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Abstract: Many bio-inspired coordination strategies have been investigated for swarm robots. Bacte-
rial chemotaxis exhibits a certain degree of intelligence, and has been developed some optimization
algorithm for robot(s), e.g., bacterial foraging optimization algorithm (BFOA) and bacterial colony
chemotaxis optimization algorithm (BCC). This paper proposes a bacterial chemotaxis-inspired coor-
dination strategy (BCCS) of swarm robotic systems for coverage and aggregation. The coverage is
the problem of finding a solution to uniformly deploy robots on a given bounded space. To solve this
problem, this paper uses chaotic preprocessing to generate the initial positions of the robots. After
the initialization, each robot calculates the area only covered by itself as the fitness function value.
Then, each robot makes an action, running or rotating, depending on coordination strategy inspired
bacterial chemotaxis. Moreover, we extend this solution and introduce a random factor to overcome
aggregation, which is to guide robots to rendezvous at an unspecified point. The simulation results
demonstrate the superior performance of the proposed coordination strategy in both success rate
and an average number of iterations than other controllers.

Keywords: bio-inspired; bacterial chemotaxis; swarm robots; coordination strategy; distributed con-
trol

1. Introduction

The adaption behavior of biological creatures provides a source of inspiration for
the coordination of robots. Chemotaxis behavior in response to the presence of chemical
concentration gradients occurs during foraging and has inspired a number of research and
applications in robotic systems. Some examples include target search [1,2], exploration of
unknown environments [3], mine detection [4], as well as environmental monitoring [5-7].

The simplest microorganism with chemotaxis behavior is a bacterium. In this paper,
we focus on a simple bacterium called Escherichia coli (E. coli) and E. coli-inspired coordi-
nation strategies for robots. In foraging, E. coli performs a biased random walk, which
is called bacterial chemotaxis [8]. Indeed, each bacterium moves to the highest (lowest)
concentration location of the stimulus source based on the comparison between previous
memory concentration and the current ones. Actually, it is likely that most of the time,
the bacteria exhibit swarming behavior through interactions. Chemotaxis behavior of
E. coli can serve as an inspiration source for coordination strategies of swarm robots. One
of the potential advantages is that E. coli-inspired coordination strategy does not require
the robot to have a complex physical structure to reduce the production cost, and it also
contributes to the scalability of the swarm robotic system. The other advantage is that E.
coli does not need the long-term memory function of a particle in PSO [9]. This means
that the physical robot does not need a large storage unit. Another great potential advan-
tage is the application in the medical field. Various microrobots have been developed in
micro-assembly, micromanipulation, and drug delivery applications [10-12]. In general,
the main control strategy for robots depends on the motion response of remotely controlled
magnetic fields. Magnetotactic bacteria, which are controlled by magnetic fields, are used
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to manipulate microparticles to assemble large structures [10]. Swarming microrobots
have been applied in micromanipulation inspired behaviors of bacteria [11]. The collective
behavior of micro-robotic swarms is obtained by magnetic interactions (attractive and
repulsive) among individual agents [12]. Hence, applying bacteria-inspired coordination
strategies to the macro and micro swarm robotic systems is of great significance.

In recent decades, existing chemotaxis-inspired control works have focused on a single
robot mimicking chemotaxis behavior and applied it to source search tasks [13-18], where
the chemotaxis-inspired control strategies are used to steer a single robot to the extrema
of an unknown gradient field. Meanwhile, for applications of swarm robotic systems,
some tasks, such as path planning, task allocation, are generally converted to optimization
problems. The bacteria-inspired methods are served as optimization algorithms [19-22].
However, there is no direct mapping between individual robot and bacterium in bacteria-
inspired optimization algorithms, because the algorithms involve operations, such as
reproduction and elimination, which would be impractical to implement in a real robot.
Furthermore, there is a lack of research on coordination mechanisms between robots
inspired by bacteria.

Thus, we aim to propose a bacteria-inspired coordination strategy for a swarm robotic
system inspired by the chemotaxis of E. coli, in which individual robot maps a bacterium.
We consider two swarm robotic tasks: Coverage and aggregation. Coverage is to uniformly
deploy robots on a given bounded space without central coordination [23,24], as is illus-
trated in Figure 1la. The potential practical applications include mapping of unknown
environments, environment exploration, and autonomous surveillance systems. Aggre-
gation is to guide a number of autonomous robots to rendezvous in a common place [24],
as shown in Figure 1b, which is a basic behavior amongst biological creatures, such as
cockroaches [25], bacteria [26]. To the best of our knowledge, such coordination strategy of
swarm robotic system for flexible switching between coverage and aggregation is relatively
less studied.

