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Abstract 
In this paper, we propose to apply a technique of 
optimization of the convergence of the method of auxiliary 
sources (MAS) for the 2D problems of electromagnetic 
scattering by a perfectly conducting obstacle. This 
technique is based on the application of the genetic 
algorithm (GA). Previous studies have shown that the 
convergence of the MAS solution depends on many 
parameters such as the number of auxiliary sources and the 
auxiliary distance between the real surface of the cylinder 
and the fictitious surface, and so on. The solution is 
obtained with a good choice of these parameters. In this 
article, the genetic algorithm is chosen to facilitate this 
choice. 

1. Introduction 
The Method of Auxiliary Sources (MAS) [1-5] is a 

numerical method, which has been recently known to be a 
branch of the generalized multipole techniques (GMTs) [13, 
14]. It proposes another way to solve the two-dimensional 
(2D) and three-dimensional (3D) electromagnetic problem. 
This method gives very interesting results especially for the 
electromagnetic scattering problem.   Its major advantage 
comes from the reducing of the complexity of the structure 
and the minimisation of the computational cost. 

However, MAS is not frequently used as the other 
numerical method, like the Method of Moment (MoM) or 
the Finite Difference Time Domain (FDTD) [15], due to its 
limited robustness coming from the ambiguity found in the 
choice of its parameters.  

It is shown in [23] that the convergence of the MAS 
solution for the scattering problem depends on many 
parameters. These parameters are the position of the 
auxiliary surface, the number of auxiliary sources and 
conditioning number of the system.   

For bad position of these parameters, the obtained 
solution is very bad and characterized by high boundary 
condition error.    

Many studies have been carried out in order to study the 
best way to determine the suitable values of MAS 
parameters ensuring a convergent solution like [23]. 

In [17] the authors studied the convergence of the MAS 
and showed that, for a limit number of auxiliary sources, it 

is possible to have a convergent solution for the MAS field 
with divergent solution for the MAS current. This analysis 
discussed the effect of the auxiliary sources positions on the 
boundary condition error and on the condition number of 
the obtained linear system for the scattering problem. 

However, in [18] the authors included a combination 
using the generalized impedance boundary conditions and 
Level Set Technique for 3D scattering problems with the 
MAS in order to find the best positions of the auxiliary 
sources. 

In [22], an application of the GA technique in order to 
find the location of auxiliary sources giving a minimum 
value of the boundary condition error, is presented. The 
principle of this technique is to fix a value of the number of 
auxiliary sources and then to apply the GA algorithm to 
obtain the position of these sources giving the low value of 
error on the boundary of the scatterer. Therefore, the 
solution does not take into account the matrix conditioning 
number of the problem.  

The convergence of the MAS solution uses the error 
estimation as the main factor to ensure it. 

Besides, in the MAS, the solution of a scattering 
problem is obtained by representing fields in each domain 
of the structure under investigation by finite linear 
combination of the analytical solutions of the sources 
situated at some distance away from the boundaries of each 
physical domain. The "auxiliary sources" producing these 
analytical solutions are chosen to be elementary dipoles, 
charges, or current configurations located on fictitious 
auxiliary surface(s), usually conforming to the actual 
surface(s) of the structure [19]. As it is mentioned the 
convergence of the MAS does not obeys to any theory or 
rule. 

Many techniques can be applied in the problem of 
optimization such as the method of genetic algorithm (GA) 
[21], particle swarm optimization (PSO) method, 
differential evolution method (DE), etc. In this paper, we 
propose to optimize the convergence of the MAS with the 
use of the GA. 

This choice is due to the following GA advantages: 
• Genetic algorithms use parameter coding, 

not the parameters themselves. 
• Genetic algorithms work on a population 

of points, instead of a single point. 
• Genetic algorithms use only the values of 
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the studied function, not its derivative, or some 
other auxiliary knowledge. 

