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which is a platform to execute complex tasks in a cooperative manner. Cooper-5

ation among the agents means to decide the actions for each agent considering

the state information of the neighbouring agents obtained through a communi-

cation network. This interaction among the agents helps them to converge to a

common value, which is known as consensus. In this process, a group of agents

reaches an agreement to achieve a common goal. A considerable amount of10

work on a consensus problem has been reported in the literature. Some of them

are mentioned in [1], [2], [3], [4], etc. Other examples of collective behaviour of

cooperative platform are formation control [5, 6], Synchronization [7], [8], etc.

The interacting agents exchange information with its neighbour on a graph

network to decide the strategy or control action for the consensus. The dis-15

tributed control theory considers the interaction among the agents while select-

ing the control strategy. It essentially means the control strategy of an agent

depends on how it is connected to its neighbour, and their dynamics. Distributed

control protocols for di�erent dynamical systems have been discussed in the lit-

erature. Consensus problem for the �rst-order system was studied in [9], [10]20

etc. The consensus was explained with the help of graph theory in [9] for Vicsek

model [11] which proposed a system consisting of n agents and demonstrated by

simulation that all agents asymptotically moved to one direction with the same

speed. Consensus for second-order systems are studied in [12], [13], [14] etc.

These works consider homogeneous linear systems in the multi-agent structure.25

There exist research works that consider �rst and second-order systems together

in a multi-agent platform. Some of the works are mentioned in [15], [16], [17]

etc. Also few works have been reported in [18], [19] which considers nonlinear

nodal dynamics.

The information exchange with neighbours over communication the network30

plays a key role in building the consensus among the agents [20], [1]. The com-

munication network can be analyzed using the graph theory [21]. The properties

of graph theory have been proved to be very useful in analyzing the nature of

connectivity among the agents. Some papers contain works related to commu-

nication topology. These works consider the switching topology, time delay in35

2





e805814
Text Box









e805814
Text Box

e805814
Text Box





used for ight scheduling problem in [32] where the problem of scheduling of

aircrafts is solved using 2D GA. The time table or schedule is considered as a

2D chromosome.

The variables required to describe a 2D chromosome is given in Table 1.155

Table 1: Description of Variables

Variable De�nition

N no of chromosome in the population

Ck kth chromosome, 1 � k � N

Ck(i; j) Gene at the position (i; j) in chromosome matrix

R No. of rows of chromosome matrix

Q No. of rows of chromosome matrix

The dimension of the chromosome matrix is considered as R�Q. Therefore,

rows and columns are denoted by 1 � i � R, and 1 � j � Q respectively. An

example of two-dimensional chromosome is given by

A =

2

6666666666664

0 0 1 0 0 0

1 0 0 0 0 1

1 1 0 0 0 0

0 1 0 0 0 0

0 0 1 0 0 0

0 0 0 1 1 0

3

7777777777775

(13)

A is an adjacency matrix which represents a directed graph as shown before.

Each gene or each element of A represents the existence of a weighted directed

edge, i.e., the status of the connection between any two speci�c agents. It can

be noted that the weights are considered as 1 for simplicity.

4.2. Population Generation160

In this work, the chromosomes are represented as square matrices because

the adjacency matrix is square. It is important to note that the adjacency matrix
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is not symmetric since it represents a directed graph. Also, the diagonal elements

are zero. The algorithm to generate kth chromosome Ck of the population of

size N is given in Algorithm 1.165

Algorithm 1 Initial Population generation
for i = 1 to R do

for j = 1 to Q do

x random number x 2 (0; 1)

if x > 0:5 then

Ck(i; j) 1

else

Ck(i; j) 0

end if

if i = j then

Ck(i; j) 0

end if

end for

end for

In the algorithm, the genes of a chromosome are created in a random manner.

The genes at position (i; j) of the chromosome matrix, Ck is selected depending

on a random variable x 2 (0; 1). If x > 0 then the value is selected as 1,

otherwise 0. The diagonal elements are set to zeros. These chromosomes, thus

generated, are provided as the initial population of the Genetic Algorithm.170

4.3. Crossover

There are a few Crossover methods exist in the literature. Some of these

methods are Multipoint Crossover [33], Uniform Crossover [34], One-Point Crossover

[35], Substring Crossover [35]. More crossover methods can be found in [36].