Aggregation
%, @e ~ , .,
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Figure 1. The coverage and aggregation: (a) Coverage; (b) aggregation.

The main contributions are as follows. (1) This paper deals with the coverage and
aggregation using a bacterial chemotaxis-inspired coordination strategy named bacterial
chemotaxis-inspired coordination strategy (BCCS), which is similar to the work in Refer-
ence [27]. The BCCS does not depend on the chemical stimulus and direct communication,
just the position information of other robots within sense range. (2) The BCCS includes the
chaotic preprocess that is to generate the initial positions of the robots in the beginning.
This operation not only keeps the randomness of algorithm initialization, but also improves
the diversity of positions of robots and the convenience of individual deployment. (3) In
BCCS, the swarm robotic system is distributed, and the robots also do not need to be con-
nected by a global network. Besides, the BCCS balances cohesive swarms and exploration
of individuals to ensure that all robots rendezvous in common place under different robot
numbers for aggregation. Finally, the simulation results show that the performance of
BCCS and its variant is significantly better than that of the state-of-the-art chemotaxis
controller.

The organization of this paper is as follows. Section 2 introduces bacteria inspira-
tion related work. Section 3 describes problem statements and preliminaries. Section 4
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presents the BCCS. The simulation results and discussion are provided in Section 5. Finally,
conclusions and future work are drawn in Section 6.

2. Bacteria Inspiration
2.1. Bacteria Behavior

Bacteria exhibit three behaviors during foraging, which are simple and intelligent,
as shown in Figure 2: Swimming, tumbling, and swarming. In the absence of chemical
concentration, the bacteria perform a completely random motion. When subjected to a
favorable change in concentration, bacteria will move straight for some time (swimming).
The tumbling behavior means that the bacteria rotate randomly, and the tumbling fre-
quency will increase when bacteria are subjected to an unfavorable change in concentration.
Swarming emphasizes the interaction between bacteria. Bacteria secrete attracting or re-
pelling chemicals that are similar to pheromone into the environment to communicate with
each other and form the colony. In particular, these behaviors serve as inspiration for the
robotic system.

Food Source

(Attractant)

Figure 2. The basic behaviors of bacteria.

2.2. Applications

In the past few decades, the focus of robotic system has shifted to applying biology-
inspired methods. The bacterial chemotaxis-inspired coordination control methods have
been studied in a single robot and multi-robot system.

For a single robot, four reactive robot control algorithms based on chemotaxis are
implemented and compared in Reference [17]. Among these algorithms, E. coli-based
motion algorithm is the simplest and requires minimum structure and motion control
requirements. However, it may only work with a very small system underground with
steady changes of chemical concentrations. A Yuragi-based adaptive biased random walk
strategy has been proposed to guide a mobile robot to locate a sound source in such an
environment with and without gradient information [13]. This strategy can flexibly switch
between the bacterial chemotaxis and Levy walk, which increases the success rate of the
source search task. In Reference [14], a bacteria-inspired mobile robot, with a 1-DOF motor
and a single sensor, has been proposed to navigate to a stimulus source, revealing the
influence of environmental noise on navigation behavior. However, the related source
searching algorithms based on bacterial chemotaxis cannot guarantee the repeatability of
the path.

Related bio-inspired coordination strategies have received attention in swarm robots.
Because the complexity of the system increases with the number of individuals, the coordi-
nation model should be simple, effective, and scalability. Bacteria swarming is a relatively
simple biological system compared to insect swarms, bird flocks, and fish schools. Hence,
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it is the natural source of swarm robotic system design. In Reference [28], two novel
chemotaxis-inspired controllers were proposed for controlling the formation of robots.
This paper quantifies the achieved degree of preset formation of robots as a global index
and decomposes it into local indexes, which are used by each robot at each step. There is
evidence that the bacterial chemotaxis-inspired strategy can guide robots to search multiple
sources [29]. In this approach, the robots take advantage of gradient information to execute
a simple motion strategy (biased a random walk) inspired by bacterial chemotaxis. This
is more suitable for boundary coverage, and multiple dissipative sources search tasks. A
bacteria-inspired coordinate model for agents with adaptable interactions is proposed,
which includes long-range attraction, intermediate-range alignment, and short-range re-
pulsion [30]. This leads to a collective motion similar to bacteria swarming. Especially,
agents can adjust the peers’ influence depending on the number of their neighbors. A
novel bacterial chemotaxis model has been introduced, which improved the average escape
rate by reducing the tumbling frequency on obstacle-laden terrains [31]. Related extend
work, distributed gradient descent (DGD), has been used for mass scale evacuations in
a dynamic environment [32]. In the evacuation process, each agent combines messages
and computations in a simple vocabulary, and the neighborhood graph of each agent
is dynamic changes. In addition to the above motion coordination models, bacteria can
also serve as inspiration for task allocation [33]. The performance of the proposed task
allocation method has been proved to be better than the three traditional methods in the
net throughput and runtime.

