.5 m/s. The 
robot computes a velocity output via the proposed method at 2 ms 
intervals and simultaneously updates the communicated 
information. First, this paper evaluate the design and effectiveness 
(collective movement efficiency) of the parameters for the 
proposed method, Pr and Pw. 

4.1. Collective movable speed relative to Pr–Pw ratio 

The proposed collective movement performance depends on 
the design of Pr, Pw, and Pl. Therefore, we evaluate the maximum 

value of the parameter Pl that can be set under the parameters Pr 
and Pw. Because collective movement must be able to move in all 
directions, the experiment uses an environment in which 
formations of each lattice structure with ten-layers filled moves on 
a circle with a diameter of 10 m. 

Figure 5 plots the maximum Pl that did not change in the 
structure before and after movement, as Pl is increased by 0.01 
from zero under each setting Pr and Pw condition. This property 
also shows the collective movement efficiency for each Pr–Pw 
ratio. Compared to the condition with Pw = 1, where Pr and Pw were 
not introduced, the introduction of the Pr–Pw ratio resulted in 
higher collective movement efficiency. This result also shows that 
the smaller Pw is, the higher movement efficiency. 

We focus on the properties of the proposed method for 
hexagonal and honeycomb lattices. By introducing an angular 
potential, the proposed method can detect and adjust the structural 
changes caused by moving faster than the distance-potential-only 
collective movement method in the previous study [16]. As a 
result, the proposed method achieves high collective movement 
efficiency even for large values of Pw. On the other hand, this 
property of the square lattice did not improve significantly. This is 
because the square lattice formation moving in the vertical and 
horizontal directions has no angular potential action of the 
neighbors in that direction and less distance potential action for 
robots closer to the leader. Therefore, the followers could not 
maintain the connection with the neighbors in the vertical and 
horizontal movement directions, and the collective movement 
efficiency decreased.  

 
Figure 5: Maximum Pl that can be set according to the Pl–Pw ratio 

The proposed collective migration requires the design of 
parameters, Pr, Pw, and Pl based on Figure 5. In subsequent 
experiments, Pl, Pr, and Pw are evaluated as 0.5, 1.55, and 0.45, 
respectively, to ensure that the collective movement efficiency is 
Pl = 0.5 for all lattices. These parameters are the balance values for 
the performance of swarm cohesion and collective movement 
speed, which have a trade-off relationship. 

4.2. Demonstration of collective movement using various swarm 
shapes 

This study focuses on cooperative transportation and sweep 
coverage using swarm robotics. These tasks require collective 
movement while maintaining a cohesive robot swarm in the shape 
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of the transported object around its center of gravity [22], or a robot 
swarm assembled in a row [23].  

 
Figure 6: Formations with a scale of ten layers represented according to latticed 

structures 

Therefore, we consider the characteristic formations in a ten-
layer formation, as shown in Figure 6. The swarm shapes are as 
follows: standard formation, which builds a large-scale robot by 

enlarging the lattice structure around the leader; ribbon formation, 
which connects two groups at the leader position to transport 
multiple objects simultaneously; star formation, which is an 
example of an arbitrary swarm shape represented by a latticed 
structure, and line formation, which provides an efficient sweep. 
We confirm that robots implementing the proposed method can 
move in all directions without breaking formation by 
demonstrating circular movement. 

Figure 7 shows the trajectories of all robots during the 
movement using these formations. The leader of each formation 
moves counterclockwise. In all conditions, followers move 
alongside the remotely controlled leader. This means that while the 
robots move according to the proposed method, they maintain their 
positional relationships with each other in a latticed structure. 
Followers move while modifying the structural changes caused by 
the movement of robots in the inner layer. Thus, the standard and 
star formations, arranging the robots to fill the inner layer, transmit 
their changes to the outer followers from both directions. In 
contrast, the line and ribbon formations cannot react as strongly, 
because formations with reduced interconnectivity cannot transmit 
the information required for the proposed method fast enough to 
achieve perfect collective movement; this suggests that the 
proposed method works best when the followers and the leader are 
adjacent. 

 
Figure 7: Movement trajectories of robots during collective movement in a circle using the formations shown in Figure 6. Each leader moves along the red arrow. 
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Figure 8: Movement trajectories of robots during collective movement in a straight 
line using standard formations for each lattice without the proposed angular 
potential 

Subsequently, we confirm the structure-maintaining effect of 
the proposed method by comparing it with an existing collective 
movement method that can also maintain a high-density state. As 
already demonstrated, the proposed method organizes lattice 
structures using direction and distance potentials. In contrast, 
many existing collective movement methods control robots using 
interaction models without angular potentials. As a comparison, 
we employ a similar swarm behavior model for maintaining a 
high-density shape in an open space without obstacles that also 
applies the same Lennard-Jones potential and leader-follower 
control scheme as shown in our previous study [16]. We apply this 
existing method to a robot swarm initially arranged in a latticed 
structure and track their movement trajectories during collective 
movement. The robot swarm consists of a standard formation with 
five layers and moves in a straight 3 m line. 

Figure 8 shows the movement trajectories of the robot swarm 
in standard formations with each lattice. The robot swarms 
arranged in honeycomb and square lattices devolved into a 
hexagonal lattice, while the robot swarm already arranged in a 
hexagonal lattice did not deform, as it was already in the highest-
density state. These results mean that the angular potential applied 
in this paper maintains these regular latticed structures. 