Crossover method mentioned in [32], is adopted in this work. These methods175

are presented in algorithmic form. The 2D parent chromosomes are denoted by
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‘Parent 1’, and ‘Parent 2’. They are shown in �g. 3. The produced children are

denoted by ‘Child 1’ and ‘Child 2’.

Figure 3: Parent Chromosomes

Algorithm 2 Substring Crossover
r1  random integer < R

r2  random integer < Q

x random number x 2 (0; 1)

if x > 0:5 then

Execute Horizontal Crossover(r1; r2)

else

Execute V ertical Crossover(r1; r2)

end if

The crossover point is selected in a random manner. Two random integers

(r1 and r2) are generated, which are less than the maximum number of rows (R)180

and columns (Q) as given in Algorithm 2. An example of parent chromosomes

is shown in �g. 3. The genes of Parent 1 is represented as a11 to a44. Similarly,

the genes of Parent 2 are represented by b11 to b44. The crossover point is

the gene at position (r1; r2) of parent chromosome matrices. The algorithm is
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explained with the help of an example. In this example, the dimension of parent185

chromosome matrices is 4 � 4, i.e., R = 4, and Q = 4. The crossover position

is obtained as r1 = 2, r2 = 2. Therefore the points of crossover for Parent 1

and Parent 2 are a22, and b22, respectively. Next, the type of crossover needs

to be selected. For this purpose, a random variable x is considered, which can

take any value between 0 and 1. As described in the algorithm, if the value190

of x is greater than 0:5, the horizontal crossover is selected. Otherwise, for

x < 0:5, the vertical crossover is chosen. The horizontal crossover function

Horizontal Crossover() is described as follows. The rows or part of rows are

exchanged between the parents.

Algorithm 3 function Horizontal Crossover
Block1P 1  P arent1(r1; r2 + 1 : Q)

Block2P 1  P arent1(r1 + 1 : R; 1 : Q)

Block1P 2  P arent2(r1; r2 + 1 : Q)

Block2P 2  P arent2(r1 : R; 1 : Q)

Block1P 1 *) Block1P 2 and Block2P 1 *) Block2P 2

The pictorial representation of Algorithm 3 is shown in �g. 4. According195

to the algorithm, the selected genes of Parent 1, i.e., a23 to a44 (shown in the

red box) are replaced by selected genes of Parent 2, i.e., b23 to b44 (shown in

the green box) to obtain Child 1. Similarly, a23 to a44 of Parent 1 is copied in

place of b23 to b44 of Parent 2 to obtain Child 2. In this algorithm, a23 and

a24 of Parent 1 are denoted by Block1P 1. The genes a31 to a44, i.e., the third200

and fourth rows are denoted as Block2P 1. Similar elements of the Parent 2 are

denoted as Block1P 2 and Block2P 2.

The Vertical Crossover algorithm is given in Algorithm 4.
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Figure 4: Horizontal Crossover: The selected rows and part of rows of Parent 1 and Parent 2

are exchanged.

Algorithm 4 function V ertical Crossover
Block1P 1  P arent1(r1 + 1 : R; r2)

Block2P 1  P arent1(1 : R; r2 + 1 : Q)

Block1P 2  P arent2(r1 + 1 : R; r2)

Block2P 2  P arent2(1 : R; r2 + 1 : Q)

Block1P 1 *) Block1P 2 and Block2P 1 *) Block2P 2

Vertical crossover is shown in �g. 5. In this case, genes of Parent 2, i.e., b32

to b44 (shown in the red box) are copied to the same positions of Parent 1, i.e.,205

a32 to a44 (shown in the green box) to obtain Child 1. A similar operation is

performed to obtain Child 2. In this case, a32 and a42 of Parent 1 are denoted by

Block1P 1. The genes a13 to a44, i.e., the third and fourth columns are denoted

as Block2P 1. Similar elements of the Parent 2 are denoted as Block1P 2 and

Block2P 2.210

Another type of substring crossover is given in Algorithm 5. This is simpli�ed

version of horizontal and vertical crossover.
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Figure 5: Vertical Crossover: The selected columns and part of columns of Parent 1 and

Parent 2 are exchanged.