Numerous researchers use bacteria-inspired methods for the coverage [5-7,34,35].
These methods mainly use robots to perform pollution visualization [5-7], and environ-
mental exploration [34,35]. However, the robots need the concentration information, which
is not available in our hypothetical environment. Moreover, the research of the bio-inspired
coordination strategies considering two or more tasks is insufficient. In Reference [35], a co-
ordination strategy of swarm robots inspired by bacterial chemotaxis behavior is proposed
for target search and trapping. First, the map is preprocessed and divided into Voronoi
cells. Each robot covers its Voronoi cell using bacterial chemotaxis (BC) algorithm, and then
the whole area is covered by all the robots. After that, the robots respond to the stimulus
from targets and trap them. The work in Reference [27] introduced a bacteria-inspired
controller for coverage and rendezvous. The effectiveness of the controller is verified by
simulations and physical experiments in a multi-robot system. However, the controller is
more dependent on the initial distribution of robots and fails to analyze the schemes for
the different numbers of robots in different size environments. Especially for aggregation,
Reference [27] assumes all robots are connected by a graph G, which is unrealistic in a
real swarm robotic system with numbers of individuals. Different from the work in Refer-
ence [27], our proposed coordination strategy just requires the local sense of the robot, and
the system is distributed without a central controller and global network. The summary of
related works is shown in Table 1.

Table 1. The summary of related works.

Related Works Coverage Aggregation Multitask
(5] v
Related bacteria [6] v
chemotaxis- [34] v
inspired control [35] v v
strategies [27] v v v
This paper v v v

3. Problem Statements and Preliminary
3.1. Problem Statements

Our goal is to solve coverage and aggregation for swarm robots in light of the chemo-
taxis behavior of an individual bacterium. The coverage and aggregation in this paper are
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that robots are used to maximize and minimize the covered area, respectively. We require
a swarm robotic system with parallel processing capability and coordination mechanism
between robots. So, we make the following assumptions to construct the schemes.

(1) Environment. The environment E C R? is unobstructed and bounded. The size
denotes L x L. L is the number of units for the length of horizontal (ordinate) range.
There are no chemical signals in the environment.

(2) Robots. The robot iislabeled asr;,i € N, N ={1, 2, ..., n}. Each robot is omnidirec-
tional and can move in any direction. The physical structure of the robot is ignored.
The robot can only sense the presence of other robots within a sense radius. The
robots can collaborate with each other only by using the position information of their
neighbors.

(3) Radius. As shown in Figure 3, we define Rs and Ri as the covered radius and sense
radius, respectively, in which Ri = 2Rs. The robot can cover circular areas with a radius
smaller than Rs. The robot can sense others within the Ri. Given robot i, the set of
its neighbors is defined N; = {s € N|||xs — x;|| < Ri, i # s}, and x € R? is the
position of the robot. N; follows the conditions: (i) N; C N; (ii) i ¢ Nj; (iii) s € N;.

Figure 3. Covered radius Rs and sense radius Ri.

Next, we formulate the coordinate strategy for the swarm robotic system, as follow.
Here, we consider a swarm of robots in a bounded region of 2D-space or 3D-space. The
update of state for each robot is as follows:

xi(t+1) = xi() @ g(x(t), [3(8)] jony ) v

where x;(t) = (x; 1(£), x; 2(f), . .., xirn(t))TER” is the state variable of robot i at time ¢, g(x;(t),
[xj(H)]jeni@) is a coordinate strategy that robot i updates its state variable according to the
state variables of itself and its neighbors at time . The symbol & denotes the strategy
g(xi(t), [xj()]jeni() is performed on the state variable of the x;(t).

