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Abstract: When a coherent beam transmits through a scattering medium, a random inten-
sity distribution known as speckle is generated. Generally, such speckles can be modulated
by feedback-based wavefront shaping, as exemplified by the generation of a bright focal
spot. However, it is more challenging to generate a specific focal pattern with uniform
intensity distribution. In this study, the Hadamard–Genetic algorithm (HGA), namely a hybrid
phase modulation scheme of Hadamard encoding algorithm (HEA) and genetic algorithm
(GA), is proposed to face these challenges. This algorithm takes advantages of the high
intensity of HEA and the high uniformity of GA and outperforms traditional optimization
schemes, especially in suppressing intensity fluctuations of the focal pattern. This research
is expected to be applied in the field of laser processing and particle manipulation.

Index Terms: Wavefront shaping, speckle modulation, Hadamard-Genetic algorithm.

1. Introduction
Focal beams with designed pattern have been widely applied in areas ranging from laser process-
ing to particle manipulation [1]–[2], such as laser fusion and optical tweezers. Laser beams with
uniform intensity distribution are crucial in precise laser processing because the smoothness of
processing depends on the uniformity of the intensity distribution. Although beam shape modulation
in free space has been well developed, this modulation task is challenged by the presence of a
scattering medium. Owing to random scattering, a seemingly-uncontrollable random distribution,
known as the speckle, is generated when light beams propagate through a scattering medium. In
2007, Vellekoop and Mosk first reported that the speckle pattern can be modulated into a bright
focal spot with optimized wavefront [3]. Known as feedback-based wavefront shaping, this method
has been widely applied in the speckle modulation. Studies [4]–[16] have demonstrated that the
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scattering medium can be treated as versatile optical elements, such as imaging lens, beam splitter,
and spectrum filter.

In past decades, research on the intensity modulation of speckle pattern primarily focuses
on the generation of a bright focus. Choi and van Putten broke the diffraction limit with the
help of scattering medium [17]–[18]. With the increase in the diverse requirement of a uniform
focal pattern in laser processing, the production of uniform focal patterns with designed shape
from a speckle must be investigated. Compared with the generation of a single focal spot, in
which only the intensity enhancement in a specific point is considered, the balance between the
intensity enhancement and uniformity of the whole focal pattern should be also considered in the
modulation of the speckle into a uniform designed pattern. Clearly, the latter consideration faces
more challenges.

As a representative global optimization algorithm, the genetic algorithm (GA) has been applied
in speckle modulation and has performed satisfactorily in low signal-to-noise (SNR) environment
[19]. Conkey et al. designed a cost function, which depends on the enhancement and standard
deviation of the intensity in the focal region, as the fitness of GA to achieve multi-point focusing
[20]. However, the uniformity of the intensity distribution obtained by this method is limited, and
the balance between enhancement and intensity uniformity cannot be flexibly adjusted. Pearson
correlation coefficient (PCC), which describes the correlation between the modulated light field and
the pre-designed pattern, has been introduced as the fitness of the GA [21]. The ineffectiveness
of this scheme becomes pronounced when a large field is chosen as the target [21]. Some other
methods, such as non-dominated sorting GA II with hybrid optimization scheme, have also been
proposed for modulating the intensity distribution of the speckle field [22]–[23].

Hadamard encoding algorithm (HEA) has been widely used in compressed sensing and digital
communication [24]–[25]. It can achieve a high SNR [26], and has been applied in suppressing
the intensity of a speckle field [27]. Furthermore, this method functions suitably for modulating the
wavefront to focus the scattering light into a bright focal spot [28].

In this study, HEA and GA are combined to generate designed focal patterns with high intensity
and uniformity. First, the performances of HEA and GA in the generation of a uniform focal pattern
are compared. A new algorithm that secures both advantages of these two algorithms is then
proposed. This algorithm in modulating the speckle into a uniform focal region is examined to
confirm whether it indeed outperforms previously-reported algorithms.

