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We applied a genetic algorithm to adaptive optics to improve the intensity and distribution of reconstructed images in
holographic data storage. This is a kind of combinatorial optimisation. In holographic data storage, the photopolymer
recording medium shrinks during light curing and this shrinkage distorts the recorded interference fringes, which degrades the
reconstructed data images. Although it is possible to compensate for the degradation in the reconstructed image by using
adaptive optics, it has been diﬃcult to compensate for the shrinkage distortion by using normal feedback control because the
relationship between the reconstructed image and deformable mirror input is nonlinear. With our method, the inverse variance
coeﬃcient in a reconstructed image with bits that are all ‘‘1’’ increased from 10.3 to 14.7 dB, an improvement of 4.4 dB.
Moreover, the intensity average of the reconstructed image with compensation was 1.7 times higher than the average without
compensation. These results show that the combination of adaptive optics and a genetic algorithm is very eﬀective for
improving reconstructed images. [DOI: 10.1143/JJAP.47.5900]
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1.

Introduction

2.

Holographic data storage is expected for large-capacity
and high-data-transfer-rate storage systems because data
can be recorded three-dimensionally in a medium and
a two-dimensional data array can be recorded and
reproduced with parallel processing. One material that
has been studied for the recording medium is photopolymer, which has a large diﬀraction eﬃciency and high
stability.
A hologram is easily aﬀected by the wavefronts of the
signal and reference beams because it records amplitude and
phase information of the beams. If a phase error between two
beams occurs as a result of air disturbance during a
recording, the maximum amplitude of interference fringes
cannot be recorded on the medium. Adaptive optics1,2) is
very eﬀective at compensating for the phase error, and it
may be applied to a holographic data storage system while
recording.3,4)
On the other hand, the photopolymer medium shrinks
as a result of photopolymerization when holograms are
recorded in it. Moreover, a temperature diﬀerence between
the recording and reconstructing conditions causes the
photopolymer to shrink or expand,5,6) distorting the
recorded interference fringes. If there were no distortion
in the recording medium, the wavefront of the reconstructed
beam would be the same as that of the signal beam.
In contrast, if distortion caused by shrinkage or temperature change does occur, the reconstructed beam will
have a distorted wavefront. Subsequently, reconstructed
data pages would show a lower signal-to-noise ratio
(SNR). In this paper, we describe the use of adaptive
optics to compensate for degradation of a reconstructed
beam caused by medium shrinkage or temperature change.
The intensity and distribution in reconstructed images are
improved.
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Optical Conﬁguration and Recording/
Reconstruction of Hologram

2.1 Optical conﬁguration for adaptive optics
The optical conﬁguration for holographic data storage
using adaptive optics is shown in Fig. 1. A laser beam is
divided into signal and reference beams by a polarized beam
splitter (PBS). The reference beam reaches the medium
through a deformable mirror (DM) for adaptive optics. A
cross-sectional view and top image of the DM are shown in
Fig. 2. The DM has 19 pins and there is a thin mirror on each
pin. Each pin can be controlled independently. Therefore,
any type of wavefront can be produced. Furthermore, lenses
A between the PBS and the DM and lenses B between the
beam splitter (BS) and medium are set in the path of the
reference beam. Lenses A are set to compensate for the
initial defocusing of the DM. Lenses B are set to demagnify
the diameter of the reference beam reﬂected by the DM. The
reconstructed beam is observed with a Shack Hartmann
wavefront sensor (SHWS), which measures the wavefront
and intensity distribution of the reconstructed beam. The
SHWS and the DM are connected to a personal computer
(PC). The SHWS measures the intensity and phase of the
reconstructed beam, and the PC controls the DM to
compensate for the reference beam entering the hologram.
2.2 Recording/reconstruction without compensation
In the optical conﬁguration in Fig. 1, the interference
fringes between the signal beam carrying information about
a data page with data bits that are all ‘‘1’’ and the reference
beam were recorded in a photopolymer medium as a
hologram. The recording medium that we used consisted
of two types of monomers;7) i.e., M-110 and M-1600 (Toa
Gosei). After a hologram had been recorded, the reference
beam was irradiated onto the hologram, and a reconstructed
image of the data page was obtained. The reconstructed
image without compensation is shown in Fig. 3(a). A
uniform white image was expected because the recorded
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Table I. Zernike polynomials.
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Fig. 1. Optical conﬁguration for holographic data storage using adaptive
optics.
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orders were tilt, third order was focus, fourth and ﬁfth order
were astigmatism, and so on. First, we conﬁrmed the
linearity of the static response between the DM values
and Zernike polynomials of the reference beam. In this
investigation, the holographic recording medium was not
included. Figure 4 shows the values of the ﬁrst to ﬁfth order
Zernike polynomials as a function of the value of pin No. 1
in the DM, as shown in Fig. 2(b). All order values were
linear with respect to the pin’s value. Therefore, the relation
between the DM values and Zernike polynomial can be
expressed as
Z ¼ AD:

(b)

Fig. 3. Image reconstructed from hologram: (a) without compensation and
(b) with compensation.

data bits were all ‘‘1’’. However, several areas are dark, and a
large intensity distribution can be seen because the interference fringes experienced shrinkage while the medium was
being cured.
3.