3.2. Chaotic Model

Chaos phenomenon can be seen everywhere in nature, and it also widely exists in
nature fields, such as bacteria, ants, and bees. Chaos motion is a kind of random behavior
between rule and randomness in a completely deterministic system without external
random factors. Chaos motion is sensitive to the initial value and chaotic parameter [36].
For the appropriate initial value and chaotic parameter, chaos motion has the ability to reach
all states over a range of states without repeating. In view of the ergodicity of chaos motion,
the initial state (initial position) of the robot was obtained by chaotic preprocessing based
on the chaotic model. Chaotic preprocessing improves the diversity of robots’ positions
and prevents the robots from interfering with each other in their initial state.
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In this paper, we use the classic Logistic chaotic mapping as a chaotic model, and a
chaotic sequence is:

Zpy1 = PZn(1 —2zn) ()

where p represents the Logistic parameter. z is generated after Ic iterations. Ic is Logistic
equation iterations. If z* = [a;, b;], then a new chaotic sequence z* can be obtained by the
mapping and de-mapping according to Equations (3) and (4).

zi = (z; —a;)/ (b — a;) 3)

z; = a; +zi(bi — a;) (4)

The Logistic mapping system is very sensitive to the initial values and Logistic param-
eter, and different initial values and Logistic parameter result in different chaotic sequences.
By studying the trajectory sequence distribution diagram generated by chaotic motion, the
appropriate initial value and chaotic parameter can be determined. Figure 4 shows the
trajectory sequence distribution diagrams distributed on the interval [0, 1] after 500 Lo-
gistic equation iterations for different zy and p, which is used to find zy and p for chaotic
sequences with good ergodicity and global searching ability.
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Figure 4. The trajectory sequence distribution diagrams of five combinations of initial values and parameters.

With the initial value zp = 0.9978 and p = 4, the Logistic chaotic mapping equation can
form an averagely distributed chaotic sequence with good ergodicity, which can search
space globally. Therefore, the initial value zy = 0.9978 and p = 4 are selected for chaotic
model in the following text.

4. Proposed Method

This section describes the proposed coordination strategy of swarm robots for coverage
and aggregation inspired by the chemotaxis behavior of E. coli.
The main ideas of BCCS are as follows:

(1) Construct the fitness function, which is available for coverage and aggregation.
(2) Compare the current fitness function value with previous ones.
(3) The robot makes running or rotating depending on the comparison result in list (2).
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Especially, the coordination control process for aggregation is similar to the reverse
coordination control process for coverage. In the following, we present the details of BCCS
for coverage and aggregation, respectively.

4.1. The BCCS for Coverage

The robot motion can be modeled as a feedback system, shown in Figure 5. Logistic
chaotic mapping is adopted for the chaotic preprocessing module. First, to get more
reasonable initial positions of the robots to prevent interference among robots, chaotic
preprocessing is needed. Chaotic preprocessing is a process, in which the elements in
chaotic sequence z within [0, 1] are converted to that in a new chaotic sequence z* within
[a, b] using Equations (2)-(4). [a, b]? is the range of horizontal and vertical range of the
environment. Moreover, n elements with great differences are extracted from z* to form

anew sequence X’ as the initial positions of the robots. x/ € x/, x/ (x; 1 X 2) is the initial

position of robot i. Chaotic preprocessing is optional without considering the interference
of the robots.

BCCS

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ‘

|

|

Bacteria- i

Chaotic inspired ;

. — Robot

preprocessing control obo! : —>Output

strategy |

| . I

gl |

I

|

|

|

Relevant
input Fitness ‘
function

Figure 5. Feedback system architecture for robot motion based bacterial chemotaxis-inspired coordi-
nation strategy (BCCS).

The BCCS module is the core of the feedback system. In BCCS, each robot is like
a bacterium. BCCS drives robots to generate future actions (running or rotating) and
positions. Also, each robot calculates its fitness function. Each robot takes the fitness
function value as feedback input.

In this paper, we divided the environment into a large number of cells in the same
size. The Cell_Index ={1, 2, ... , 1} is the set of cell index. ¢, (k € Cell_Index) is the center of
the cell k. If | ¢, — xj(f)| | <Rs, then the cell k is coved by robot i at time ¢, as shown in the
left part of Figure 6. Specially, the green cell is coved by robot i, but the yellow cell is not.
When the robot i senses the robot j (d;; =1 lx; — xj | | < Ri), overlapping cells are generated,
such as the gray cells in the right part of Figure 6. We defined the number of cells only
covered by robot i at time ¢ as F;(t), which also is the fitness function value of robot i, that is:

Fi(t) = |Oi(t)| 5)

where |- | denotes cardinality of set O;(t). O;(t) is the set of cells coved only by robot i at
time ¢, and can be expressed by:

Oi(t) = {k € Cell_Index|jeZQ(t) ({llex = xi()[| < Rs} 0 {[ex — x;(t)]| > Rs})} (6)