2. Principle of Wavefront Shaping
Consider the propagation of light through a scattering medium, if the incident light field is divided
into N elements, then the transmitted field in the target, E (out )

m , constitutes a linear combination of
the fields coming from these N elements [3]:

E (out )
m =

N∑

n=1

tmnE (in)
n =

N∑

n=1

tmnAn exp(iϕn), (1)

where E (out )
m is the output field, E (in)

n is the incident field with the form of An exp(iϕn ), with An and
ϕn denote the amplitude and phase of each element, respectively, and tmn is the elements of
transmission matrix representing the propagation of light through the optical system. According
to the feedback-based wavefront shaping, a desired output field is generated after imposing a
proper phase map on the incident light. We define the desired focus pattern in the output field as
the focus area. To modulate the random speckle into a uniform focal spot with designed pattern, we
introduced two parameters, namely the intensity enhancement η describing the intensity magnitude
of the focal spot, and the coefficient of variation (cv) characterizing the uniformity of the intensity
distribution of the focal spot, which expresses the intensity fluctuation of the focus area. The
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Fig. 1. Experimental setup of feedback-based wavefront shaping. L1, L2: lens. P: polarizer. BS: beam
splitter. SLM: spatial light modulator. BB: beam block. M: mirror. O1, O2: objective lenses. GG: ground
glass. CCD: charge coupled device.

definitions of these two parameters are as follows:

η = < Iob j >

< Iinit ial >
, (2)

cv = σob j

< Iob j >
, (3)

where < Iob j > is the average light intensity at the focus area, < Iinit ial > denotes the average light
intensity of the output speckle field before wavefront modulation, and σob j represents the standard
deviation of all points in the focus area. As η increases, the intensity enhancement of the focal area
increases. cv reflects uniformity of the intensity distribution of the focus area. Small cv values mean
the intensity fluctuation of the focus area is low, implying a high uniformity of the focus area.

Cost function is applied to balance the weight between the intensity enhancement and uniformity
of the focal area and is defined as:

C =
m∑

i=1

Ii − mf (σob j )
2
/〈Iinit ial 〉, (4)

where m is the number of points in focal area, Ii is the intensity of each focal point, (σob j )2 is the
variance of the intensity of all focal points, and f is the parameter balancing the weight between
the intensity enhancement and uniformity. A large f corresponds to high uniformity but low intensity
enhancement, whereas a small f corresponds to a high intensity enhancement but poor uniformity.
Therefore, an appropriate f must be selected to simultaneously achieve focal patterns with a large
intensity enhancement and a high uniformity.

3. Generation of Focal Patterns By GA and HEA
The experimental setup is shown in Fig. 1. A laser beam with wavelength of 632.8 nm is emitted by
He-Ne laser (HRS015B, THORLABS) and expanded by a couple of lenses L1 and L2. Given that
horizontal linearly polarized illumination is required to realize the phase modulation, a polarizer is
placed in front of the spatial light modulator (SLM; PLUTO-VIS, HOLOEYE). The SLM is operated
in zeroth order. The phase modulated light from the SLM is focused on the ground glass (220grit-
THORLABS) by an objective lens (20×, NA = 0.4). The diffused light is then collected by another
objective lens (20×, NA = 0.4), and captured by a CCD camera (PROSILICA GT1910, AVT). In the
experiment, the light collected by the CCD camera is adopted as the feedback of the algorithms.
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An optimized phase map is then calculated and imposed on the beam by the SLM to generate a
desired focal pattern.

As a widely-used global optimization algorithm, GA behaves robustly against disturbances. In
the wavefront shaping, it computes an optimized phase map to modulate the speckle into a
desired focal pattern. The first step of the GA is generating a random original population as the
original phase map for the light field modulation. In each round of iteration, two phase maps
in the population are selected as parents. The cost value calculated by the cost function is chosen
as the fitness value during the GA modulation. A high fitness value indicates a great probability of
being selected. The parents generate the offspring phase map after crossing and mutating. This
process continues for G times and produces G offspring in each iteration. The original population
and the offspring are sorted by fitness value, and NP phase maps with high fitness are selected
as the new population. During iteration, the feature of the population with high fitness is preserved,
indicating that a fully optimized phase map can be acquired. In this experiment, the f of the cost
function is set as f = 0.16, and other parameters are: The size of initial population NP = 32, the
generation or the number of iterations NG = 256, segment N = 1024, and the mutation rate of
the offspring can be expressed by this formula: R = (R0 − Rend ) · exp(− d

p ) + Rend , where R0 = 0.01
is the initial mutation factor, Rend = 0.0025 is the final mutation factor, p = 200 is the decay factor,
and d is the number of iterations.