Algorithm 5 Substring Crossover
r1  random integer < R

r2  random integer < Q

Block1  P arent1(r1 : R; r2 : Q)

Block2  P arent2(r1 : R; r2 : Q)

Block1 *) Block2

According to this algorithm, the two random integers r1 and r2 are obtained.

The block of genes in rows r1; r1 + 1; : : : ; R and columns r2; r2 + 1; : : : ; Q are

interchanged between the two parents. The algorithm is explained with the help215

of an example, as shown in �g. 6. The block of genes are marked in the red box

for Parent 1 and green for Parent 2. These genes are interchanged to obtain

Child 1 and Child 2.

4.4. Mutation

The Mutation is an important operation to preserve the genetic diversity of220

a population of chromosomes in every generation. The Mutation is performed

by exchanging one or more genes of the chromosomes. Generally, a certain

percentage of the population is allowed to undergo mutation. The Mutation
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Figure 6: Substring Crossover: Selected block of genes are exchanged between the parents.

may change the solution considerably from the previous solution. Hence GA

can come to a better solution by using mutation. Few mutation operations are225

shown in the following algorithms.

4.4.1. Two-Dimensional String Swapping Mutation

The process for this mutation is given in Algorithm 6.

Algorithm 6 String Swapping Mutation
x random number x 2 (0; 1)

if x > 0:5 then

Execute Horizontal Swap()

else

Execute V ertical Swap()

end if

The selection of the mutation type is purely random. It depends on a random

variable x 2 (0; 1). If the value of x is greater than 0:5, then Horizontal Swap230

function, i.e., Horizontal Swap() is executed. Otherwise, V ertical Swap() is

executed.
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Algorithm 7 Horizontal Swap()
m1  random integer < R

m2  random integer < R

if m1 6= m2 then

Swap mth
1 and mth

2 rows of Ck

end if

Horizontal Swap() function is given in Algorithm 7. It swaps mth
1 and mth

2

rows of a chromosome. The pictorial representation of the operation is shown

in �g. 7. Let us consider, m1 = 1, and m2 = 3. Therefore, the �rst and third235

rows are swapped, as shown in the �gure.

Figure 7: Horizontal Swapping: The selected rows are shown in red and green box. They are

swapped.

V ertical Swap() function is given in Algorithm 8. It swaps mth
1 and mth

2

columns of a chromosome. The pictorial representation of the operation is shown

in �g. 8. Let us consider, m1 = 2, and m2 = 4. Therefore, the second and

fourth columns are swapped, as shown in �g. 8.240

Algorithm 8 V erical Swap()
m1  random integer < Q

m2  random integer < Q

if m1 6= m2 then

Swap mth
1 and mth

2 columns of Ck

end if
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Figure 9: Two-Point Swapping: genes at two positions of a parent chromosome are swapped.

5.1. Optimal topology for Single Integrator System

The initial conditions of the agents are considered as x0 = [1 2 � 3 4 � 2 � 1].

The output of the two dimensional GA is an optimal adjacency matrix which is

given in Eq. (14).

A =

2

6666666666664

0 0 1 0 0 0

1 0 0 0 0 1

1 1 0 0 0 0

0 1 0 0 0 0

0 0 1 0 0 0

0 0 0 1 1 0

3

7777777777775

T

(14)

The graph corresponding to the optimal adjacency matrix is shown in �g.

10d. It can be observed that the directed graph shown in �g. 10d has a spanning255

tree. The existence of the spanning tree can be con�rmed by the eigenvalues

of the Laplacian matrix. These eigenvalues are shown in �g. 10c. It is clear

that one of the eigenvalues is zero, and the rest of them have positive real

part. Hence, there is no repeated eigenvalue at zero, which is an important

requirement for a graph to contain a spanning tree.260

The consensus among the agents on the optimal topology is shown in �g.

10b. All the agents with di�erent initial conditions reached a common value

within a few seconds on the graph.

The cost or �tness value for various graphs are shown in �g. 10a. It can be

observed that the cost decreases as the iteration of GA progress and �nally, it265

reaches the lowest value 66 at 61st iteration.
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(a) State Trajectory x1 (b) State trajectory x2

Figure 12: State Trajectories

Figure 13: Control of Agents u

will help the user to �nd a speci�c communication topology which is more energy

e�cient towards achieving consensus.
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