1

where Nj(t) is the neighbors of robot i at time ¢.
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Based on the fitness function in Equation (5), we propose the coordinate strategy for
coverage:

{ vg) ] if i(t) <FE(@),

A
RTINS I ”
MR
where (;(t) = F;(t — 1) is the fitness function value of the robot i at time ¢ — 1. Thus,

Ci(t) < F;(t) denotes that the current fitness function value is higher than or equal the
previous one. In this case, the robot i maintains the current direction and moves forward.
This process is defined as running of robot, which is similar to the swimming of bacterium.
In contrast, ¢;(t) > F;(t) denotes that the current fitness function value is lower than the
previous one. In this case, the robot i rotates 6(t) radians, and moves forward. This process
is defined as rotating of robot, which is similar to the tumbling of bacterium. 6(f) is not
fixed and is based on the positions of robot i’s neighbors at time t. The rotation direction
0(t) is calculated using the following equations:

= Arccos M
o = <||r<t>|v<t>||> ®

r(t) = ) (xi(t) —x;(t)) )
JEN;
where | |- | is the norm of vector. r is the integrated virtual repulsive force acting on the
robot i from its neighbors at time f. A simple case is shown in Figure 7. It is evident that
the robot moves far away from its neighbors by virtual forces.

A flowchart of BCCS for coverage is shown in Figure 8. Chaotic preprocessing is
optional, and Al is BCCS without chaotic preprocessing. Each robot performances a
random walk at its first iteration. After initialization, each robot performances the running
or rotating according to the comparison result of fitness function values at the previous
moment and the current moment. Especially, the robot can detect the boundary of space E
within Rs and then will move forward away from the boundary. Finally, the process will
stop when the maximum number of iterations is reached, or the number of covered cells
meets the termination conditions. From the above coordinate strategy, each robot tries to
maximize its F;, and the coverage will be achieved.
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4.2. The BCCS for Aggregation

The coordinate strategy described in this section is similar to that in Section 4.1, and
we introduce a solution to aggregation. The fitness function is obtained by Equations (5)
and (6). Two basic behaviors, running and rotating, also exist in the coordinate control
strategy for the aggregation. We modify the coordinate strategy for aggregation, as shown
in Equation (10).

[ 08) ] if 7i(t) > FE(b),

(10)
() ,
|: Z(t) ] 1f gi(t) < Fi(t),

8 (0 [5(1)] g ) 2

where, (;(t) > F;(t) denotes that the current fitness function value is lower or equal to the
previous one. In this case, the robot i maintains the current direction and moves forward.
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This process is defined as the running of robot for aggregation. In contrast, (;(f) < F;(f)
denotes that the current fitness function value is higher than the previous one. In this case,
the robot i rotates 6(t) radians, and moves forward. This process is defined as rotating of
robot for aggregation. 6(t) solution is based on Equations (8), (11) and (12):

r(t) =wy* Y (xj(t) — xi(t)) + wa * rand(0,1) (11)
JEN;
w, = ) (12)

where Nump;(t) is the number of neighbors of robot i at time t. The rand (0,1) is the
random factor that follows the (0,1) uniform distribution. The rand (0,1) improve the
robot exploration ability to prevent robots from rendezvousing multiple aggregations. The
coefficient wy and wp, 0 < wy, wy < 1and wy + wy =1, are the weights of the neighbor
impact and random impact, respectively. In this coordinate strategy, w; and w, can be
dynamically adjusted according to the number of neighbors of the robot. The larger the
value of w; (neighbor impact) gets, the smaller w, (random impact) is. For example, wyp =0,
means that the robot can sense all the individuals in the swarm after iterations, which
causes all the robots to be aggregate quickly.

Figure 9 is flowchart of BCCS for aggregation. Each robot also performances the
running or rotating according to the above coordination strategy for aggregation. In
aggregation, each robot tries to minimize its F; and simultaneously monitor the number
of neighbors in its sub-aggregation. When robots from multiple aggregations, w, can
promote the exploration of individuals within each sub-aggregation. Fusion occurs when
two sub-aggregations meet, and the aggregation will be achieved. In the whole process,
there is no central controller or global network in the swarm robotic system and no direct
communication between the robots.

Random walk and
record Fi

<+

»l

v
Running 4—VYes < &ilt) = Filt) No: Rotating
| e |
No ¢
“Termination § 7 A
L conditions .~ ves 9 tng '.“I

Figure 9. Flowchart of BCCS for aggregation.