• Genetic algorithms use probabilistic, not 
deterministic, transition rules. 

This paper gives a combination between MAS and GA 
in order to analyse the convergence of the electromagnetic 
scattering problem. The solution proposed is tested on an 
arbitrary cylinder shape. A good agreement is observed with 
the solution obtained with the standard MAS. 

 

2. Formulation of the Method of Auxiliary 
Sources 

Let consider an infinite perfectly conducting cylinder, 
with an arbitrary surface S. The surface is illuminated by an 
incident electromagnetic TM plane wave (E!"# , H!"#)   

(figure 1) expressed as: 
 
𝐸!"# = E$exp	(jk$(x	cosφ%& + y	sinφ%&))z⃗	           
𝐻!"# = − '!

(!
(x:⃗ 	sinφ%&) −

y:⃗ 	cosφ%&))		exp	(jk$(x	cosφ%& + y	sinφ%&))                                                                       
(1) 

 
 
Where: 

- k0 is the vacuum wavenumber  
- φin is the incident wave polar angle; 
- x, y and z are the unit vector respectively 

in the x, y and direction.  
The structure is surrounded by the free space (ɛ0 , μ0), 

where ɛ0 is the electric permittivity in free space and μ0 the 
magnetic permeability in free space. 

 
 
Figure 1: Structure 
 
In the standard MAS, the incident field on the cylinder 

produces a scattered field. This field is radiated by N 
auxiliary sources that are regularly distributed on a fictitious 
surface inside the PEC cylinder.    

 
Each Auxiliary source radiates an elementary field 

expressed by:  
𝐸!*#+,(𝑥, 𝑦) = 𝐼!𝐻$

(.)[𝑘$@(𝑥 − 𝑥!). + (𝑦 − 𝑦!).]𝑧   (2) 
 
Where Ii is the complex current of the auxiliary sources i 

and 𝐻$
(.) is the zero-order second kind of Hankel function. 

The total scattered field is written as: 
 
𝐸,0,*#+,(𝑥, 𝑦) = ∑ 𝐸!*#+,1

!23                                         (3) 
  
The total electric field is expressed as :  
 
E454= E%&) + E6)74                                                    (4) 
 
The projection of the equation (4) on the surface S gives 

the boundary condition, expressing the continuity of the 
tangential component of the total electric field, given by: 

 
n:⃗ × (E%&) + E6)74) = 0                                             (5)        
 
The collocation point method, which is the 

discretization of the surface S into M points, is applied. 
Therefore, the incident field written on a collocation point 
M (xm, ym) gives the following equation: 

 
𝐸8!"#(𝑥8, 𝑦8) = 𝐸$ exp{𝑗𝑘$(𝑥8𝑐𝑜𝑠𝜑!" + 𝑦8𝑠𝑖𝑛𝜑!")} 𝑧  

m=1,....,M                                                                        (6)        
 
Now, the combination of equation (2) and equation (6) 

in equation (5) gives the equation (7):  
 
∑ 𝐼!𝐻$

(.)O𝑘$@(𝑥 − 𝑥!). + (𝑦 − 𝑦!).P1
!23 =

−𝐸$ 𝑒𝑥𝑝{𝑗𝑘$(𝑥8𝑐𝑜𝑠𝜑!" + 𝑦8𝑠𝑖𝑛𝜑!")}                          (7) 
 
The projection of the equation (7) on M collocation 

points gives a linear system when N=M. 
In order to solve the scattering problem, we have to 

choose the position and the number of the auxiliary sources.   
 
In this paper, we introduce the genetic algorithm to 

optimize the solution obtained with the MAS. 

3. The Combination MAS/GA 
Genetic Algorithm (GA) is stochastic method, inspirited 

from the natural biological evolution. This algorithm starts 
by giving an initial population having N parents. A crossing 
between these parents gives different children. An 
evaluation of the characteristic of these new children is 
done, in order to the construct a new generation that have 
the best values of the fitness function of evaluation.    

