
RESEARCH ARTICLE

A genetic algorithm used in a 61-element adaptive optical
system

Ping YANG (*)1,2, Bing XU1, Wenhan JIANG1, Shanqiu CHEN1

1 Institute of Optics and Electronics, Chinese Academy of Sciences, Chendu 610209, China

2 Graduate School of Chinese Academy of Sciences, Beijing 100039, China

E Higher Education Press and Springer-Verlag 2008

Abstract To correct the phase aberrations in a wave-

front, a wavefront sensorless adaptive optical (AO) sys-

tem is set up. A real-number encoding Gaussian mutation

genetic algorithm (GA) that is adopted to control a 61-

element deformable mirror (DM) is presented. This GA

uses the light intensity behind a pinhole on the focal plane

as the objective function to optimize, and therefore to

omit the procedure of measuring the phase aberrations

in the laser wavefront by a wavefront sensor. Phase aber-

rations generated by the DM are brought to an ideal inci-

dent wavefront. Several correction simulations have been

accomplished. The simulation results show that the ge-

netic algorithm is capable of finding the optimum DM

shape to correct the phase aberrations. After the phase

aberrations of the wavefront have been corrected by

GA, the peak light intensity on the focal plane can be

improved at most by a factor of 30, and the encircled

energy Strehl ratio can be increased ultimately to 0.96

from 0.032. It is also found that the convergence and

stability of the 61 voltages on the DM is quite well. The

simulation results prove that the genetic algorithm can be

used in AO systems effectively.

Keywords adaptive optics, peak intensity, genetic algo-

rithm, deformable mirror, Zernike polynomial

1 Introduction

When a conventional adaptive optical (AO) system is

adopted for phase aberrations correction, more often than

not, the necessary process is to measure the wavefront

phase aberrations with a wavefront sensor and then using

a wavefront corrector to compensate them based on some

control algorithms [1–4], therefore, the wavefront

measurement process is necessary in such a system.

However, there are some special AO systems that detect

the image quality affected by phase aberration in wave-

front rather than measure the phase aberration itself. The

image quality is then regarded as a sharpness function.

When wavefront aberration is corrected completely, the

sharpness function reaches its optimum value. More than

20 years ago, the LF12 laser system built in China adopted

this AO system [5]. In recent years, these AO systems have

been successfully used in many fields, such as correcting

the phase aberrations in confocal microscopes and opti-

mizing the coupling efficiency of single mode fiber and so

on [6,7]. Generally, the hill climbing (HC) algorithm is one

of the most common control algorithms used in these AO

systems in the past few years. However, the HC algorithm

often falls into local optimum in many applications. As a

result, it is gradually replaced by some global algorithms.

Genetic algorithm (GA) is a powerful global search algo-

rithm, and theoretical research proves that GA can find

the optimum value of problems as long as proper oper-

ating parameters are chosen. Based on the basic principle

of GA, a real number encoding Gaussian mutation GA

which is adopted to control a 61-element deformable mir-

ror (DM) is presented in this paper. Some simulations

have been done, moreover, the correction performance

and the convergence ability of GA have also been

researched.

2 Wavefront sensorless AO system based on
GA

2.1 A typical wavefront sensorless AO system

Figure 1 shows a typical wavefront sensorless AO system.

The laser wavefront with phase aberrations is incident on

the DM. After being reflected by the DM, it is focused on

the focal plane by a lens. A photoelectric detector is placed

behind a small pinhole on the focal plane, and used to
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detect the light intensity of the laser beam that passes

through the pinhole. Take the light intensity as the fitness

function of GA for optimization, the DM changes its

shape to maximize the fitness function and compensate

the phase aberrations under the control of GA.

Supposing that the incident wavefront is W1(r, h) and
the wavefront generated by DM is W2(r, h), r, h are the

variables in the polar coordinate respectively. To simplify

the calculation, the radius of the object plane is normal-

ized to 1. According to the theory of Fourier diffraction,

the light intensity on the detector can be expressed as

F~I0

ð2p
0

ð1
0

1
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where I0 is a value proportional to the power of the laser

beam, j~
ffiffiffiffiffiffiffiffi
{1

p
.

If A5 (A1,A2,…,Ak,…,An) are the Zernike coefficients

of the wavefront to compensate and B5 (B1,B2,…,Bk,…,

Bn) are the Zernike coefficients of the wavefront generated

by DM, then

W1 r,hð Þ~AZk r,hð Þ, ð2Þ

W2 r,hð Þ~BZk r,hð Þ: ð3Þ
Let C5A2B, and then Eq. (1) can be rewritten as
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Because of the orthogonal of Zernike polynomial, when

|C| is small, Eq. (4) can be described as

F Cð Þ~I0 exp j Cj jð Þ&I0 1z Cj jð Þ2

&I0 1z2j Cj j{ C2
�� ��� �

&I0 1{ Cj j2
� �

: ð5Þ

What we can get from Eq. (5) is that when the phase

aberrations are corrected well, C is very small, and F(C) is

very large. When the phase aberrations are compensated

completely, |C|5 0 and F(C) reaches its maximum.