Among several optimization algorithms, HEA performs excellently in wavefront modulation.
Compared with continuous sequential algorithm [3], HEA can modulate half of the elements of the
phase map in each iteration, indicating its efficient phase modulation and robustness. Compared
with that of partitioning algorithm (PA) [29], although PA can modulate half of the elements of the
phase map in each iteration like HEA, the phase element of HEA in each iteration process is
not randomly selected but determined by series of Hadamard basis vectors. Each column of the
Hadamard matrix is a Hadamard basis vector represented by Hn(k )(k = 1, · · · n2), with n the order of
the Hadamard matrix, and k the sequence number of the column. Given that the Hadamard basis
vector is orthogonal to each other, any two basis vectors are linearly independent. Compared with
PA, HEA can obtain greater intensity enhancement in a few iterations by reducing the redundant
information during modulation. In each iteration, the corresponding sequence 2D Hadamard basis
vector is loaded in SLM to modulate the phase map. Except for the first column in the Hadamard
matrix, the value of half elements of each Hadamard basis vector is “-1”, and the value of remaining
half elements is “+1”. The value can be transformed to “0” and “+1”by adopting the operation
(Hn(k ) + 1)/2. Four-step phase shift is then applied to calculate the retardation angle of the “0” and
“+1” part. In this process, the “0” part without phase modulation is set as reference light, and the
additional phase modulation of 0, π /2, π and 3π /2 is imposed on the “+1” part. The retardation
angle ϕ between the reference part and modulation part can be calculated with phase-modulated
intensities as:

ϕ = Arg[(I1 − I3) + i(I2 − I4)], (5)

where Ii represents the intensity in i-th step phase shift and Arg() calculates the phase angle.
After ϕ is added to the “+1” part, the retardation angle between the phase-shifted light and the
reference light is compensated. Hence, a coherent superposition is formed at the target focus
point. Consequently, the best phase map in this iteration is obtained. This process is repeated until
all the Hadamard basis vectors are loaded and the optimal modulation map is obtained. Fig. 2
utilizes a 4∗4 Hadamard matrix as an example to illustrate principle of HEA. In this experiment, f =
0.08 is selected for HEA. The Hadamard basis is from 32∗32 Hadamard matrix, which means the
modulate segment of N = 1024.

Figs 3(a), (b), and (c) show the speckle field before modulation and the intensity distribution
after modulation with GA and HEA. The designed focal pattern is a 11∗11 square region. GA and
HEA can modulate the speckle field into a specific focal pattern. The evolution of enhancement
and coefficient of variation during the measurements indicate that HEA can generate a bright focal
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Fig. 2. The schematic diagram of HEA.

Fig. 3. The performance of the GA and HEA on speckle modulation. (a): the speckle field before
modulation. (b): focal pattern after 1024 iterations of GA modulation. (c): focal patter after 1024
iterations of HEA modulation. (d): the evolution of intensity enhancement of GA (blue) and HEA
(orange). (e): The evolution of coefficient of variation of intensity of GA (blue) and HEA (orange). The
scale bar is 100 μm.

pattern, and GA can achieve high uniformity as shown in Figs. 3(e) and 3(f), respectively. Four-
step phase shift is employed in HEA to achieve the constructive interference in the target region.
Therefore, HEA can obtain a focal pattern with large intensity enhancement but weak uniformity.
For GA, the cost function is the only discriminant for calculating the fitness value of each individual
in the population. This function directly determines the selection of the optimal individual and new
population in each iteration. Therefore, the magnitude and the uniformity of the intensity in the
target area in each round are strictly limited by the cost function. Compared with HEA, GA has
better uniformity during modulation.

4. Generation of Uniform Focal Patterns by HGA
In consideration of the superiority of GA and HEA on intensity uniformity and intensity en-
hancement, respectively, a hybrid algorithm combining the advantages of these two algorithms
is proposed. The hybrid algorithm named HGA can be divided into two steps: (1) running HEA
to generate a focal pattern with high enhancement and selecting the phase maps in the last 100
iterations that can generate a focal pattern with high enhancement; and (2) sorting the selected
100 phase maps according to the fitness value, choosing the 50 phase maps with large fitness
value as the original population of GA, and running GA until the output condition is reached. Fig. 4
depicts the flow chart of HGA. The merit of HGA is adopting the optimized phase maps from HEA
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Fig. 4. The flow chart of HGA.