An iterative process is applied from a generation to 
another until having the best population for a given number 
of generations.    

The combination MAS/GA proposed in this paper, have 
the objective to determine the number of the auxiliary 
sources and their positions in order to: 

1. minimize the error on the boundary of the 
cylinder given by the equation (8): 

∆𝐸9::,< =
='"#$>'%$&'=
?7@	{='"#$=}

                                           (8) 
2. Obtain the best conditioning number [23] 

of the matrix for the linear system. 
It is proved in [23] that the error on the boundary of the 

scattering object decreases when the auxiliary distance 
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(daux) value increases. Besides, the conditioning number of 
the scattering problem matrix increases with the increasing 
of the d of daux.  

We denote f1 : the error on the boundary of the PEC 
cylinder and f2 : the conditioning number of matrix of the 
EM scattering problem. 

In this paper, we propose to optimise this problem by 
finding the best combination between all the parameters to 
ensure the convergence of the solution. 

The fitness function (9) consists of two objectives:  
𝐹D!,"9** = f(f3, f.)                                           (9) 
The auxiliary sources are placed regularly on a surface 

S’ parallel to S. The distance between S and S’ is designed 
auxiliary distance daux .So the GA parameters are the 
number of auxiliary distance N and daux.  

To solve a problem with GA, we must first code the 
parameters, a gene corresponds to an optimization variable 
Xi, and a set of genes corresponds to a chromosome [11]. 
An individual corresponds to one or more chromosomes 
and a population is a set of people. 

Every chromosome contains the binary coding of the 
parameters N and daux .  

The application of the GA is started by initialling a 
population of Nc chromosomes.  

A number of sources and a distance daux define each 
individual of this population. a calculation of the error on 
the edges of the cylinder is then carried out by applying the 
edge conditions. 

The same work is done for each generation to find the 
smallest edge error possible. 

The GA proposes operators to pass from one generation 
to another [2] as given in figure 2: 

•  Selection: is a very important operator in 
the process of the genetic algorithm giving the 
individuals that will be the parents of the next 
generation. This selection is based on the result of 
the evaluation of the individual with fitness 
function. At each generation, the pairs of parent 
are chosen randomly to give a pair of children. 

The selection method used in this paper is to 
randomly select two individuals and compare their 
adaptation function (fight) and we accept the most 
suitable to access the intermediate generation, and 
we repeat this operation to fill the intermediate 
generation (number of individuals / 2 components). 
The individuals who win each time can be copied 
several times which will promote the durability of 
their genes. This selection uses a selection 
probability defined by Holland's roulette wheel. 
• Crossovers: this operator generates the 

children by mixing genetic information from two 
parents. The obtained chromosomes are 
constructed by taking the first part of the parent 1 
and combined with second part of second part of 
the parent 2. The new children are different to all 
other individuals of the population.                     
The crossover takes place in two stages the 
selection of the pairs who will become parents and 

crossing of these new parents who gives two 
children. 
• Mutations: the children obtained from the 

crossover will be exposed to the operator of 
mutation. The principal of this operator is to 
modify the chromosome of the children by 
changing a bit 0 to 1 or 1 to 0. The mutation is 
done with probability in order to look for the best 
individuals that do not appear with the crossover 
operation. 

 
Figure 2: Structure of the Genetic algorithm 
 

4. The Combination MAS/GA 
In this section, a formulation of the scattering problem 

with the genetic algorithm is given. 
It was demonstrated on the previous sections that 

boundary conditions error is calculated to ensure the 
convergence of the solution given by the MAS method.  

In order to effectively optimize this problem, a binary 
coding is chosen. The individuals (chromosomes) are 
constructed by: N1, N2, ..., Nn; d1aux, d2aux, ..., dnaux 

Where: 
 Ni is the number of auxiliary sources 
 dmaux is the auxiliary distance. 
 