2.2 GA and its application in a 61-element AO system

GA is a stochastic parallel algorithm based on natural

selection and biological genetics. It is often used to search

the global optimum value of some multi-object problems

[8]. Figure 2 is the flowchart of GA, and the main steps of

running this algorithm are as follows: 1) create the initial

population by generating a group of individuals; 2)

encode individuals; 3) calculate the fitness value of every

individual; 4) selection operation; 5) crossover and muta-

tion operation; 6) evaluate the terminate criterion. Each

individual in the population corresponds to a possible

solution of an actual problem to solve. Before evaluating

the fitness value, individuals are encoded to form a group

of chromosomes. Fitness value is the evaluation of the

chromosome to the actual solution; the better the fitness

value, the more chances the chromosome will survive and

enter the succeeding operations. After executing the six

steps mentioned above, GA will generate a new popu-

lation called a new generation. GA executes six steps again

and again until the terminate criterion is satisfied.

The configuration of the 61-element piezo-electric DM

is shown in Fig. 3 and each black spot represents an actu-

ator. Since the voltages that can be applied to 61 actuators

on the DM are in the range of [2200 V, 200 V], if the

updating step of voltages is 1 V, the 61 actuators can

generate 40061 (10160) different voltage groups; every

group corresponds to a DM surface. Our purpose is to

Fig. 1 Schematic of AO system without wavefront sensor

Fig. 2 Flowchart of GA
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make the DM find the optimum surface shape from 10160

shapes for correct phase aberrations under the control of

GA. The realization of this GA in a 61-element AO system

will be described in detail as follows: a) Creating a popu-

lation which consists of a group of individuals, in which

each individual represents a DM surface shape and can be

encoded with real-number encoding strategy. As to real-

number encoding, use 61 voltages to form a chromosome

U5 [V1,V2,…,Vk,…,V61], whereas Vk (k5 1,2…,61) is

considered as a gene. b) Calculate the fitness value after

the encoding is finished. What can be known from Sect.

2.1 is that taking the light intensity after the pinhole in the

focal plane as the fitness function is reasonable, thus,

F(C), described in Eq. (5) is adopted as the fitness func-

tion. c) After the fitness calculation, GA will execute the

selection operation, and in this paper, the roulette selec-

tion operation is adopted. The best individual, corres-

ponding to the best fitness value of each generation, is

reserved directly to the next generation, and the remaining

individuals will join in the normal genetic operations.

Assume that the population includes M individuals, the

fitness value of the kth individual is Fk(C), then Pk, the

probability of the kth individual being selected is

Pk~
Fk(C)

PM
i~1

Fi(C)

k~1,2, . . . ,Mð Þ: ð6Þ

The larger the Pk is, the larger the chance that the kth

individual will be selected. d) The next steps are to cross-

over the selected individuals and mutate them respectively

according to a crossover rate Pc and a mutation rate Pm.

According to the theory of GA, the crossover operation

and mutation operation that will affect the global and

local search ability of GA, respectively, are two key opera-

tions. Thus, it is important to select the proper crossover

operator and mutation operator. The uniform arithmet-

ical crossover operator and Gaussian mutation operator

are adopted in the devices in this paper. The crossover and

mutation method are based on a simple and elegant idea

described below.

Assume that the two individuals selected for crossover

are Yt
M , Yt

N , and after the crossover operation, the new

individuals Ytz1
M and Ytz1

N can be described as below:

Ytz1
M ~AYt

NzBYt
M , ð7Þ

Ytz1
N ~AYt

MzBYt
N , ð8Þ

where 0,A, 1, 0,B, 1, A +B5 1.