Fig. 5. Generation of uniform focal pattern by HEA and HGA modulation. (a): the intensity distribution
after HEA modulation. (b): the evolution of intensity enhancement of HGA modulation. (c): the intensity
distribution after HGA modulation. (d): the evolution of coefficient of variation of HGA modulation. The
red dotted line is the junction of HEA and GA in HGA. The scale bar is 100 μm.

as the original population of GA. The optimized phase maps generated by HEA can generate a
bright focal pattern. The uniformity of the focal pattern is improved by running the GA. Finally, a
focal pattern with high intensity enhancement and perfect uniformity can be achieved.

Modulating the speckle into a square uniform focal pattern is taken as an example to illustrate
the performance of the proposed HGA algorithm. The results are presented in Fig. 5. A preliminary
focal pattern (Fig. 5(a)) is generated by running HEA. The fluctuation of intensity is suppressed
(Fig. 5(b)) by further applying the GA. The evolution of the enhancement and the coefficient of vari-
ation are presented in Figs.5(b) and (d), respectively. With HEA running, the intensity enhancement
increases gradually, and the coefficient of variation decreases and then reaches saturation point.
After GA running, the intensity enhancement keeps nearly invariant, but the coefficient of variation
drops gradually. These curves verify that, at the expense of negligible light intensity enhancement
reduction, the uniformity can be improved significantly.
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Fig. 6. Generation of different focal patterns with HGA. (a) and (b) the circular focal pattern by applying
HEA and HGA modulation, respectively. (c) and (d) are the rectangular focal pattern by applying HEA
and HGA modulation, respectively. The scale bar is 100 μm.

Fig. 7. The comparison between HGA modulation and GA-PCC and GA-STD. (a), (b) and (c): the
intensity distribution of focal patterns generated by HGA, GA-PCC, and GA-STD after 5946 iterations;
(d): the evolution of enhancement of three algorithms; (e): the evolution of coefficient of variation of
three algorithms. (f): the intensity profiles between two arrows in Fig. 7. (a), (b), and (c). The scale bar
is 100 μm.

Fig. 6 shows additional examples of the modulation by HGA. One is a circular focal pattern, and
the other one is a rectangular focal pattern. Figs. 6(a) and 6(c) are the results after applying the HEA
on the speckle modulation. The uniformity of these two focal spots is improved by further applying
the GA as shown in Figs. 6(b) and 6(d). These experimental results also verify the superiority of
HGA in the generation of a uniform focal pattern with high intensity enhancement.

GA has been utilized to modulate the speckle into a desired pattern. PCC and a standard-
deviation-based expression have been introduced as the cost function of the iterative algorithm
[20]–[21]. These two methods are referred to as GA-PCC and GA-STD, respectively. Their perfor-
mance in the generation of uniform focal pattern were compared with that of the proposed HGA.
Figs 7(a), (b), and (c) are the modulated intensity distribution of HGA, GA-PCC, and GA-STD,
respectively, after 5946 measurements. The evolution of the intensity enhancement during the
iteration (Fig. 7d) indicates that the enhancement of HGA is similar to that of GA-STD, whereas
that of GA-PCC is lower than those of the other two algorithms. Although GA-STD and HGA exhibit
strong ability for intensity enhancement, the uniformity of GA-STD is worse than that of HGA as
presented in Fig. 7e. The intensity profiles shown in Fig. 7f reveal that the profiles of GA-STD and
GA-PCC follow Gaussian distribution rather than a flattop distribution.

5. Conclusion
The HGA algorithm is proposed to generate the focal patterns with high intensity enhancement and
excellent uniformity. On the basis of the performance of GA and HEA in the generation of uniform
focal spots, HEA generates focal patterns with high intensity enhancement, and GA obtains uniform
intensity. The proposed HGA combines the advantages of these two algorithms as well as inherits
both high intensity enhancement of HEA and the high uniformity of GA. Compared with GA-STD
and GA-PCC, HGA shows superiority in generating focal patterns with strong intensity and uniform
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distribution. The superior performance of HEA in the generation of uniform focal patterns from
speckle opens novel avenues for laser manufacturing and medical treatment.
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