5. Simulations and Discussion

This section mainly contains four parts. Section 5.1 presents the simulation setup of
parameters. Section 5.2 introduces the evaluation criteria which been used to describe
the performances of algorithms. Section 5.3 compares the coverage performance of BCCS
with that of the state-of-the-art bacteria-inspired controller in Reference [27]. Section 5.4
compares the aggregation performances of the two algorithms. Each simulation, with
respect to different numbers of robots in different sizes of environments, is repeated
30 times for each algorithm because all simulation results are probabilistic.
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5.1. Simulations Setup

In this paper, we do not consider the physical structure of the robot, but abstract it as
a start point. The environments are unknown and terrain flat, without any external factors.
The system parameters are summarized in Table 2.

Table 2. Parameter settings of the swarm robotic system.

Parameter

Value

Environments, E

Cell size, k
Number of robots, n

60 units x 60 units,
80 units x 80 units,
100 units x 100 units
1 unit x 1 unit
9,16,25

Velocity of robot, v 1 unit/iteration

Maximum iterations, Imax 2L
Covered radius, Rs 10 units
Sense radius, Ri 20 units
Logistic equation iterations, I. 500
Rotation range, 6 0-360°

5.2. Evaluation Criteria

Before we discuss the results, let us define some performance measures: (1) F is the sum
of F; for all the robots, which is shown as Equation (13). F corresponds to the performance
measure from the perspective of the degree of the covered cells of the individual robot;
(2) S is the number of cells covered by all the robots, which is shown as Equation (14). S
corresponds to the performance measure from the perspective of the degree of the covered
cells of the environment; (3) average and standard deviation of iterations; (4) the number
of aggregations is another important performance measure for aggregation.

F=)YF (13)
ieN
S = H‘UN(k € Cell_Index|||cx — x;]| < Rs)}‘ (14)
1€

5.3. Comparison for Coverage

In this section, BCCS and A1 are compared with the bacteria-inspired controller in
Reference [27], where Al is the BCCS without chaotic preprocessing. First, we consider an
extreme case where all the robots are at the same point (30, 30), and compare Al with other
bacteria-inspired controller. Also, the case of BCCS is studied.

Figure 10 shows the iteration series of the robot positions for Al and the controller in
Reference [27], where the stars in different colors represent different robots. The environ-
ment is 60 units x 60 units. The number of robots is 9, and the radius of the red circle is Rs.
The maximum number of iterations is 120. In Figure 10, the robot distribution based on Al
is more uniform than that based on the controller in Reference [27] after 60 iterations. After
80 iterations, the position of each robot based on Al is fine-tuned. One can see the same
scenario in Figure 10, which causes Al to have a higher performance. Figure 11 shows the
evolution of the performance measure F; of each robot over iterations. We can conclude that
the F; of each robot increases as the number of iterations increases for two methods at the
beginning of the coverage. In Figure 11a, the F; of some robots oscillates over a wide range
for the existing bacteria-inspired controllers. As shown in Figure 11b, F; of each robot for
Al gradually converges after 80 iterations. It is because the robot evaluates the neighbors’
positions when performing rotating. In fact, the robot moves far away from its neighbors,
and direction is calculated by Equation (8). The smaller the oscillation amplitude for all the
robots is, the more stable the swarm robotic system is.
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(b) Iteration = 40 (c) Iteration = 60

(f) Iteration = 120

(g) Iteration = 20 (h) Iteration = 40

(j) Iteration = 80 (k) Iteration = 100 (1) Iteration = 120

Figure 10. Simulation results for coverage in noise free environment: (a—f) The controller in Reference [27]; (g-1) A1.
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Figure 11. The F; evolution of each robot for coverage in noise free environment: (a) The controller in Reference [27]; (b) Al.

Next, we consider the noise, and the background noise is fixed at oy = 0.005. X’ (t + 1)
=X (t + 1) + oy is the actual moving position of robot at time ¢ + 1. Figure 12 shows the
evolution of F for all the robots with and without noise. For the noise free environment,
although the robot based on the existing bacteria-inspired controller is more exploratory at
the first 50 iterations, due to the randomness of the robot’s initial motion direction, the robot
based A1 can quickly adjust their motion planning as the number of iterations increases. In
Figure 12, although the noise reduces the stability of change of F for Al, the performance
is better than that for the controller in Reference [27]. Meanwhile, after 60 iterations, the
covered area of the environment for Al is larger than that for the existing bacteria-inspired
controller as the number of iterations increases, as shown in Figure 13.