Gaussian mutation: using a stochastic number R which

satisfies N(m, s2) distribution to substitute a gene of the

individual selected for mutation. R can be generated

through a group of stochastic numbers that correspond

to a uniform distribution. Assume that 20 numbers ri
(i5 1,2,…,20) uniformly distribute in [0, 1], then R can

be obtained as

R~mzs
X20
i~1

ri{10

 !
: ð9Þ

If Vk (k5 1,2,…,61), which belongs to Vk
min, V

k
max

� �
, is

the gene selected from a chromosome U5 [V1,V2,…,

Vk,…,V61] for mutation operation, and let

m~
Vk

minzVk
max

2
,

s~
Vk

max{Vk
min

10
,

then Vk9, which is the new gene of U95 [V1, V2,… Vk9,…,

V61], can be described as

V
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3 Numerical simulation and analysis

According to the realization course of the GA in the 61-

element AO system described in Sects. 2.1 and 2.2, some

simulative work were accomplished. This GA takes total

iterative times as the evaluate terminate criteria and the

times are set to 1000. The phase aberration W1(r, h) that
is generated by the 61-element DM [9–13] can be repre-

sented by the first 35 Zernike polynomial within the unit

circle area. W1(r, h) is then focalized on the focal plane

through fast Fourier transform (FFT). Set an aperture

in the center of the focal plane and the size of this aper-

ture is set as large as the Airy spot using a software. The

Fig. 3 Configuration of the 61-element DM
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pure aperture of DM is 60, whereas the distance between

the actuators is 16.4. The influence function of the

actuators is

f (r)~ exp In Cmð Þ rj j=r0ð Þa½ �, ð11Þ

where r0 is the distance between the actuators [14], a5 2,

Cm5 0.25.

F(C), the total light intensity within the aperture is used

as the object function to optimize. It is obvious that the

larger the F(C), the better the beam quality is. The size of

the initial population of GA is set to 30, whereas the cross-

over ratePc and themutation ratePm of GA are set at 0.70

and 0.05 respectively. After 1000 times iterative calcula-

tion, the GA stops the calculation.

Figures 4(a) and 4(b) show that the near-field wave-

front distributions before and after phase aberration are

corrected respectively. We obtain that the peak to valley

(PV) and root mean square (RMS) are reduced from

3.758l (l5 632.8 nm) and 0.245l to 0.623l and 0.062l,
respectively, after the correction.

Similarly, the comparisons of the far-field light intensity

distribution are shown in Fig. 5. Figure 5(a) is the far-

field intensity distribution with the phase aberration,

while Fig. 5(b) demonstrates the correction case. We find

that the peak intensity is improved by a factor of 30 after

the phase aberration is compensated. Moreover, before

the correction, the Strehl ratio is 0.032 while after the

correction, the Strehl ratio is 0.96. Here, the encircled

energy Strehl ratio is the ratio for the energy of an actual

far-field light on focus plane to that of an ideal wavefront
far-field light on focus plane in the range of Airy disc (r0).

Figure 6 shows the far-field encircled energy curves of the

ideal wavefront, wavefront with the phase aberration and

wavefront after the aberration correction. From this pic-

ture we can know that the correction performance is good

and the total energy within the Airy spot area is 81% of the

total energy of the focal plane. Figure 7 is a curve which

represents the best normalized fitness of each generation
during the searching process. What we get from Fig. 7 is

that the fitness value increases monotonously with the

iterative times and finally reaches a value close to the

optimum value 1.

To evaluate the convergence performance of the 61 vol-

tages on the DM, we make U1, the voltages that generate
the phase aberration subtract U2, the voltages that com-

pensate the phase aberration, and let U35U12U2. The

smaller the U3 is, the better the convergence is. What can

be seen from Fig. 8 is that U3 gradually converges to a

small steady range from a large unstable range ([20.2, 0.2]

from [23, 3]) as the iterative time increases; therefore, the

convergence of voltages is good.

Fig. 4 Compensation performance of AO system controlled by GA. (a) Near-field phase distribution before correction (PV value is
3.758l, RMS is 0.245l); (b) near-field phase distribution after correction (PV value is 0.623l, RMS is 0.062l)

Fig. 5 Comparisons of far-field light intensity distribution. (a) Before correction (Strehl ratio is 0.032); (b) after correction (Strehl
ratio is 0.96)
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4 Conclusions

A Gaussian mutation GA is adopted in a 61-element

wavefront sensorless AO system. The numerical simu-
lation has been accomplished and the results prove the

effectiveness of this algorithm: after 1000 times iterative

calculation, the GA can find the optimum DM surface to

compensate the phase aberration generated by the DM

itself. The far-field peak intensity and Strehl ratio are both

increased after the phase aberration is corrected. Since

most of the run time is spent on the far-field light intensity

calculation, as a result, the convergence speed is very slow.

Fortunately, when the GA is used in the actual experi-

ments, more often than not, the far-field light intensity

is detected directly by a photoelectric detector which

speeds the calculation of GA and saves the run time.

However, to use this GA more effectively in an actual

AO system, it is necessary to develop further researches,

such as designing a more proper genetic operator and

choosing a more reasonable fitness function.
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