128

Fig. 4. Values of Zernike polynomials in the reference beam as a function
of the value of pin No. 1 in the DM.

Fig. 2. Concept of deformable mirror: (a) cross sectional view and (b) top
image.

(a)

5th

Control Method for Improving Intensity
and Distribution

3.1 Control DM using transfer function
In adaptive optics with a DM and SHWS, the most
popular control method is a feedback control system using
a transfer function.8) We tested the use of this method with
the DM pin’s values as input and Zernike polynomials of
the beam as output. In this study, Zernike polynomials
were deﬁned as shown in Table I, i.e., the ﬁrst and second

ð1Þ

Here, D is composed of the DM values, which are
represented by
0 1
d1
Bd C
B 2C
B C
B C
ð2Þ
D ¼ B d3 C ;
B . C
B . C
@ . A
dn
where dn is the value of pin n. Z is the Zernike polynomials,
which are represented by
0 1
z1
Bz C
B 2C
B C
B C
ð3Þ
Z ¼ B z3 C ;
B . C
B . C
@ . A
zm
where zm is the value of the m-th order Zernike polynomial.
A is the proportionality constant matrix, which is represented by
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where amn is the proportionality constant of zm and dn . Then,
feedback control can be carried out using
a11

a12
..
.

a13



Dkþ1 ¼ A1 ðZreq  Zk Þ þ Dk :

8

ð5Þ

Here, Dk is the k-th DM value, Zk is the measured value of
the Zernike polynomial under the condition of Dk , Zreq is
the required Zernike polynomial, and  is a constant. This
indicates that the reference beam can be controlled by using
feedback when inverse A exists. The measured values of
Zernike polynomials as a function of iteration k are shown in
Fig. 5. When the values of all order Zernike polynomials are
zero, a ﬂat wavefront can be obtained. Therefore, in this
experiment, Zreq was set to
0 1
0
B0C
B C
B C
B C
ð6Þ
Zreq ¼ B 0 C:
B.C
B.C
@.A
0
As shown in Fig. 5, all order values approached zero, which
indicates that the feedback control certainly worked.
Next, we investigated the relationship between the DM
values and Zernike polynomials of the reconstructed beam
diﬀracted by the photopolymer medium where the interference fringes were recorded. Values of the ﬁrst to ﬁfth order
Zernike polynomials as a function of the value of pin No. 1
in the DM are shown in Fig. 6. The values of the Zernike
polynomials are not linear with respect to the pin value. This
is why photopolymer shrinkage occurred nonuniformly in
the irradiated area. This suggests that the distribution of
distortion in the recorded interference fringes would depend
on how shrinkage occurred in the recording medium.
Therefore, the reconstructed beam from this interference
fringe was nonlinear with respect to the DM values. As a
result, the transfer function was complex, and it was diﬃcult
to control the wavefront of the reconstructed beam using
normal feedback control.
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Fig. 5. Values of Zernike polynomials in the reference beam as a function
of the number of iterations.
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Fig. 6. Values of Zernike polynomials in the reconstructed beam as a
function of the value of pin No. 1 in the DM.

3.2 Controlling the DM using a genetic algorithm
In the previous section, we showed that it was diﬃcult to
compensate for degradation of the reconstructed beam with
feedback control using the transfer function. Therefore, we
tried using combinatorial optimisation. There are two types
of combinatorial optimisation: exact analysis and approximate analysis.9) With exact analysis, the reconstructed
beams must be measured under all DM conditions to obtain
an optimised condition. Consequently, this analysis is not
suitable for fast compensation. On the other hand, there
are several methods for approximate analysis. The MonteCarlo method can give high accuracy but is not very fast.
The iterative improvement method can compensate quickly
but not very accurately. The genetic algorithm (GA) can
compensate both accurately and quickly, so we chose to use
a GA to compensate for degradation of the reconstructed
beam for adaptive optics.
The parameters used in the GA are gene, individual,
population, and ﬁtness. The genes are deﬁned as the values
of the pins driving the DM. The individual is the condition
of the DM as determined by genes. The population is a group
of s individuals. The ﬁtness is an evaluation parameter,
which represents how well the individual ﬁts the environment. It is deﬁned as the inverse of the variation coeﬃcient
(IVC) in a reconstructed image in which all data bits are ‘‘1’’,
i.e., a white image. IVC is represented by
IVC ¼ 20 log