 The couple (Ni, dmaux) is coded by 14 bytes. 
 The parameters chosen for the GA are: 

• Number of individuals = 20. 
• Number of generations = 50. 
• Probability of mutation = 0.05. 
• Probability of crossover = 50%. 

In this study, two examples are considered to validate 
the proposed combination MAS/GA: an infinite PEC 
cylinder with radius 𝑟 = 0.6	𝜆 and a square cylinder with 
𝑠𝑒𝑐𝑡𝑖𝑜𝑛 = 0.7	𝜆 . 

 
The figure (3) shows the average of the values obtained 

by the fitness function for each generation. 
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Figure 3: Error evaluation on the boundaries by Genetic 

algorithm. 

 
Figure 4:  Conditioning Number vs Genetic algorithm 
 
The error calculated for this structure, when considering 

the values obtained with the combinaison MAS/GA, is 
given by figure 5. It shows a good convergence of the 
solution.  

 
Figure 5: Error in boundary conditions obtained with 

Genetic Algorithm for the cylinder with radius 𝑟 = 0.6	𝜆 
 
The radar cross section (RCS) is defined for 2D by 

equation (10) is given in figure 6 for the same cylinder.  
 

SW = lim
E→>G

`2πρ ='
%$&'=

(

='"#$=
( d                                   (10) 

 
The figure (6) gives the radar cross section that 

simulated for the same structure using the MAS/GA. It 
shows a good agreement with the solution obtained with 
standard MAS. Therefore, the solution with MAS/GA is 
obtained with N=16AS but 25AS with the MAS. 

 

 
 
Figure 6: The RCS obtained for the same error in 

boundary conditions with Genetic Algorithm 

 
Figure 7: The RCS obtained for the same error in 

boundary conditions with Genetic Algorithm for square 
cylinder section=0.7l 

 
The figure 7 represents the radar cross section obtained 

for a square cylinder illuminated by an incident 
electromagnetic TM plane wave. A good agreement 
between the solution obtained by the standard MAS and the 
MAS/GA is observed.  

This result is obtained with 18 AS by the MAS/GA but 
it is 28 AS with MAS. 

The application of the genetic algorithm in the problem 
of electromagnetic scattering of a monochromatic wave-
plane by an obstacle gives many generations. A number N 
of auxiliary sources and an auxiliary distance characterizes 
each generation. 

 
 The figure 3 shows that error on the boundary of the 

structure is minimized and the convergence is ensured from 
the generation 12. However, the conditioning number, given 
in figure 4, remains important and the accuracy of the 
solution is not achieved. 
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The combination of the solution given in figure 3 and 
figure 4 allows us to conclude that the solution of 
electromgnetic scattering problem (circular cylinder radius 
𝑟 = 0.6	𝜆 ) is convergent from the twentieth generation.  

 
These results make it possible to obtain very small 

values of the error on the edge conditions of the scatterer.  
 
The evaluation of the MAS / GA method for large 

obstacles compared to the wavelength also made it possible 
to give acceptable results. The experiment is made for a 2D 
cylinder of radius 9.9	𝜆. The convergence of the solution is 
obtained with the MAS using 185 auxiliary sources. 
Whereas the same result with the same precision is achieved 
with MAS / GA using only 150 auxiliary sources. 

5. Conclusion 
In this paper, we present a combination MAS/GA for 

the optimisation of the 2D electromagnetic scattering 
problem by an infinite PEC cylinder. The proposed study 
includes two objectives for the genetic algorithm that are 
the error on the boundary of the scatterer and the 
conditioning number for system’s matrix. The obtained 
solutions show a good agreement with those obtained with 
the standard MAS.  

The advantage of the MAS/GA is reduction of the time 
lost in groping to find the best values of the MAS 
parameters that make it possible to find a convergent 
solution.   The MAS/GA gives the position of the auxiliary 
sources and their number for arbitrary section of scatterers. 
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