4.3. Evaluation of the scalability of the demonstrated formations 

We demonstrated collective movement using robot swarms 
with a ten-layer swarm. We subsequently verify that the proposed 
method can provide scalable control by quantitatively evaluating 
the structural changes of the lattice structure during movement. To 
quantify structural change in the new potential, we combine the 
angle and distance errors between inter-neighbor positions during 
movement as follows: 

  (5) 

where ea is the angular error from the liπ direction, and ed is the 
distance error from r0, where f D(r0) = 0. These two metrics average 
values over all N robots in the swarm. 

Figure 9 shows the average errors and their deviations during 
collective movement, with formation size varying in the 
demonstration from one to seventy layers. The overall result did 
not show any error divergence caused by lattice structure collapse, 
because these errors are both much smaller than the angles π/12, 
π/16, and π/24 [rad] that can be created by the angular potential for 
honeycomb, square, and hexagonal lattices, respectively, and the 
distance rm [m], the radius with the greatest distance potential 
attraction where fiD′′ (rm + r0) = 0. Where the number of robots is 
small, these values do not give accurate averages and are noisy. 
Thus, these series showed notably small values at small scales. 

In line formations, robots have neighbors in chains for angular 
and distance comparisons regardless of the lattice type. That is, 
hexagonal, honeycomb, and hexagonal lattices all form a line. 
First, the distance errors changed with a similar magnitude 
regardless of the lattice structure used, because the proposed 
method applies the same distance potential to all latticed structures. 
In contrast, the angular errors were the largest for the honeycomb 
lattice and the smallest for the hexagonal lattice. This result means 
that the angular potential has a different performance depending 
on the lattice, as noted in the demonstration. The proposed angular 
potential has a convergence period based on the number of 
neighbors, L, to ensure that angular convergence occurs according 
to the angular properties of the lattice structures. Using this design, 
the convergence range of the angular potential is inversely 
proportional to L. Therefore, the angular potential of the 
honeycomb lattice has a wide convergence range while the 
hexagonal lattice has a narrow convergence range. To achieve the 
same shape-maintaining performance on all lattices, we should 
improve the angular potential to ensure that it works regardless of 
the lattice structure in question. 

4.4. Limitations of the proposed method 

In Figure 7 and 9, the entire robot swarm held formation. 
However, the swarm propagates local angular and distance errors 
to followers in subsequent layers. Therefore, the formation of the 
robot swarm should arrange the robots radially to ensure that the 
structural changes caused by the leader movement propagate 
quickly along the shortest possible route. The robot swarms used 
in this study, designed for practical applications, satisfy this 
requirement. To test the importance of radial error propagation, we 
consider collective movement under spiral formations that do not 
arrange robots radially. The followers in this formation were 
physically placed near the robots closer to the center. However, 
they only detect structural changes through neighbors in the spiral 
chain and ignore radial neighbors. Therefore, followers will have 
difficulty maintaining their shape owing to long delays when 
detecting structural changes in the formation. This study simulates 
the movement using spiral formations constructed with each lattice 
structure, as shown in Figure 10. 
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The robots arranged in a spiral pattern moved from left to right. 
Followers close to the leader maintained their structure, while 
followers on the outer periphery at higher layers experienced 
structure collapse. As expected, the proposed method could not 
maintain spiral formations in latticed structures. This limitation is 
unimportant for transportation and sweeping applications, because 
these applications rely on close packed lattice formations, rather 
than long-delay spiral formations. However, we will improve the 
proposed method to ensure robot swarms can be controlled with 
long delays in detecting structural changes, such as spiral 
formations for other applications. 

 
Figure 9: Angle and distance deflections during collective movements in various 
formations and lattices 

5. Conclusion 

Robotic cooperation and coordination is essential for a swarm 
robotic system when transporting long, large, heavy objects and 
observing over a wide area. Robots can efficiently complete these 
tasks by using a swarm with a suitable density for the task. 
Therefore, this paper proposed a structure-maintaining potential 
that can control swarm formations in regular tessellations and a 
collective movement method for a robot swarm using leader-
follower control with a host system whereby an operator can 
handle the entire swarm as a single, large, and mobile robot. This 
study confirmed that the proposed method could maintain a 
structure with different densities during collective movement with 
four formations. The swarm control was evaluated and verified 

under various formation sizes regardless of formation lattice and 
scale, reacting to the movement of the swarm leader. The host 
system can lead a scalable robot swarm from a single robot using 
the proposed method of leader-follower control. Therefore, the 
system can distribute control to multiple robot swarm systems in 
various use cases, such as parallel transportation and 
environmental exploration. This approach allows robotic swarm 
systems to obtain higher resolution and larger scales. This 
approach can contribute to the flexible operation of robot swarms 
while reducing economic cost.  

 
Figure 10: Movement trajectories of robots during collective movement in a straight 
line using spiral formations with long delays in the propagation of the movement 
information 

In future work, we will develop autonomous collision 
avoidance and navigation for multiple robot swarms with different 
scales instead of multiple mobile robots in parallel distributed 
systems. We improve the proposed method to control even slow 
propagating formations of structural changes. In addition, the 
proposed method targets omnidirectional agents such as Omni-
wheeled vehicles and multi-copters. Therefore, it does not consider 
nonlinear dynamics such as nonholonomic constraints. To 
implement this method on robots with various dynamics, we will 
develop a method that dynamically shares the direction of 
movement. 
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