;


ð7Þ

where  and  represent mean and standard deviation
of intensity in the reconstructed image, respectively. IVC
was used instead of the variation coeﬃcient for consistency
with the SNR. The GA was executed to obtain the maximum IVC.
The ﬂow chart of the GA is shown in Fig. 7. First, we have
a k-th generation population Pk , which consists of s
individuals. Each value for the DM’s pins of individuals in
the initial population P0 is determined randomly. The ﬁrst
operations are reproduction and crossover. In crossover, two
individuals are selected from the population and a crossover
point is randomly deﬁned. For example, let us consider that
the crossover is for individuals X and Y, and the crossover
point is between pins p and p þ 1. The value for pin numbers
less than p for individual X and for pin numbers greater than
p þ 1 for individual Y are mixed, resulting in individual X 0 .
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Fig. 8. Improved inverse variation coeﬃcient obtained by using adaptive
optics with a genetic algorithm.
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Fig. 7. Flow chart for genetic algorithm used in adaptive optics.

Likewise, the value for pin numbers greater than p þ 1 for
individual X and for pin number less than p for individual Y
are mixed, resulting in individual Y 0 . As a result, two new
individuals are generated. This crossover is applied to all
individuals. The second operation is mutation. An individual
is selected with probability Fm . For the selected individual,
the value of the randomly selected pin is changed randomly.
After that, for each individual, the DM values are set, the
reconstructed images are measured with the SHWS, and IVC
is calculated. Finally, s individuals with higher IVC values
are selected, and they form the next-generation population,
Pkþ1 . By repeating this process, generation alternation is
achieved, and a higher IVC can be obtained.
4.

10

Improvement of Intensity Distribution
in Reconstructed Image

We compensated for the degradation of the reconstructed
image shown in Fig. 3(a) by using adaptive optics with the
GA described in the previous section. We tried to improve
the IVC in a reconstructed image by changing the wavefront
of the reference beam by means of the DM. The GA
conditions were as follows: the number of individuals in
population s was 20, generation alternation k was 50, and
mutation probability Fm was 0.1. In this experiment, the area
measured with the SHWS in the reconstructed image was a
circle with a diameter of 10 mm. IVC is shown as a function
of the generation alternation in Fig. 8. The solid and dotted
lines show the highest and mean IVCs in the population Pk .
As shown in Fig. 8, IVC increased up to the 28th generation
but then decreased between the 28th and 38th generations.
We considered possible reasons as follows. One possibility is
that mutation occurred at the individual having the highest
IVC value. Another is that the medium temperature changed
during measurement, which would have changed the distortion of the interference fringe. However, IVC increased
again after the 38th generation. We think that the GA
searched for a new optimum DM condition. Then, it can be
assumed that the IVC value saturated after the 20th
generation. IVC without compensation was 10.3 dB and after
50 generations was 14.7 dB. Accordingly, IVC was improved
by 4.4 dB. The reconstructed image with compensation is
shown in Fig. 3(b). We found that the uniformity of the
image was improved. Furthermore, the average intensity with
compensation was 1.7 times higher than without compensa-

tion. In this experiment, compensation took considerable
time because the response time of the DM with a piezoactuator was slow. If a phase modulator such as a liquid
crystal device were used, fast compensation should be
achievable. Adaptive optics with the GA can adequately ﬁnd
the wavefront conditions of the reference beam required to
compensate for medium shrinkage and improve the IVC of a
reconstructed image.
5.

Conclusions

In holographic data storage, the photopolymer medium
shrinks due to irradiation of the laser beam, which causes
distortion of the recorded interference fringes. This distortion degrades the reconstructed image. We described a
method of compensating for the degradation in the reconstructed images by controlling the wavefront of the reference
beam. We found that the relationship between the reconstructed image and the DM input values was nonlinear
and that feedback control was diﬃcult. Therefore, we used
adaptive optics with a genetic algorithm. In an experiment
on reconstructing an image with bits that were all ‘‘1’’, the
inverse variation coeﬃcient, which is related to the signalto-noise ratio, increased from 10.3 to 14.7 dB. Moreover, the
intensity average of the reconstructed image with compensation was 1.7 times higher than the average without
compensation. The combination of adaptive optics and a
genetic algorithm is useful for improving the reconstructed
image. Furthermore, this technology is promising for
reconstructing random bit data.
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