3000

2500

2000

Existing controller [27] without noise
Existing controller [27] with noise B
—— AT without noise
A1 with noise

w1500

1000 q

s00 - q

0 2 40 0 a0 100 120
lteration

Figure 12. The F evolution of two methods without and with noise for coverage. The red and purple

lines are for the controller without and with noise in Reference [27], respectively. The blue and green

lines are for A1 without and with noise, respectively.

Next, we also consider chaotic preprocessing, which improves the diversity of po-
sitions of robots and the convenience of individual deployment. Some simulations are
presented under different numbers of robots in different sizes of noise free environments.
Each robot can cover 316 cells. To evaluate iteration consumption, we defined that the
condition meets S/(3161)>95%, which means coverage is successfully completed, and
record the current number of iterations. The robots’ initial positions for the controller in
Reference [27], and Al are randomly generated and the same. However, the robots’ initial
positions are obtained by chaotic preprocessing in BCCS. The comparison of the average
and standard deviation of iterations and the success rate is shown in Table 3. Al and BCCS
have a higher success rate than the existing state-of-the-art bacteria-inspired controller. For
example, the success rate of Aland BCCS for 25 robots is 90.00% and 100%, respectively,
while the controller in Reference [27] just has 60%. The BCCS has the lowest number of
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iterations. In BCCS, chaotic preprocessing help robots explore quickly in the early stage
and fine-tune in the later stage, which shortens the coverage completion time.

3000

T LT

2500

Ezxisting controller [27] without noise
Ezxisting cantroller [27] with noise
AT without noise

Al with noise
w 1500+ i 1

2000

b 1

|
0 20 40 B0 80 100 120
Iteration

Figure 13. The S evolution of two methods without and with noise for coverage. The red and purple
lines are for the controller without and with noise in Reference [27], respectively. The blue and green
lines are for A1 without and with noise, respectively.

Table 3. Performance comparison results. Avg = average of iterations. Std = standard deviation of iterations. Succ = success

rate.
The Controller in Reference [27] Al BCCS #Robots #Environment
Avg Std Succ (%) Avg Std Succ (%) Avg Std Succ (%) (Unit x Unit)
84 10.88 73 9.35 100 55 8.81 100 9 60 x 60
117 17.19 98 13.17 93.33 71 8.47 100 16 80 x 80
162 15.88 126 19.55 90.00 108 22.88 100 25 100 x 100

5.4. Comparison for Aggregation

We employ the BCCS given by Equations (5), (6) and (10)—(12) for aggregation. We
assume that the systems for the controller in Reference [27] and BCCS are distributed,
and the robots are not connected by a graph G. The simulation configuration is the same
as that used for coverage. Figure 14 shows the iteration series of the robot positions for
the controller in Reference [27], and BCCS, where robots have dispersed initial positions,
as shown in Table 4. In Figure 14, the controller in Reference [27] faces the problem of
the slow aggregation process. Although the robots aggregate locally, the fusion of sub-
aggregations is a very slow process. After the maximum number of iterations, there are
three sub-aggregations in the environment, which means the aggregation failure. However,
the robots based on BCCS aggregated in a common place at 60 iterations. From 60 iterations
to 120 iterations, the aggregation structure is stable. This is because the BCCS can balance
cohesive swarms and exploration of individuals when performing rotating. The w, helps a
sub-aggregation explore space and search other sub-aggregations. The higher w, means
the more obvious the exploration capability of the robot in a sub-aggregation. When the
robot senses the others with Ri, w; is zero, and the robot loses the exploration capabilities
and quickly gathers to its neighbors. Figure 15 shows the evolution of the performance
measure F; of each robot over iterations for two methods. In Figure 15b, the F; of each robot
for BCCS gradually converges after 60 iterations. In fact, each robot will not escape from
its current aggregation because the w; of each robot is zero.
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(a) Iteration =20 (b) Iteration = 40

(f) Iteration = 120

(d) Iteration = 80
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(j) Iteration = 80 (k) Iteration = 100 (1) Iteration = 120
Figure 14. Simulation results for aggregation in noise free environment: (a—f) The controller in Reference [27]; (g-1) BCCS.

Figure 16 shows the F evolution of two methods with and without noise. We find that
the F value for BCCS decreases faster than the existing controller in Reference [27], which
means the robot can move more quickly toward their neighbors. The noise makes the
change of F for the controller in Reference [27] produce obvious fluctuations. However, the
noise prompts all robots based on BCCS to aggregate quickly, because the noise improves
the robot’s exploration ability. When the robots aggregate in a common place, the noise
impact is not enough to make robots escape the current aggregation because of the attraction
of neighbors. In Figure 17, the covered cells for BCCS with noise are 358 at 53 iteration,
which is 1.13 times that for a single robot. The covered cells for BCCS without noise are
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354 at 60 iterations. That is to say, BCCS is robust to noise, and all robots rendezvous in a
common place.

Table 4. Robots’ initial positions.

Robot Xi1 Xi2
1 10 10
2 30 10
3 50 10
4 10 30
5 30 30
6 50 30
7 10 50
8 30 50
9 50 50
350 350

Robot 1 Robot 1
i e A e AV Robot 2 o Robot 2

\ Robot 3 | oy Robot 3 ||
Robot 4
Robot 5 | J a0l
Robot 6 Robot 6
Robot 7 Robot 7
Robot 8| | Es Robot 6 ]
Rabot 9 i Raobot 9

Robot 4
Robot & H

AL \ AR SR AN AV
o 20 40 60 80 100 120
Iteration Iteration

(a) (b)

Figure 15. The F; evolution of each robot for aggregation in noise free environment: (a) The controller
in Reference [27]; (b) BCCS.

3000

Existing controller [27] without noise
Existing controller [27] with noise
———BCCS without noise

BCCS with noise

25001

2000

w1500

A
VI
L R T e
0 20 40 60 80 100 120
Iteration

Figure 16. The F evolution of two methods without and with noise for aggregation. The red and
purple lines are for the controller without and with noise in Reference [27], respectively. The blue
and green lines are for BCCS without and with noise, respectively.

Table 5 shows the simulation results of two methods for aggregation in a noise free
environment. It is worth mentioning that the initial positions of robots for the two methods
are randomly generated in local space and the same. Although all simulation results are
probabilistic for two methods, we find the superiority of BCCS through some simula-
tions. The completion condition of aggregation is S/316 < 1.5, which means all robots
rendezvous in a common place. The simulation results are that BCCS has a significant
performance comparing with the existing controller for all schemes. For example, the
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number of iterations of BCCS is lower than that of the controller in Reference [27] under
different numbers of robots. With the increasing number of robots, the success rate of BCCS
for all schemes holds on 100%, in contrast, the success rate of controllers in Reference [27]
is 46.67%, 30%, and 23.33%, respectively. It is clear that BCCS has a more significant advan-
tage as the number of robots increases. It also means that BCCS has a certain scalability.
Figure 18 is the comparison of the number of aggregations for two methods in detail.
The number of aggregations for BCCS always 1, while the number of the controller in
Reference [27] is from 1 to 5. This further confirms the applicability and reliability of BCCS.

3000

Existing controller [27] without noise
2so0f B\ ——— Existing controller [27] with noise

\ —— BCCS without noise

\ BCCS with noise

2000

o 1500

1000

500

L L L
1) 20 40 60 80 100 120
Iteration

Figure 17. The S evolution of two methods without and with noise for aggregation. The red and
purple lines are for the controller without and with noise in Reference [27], respectively. The blue
and green lines are for BCCS without and with noise, respectively.
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Figure 18. The comparison of the number of aggregations: (a) n = 9; (b) n = 16; (c) n = 25. (a—c) are three simulation
schemes under different number of robots. The vertical coordinate values of blue star points for BCCS maintain 1 for thirty
simulations. The vertical coordinate values of the red circle for the controller in Reference [27] are from 1 to 5.
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Table 5. Performance comparison results.

The Controller in Reference [27] BCCS #Robots #Environment
Avg Std Succ (%) Avg Std Succ (%) (Unit x Unit)
104 8.53 46.67 56 9.85 100 9 60 x 60
137 8.26 30.00 100 14.67 100 16 80 x 80
178 10.36 23.33 125 7.76 100 25 100 x 100

6. Conclusions and Future Work

In this paper, a bacterial chemotaxis-inspired coordination strategy (BCCS) of a swarm
robotic system is proposed for coverage and aggregation. BCCS has three advances
that yield better performance than that of the existing state-of-the-art bacteria-inspired
controller. First, chaotic preprocessing can provide better initial positions of the robots for
coverage. Second, BCCS has better exploration capability for coverage. Third, the system is
distributed, and the robots do not need to be connected by a global graph for aggregation.
The BCCS balances cohesive swarms and exploration of individuals for aggregation, which
makes robots rendezvous in a common place. Simulations results show that BCCS has
fewer iterations and a higher success rate in most cases. In the future, we will examine the
performance change in an irregular environment with obstacles by modifying the model
or dividing the environment into some areas without obstacles. Finally, we will focus on
applying BCCS to a real swarm robotic system.
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