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Light Focusing through Scattering Media by Particle Swarm Optimization
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We demonstrate light focusing through scattering media by introducing particle swarm optimization for modulating the phase wavefront. Light refocusing is simulated numerically based on the angular spectrum method and the
circular Gaussian distribution model of the scattering media. Experimentally, a spatial light modulator is used to
control the phase of incident light, so as to make the scattered light converge to a focus. The influence of divided
segments of input light and the effect of the number of iterations on light intensity enhancement are investigated.
Simulation results are found to be in good agreement with the theoretical analysis for light refocusing.
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Multiple scattering generally occurs when a laser
beam propagates through an opaque strongly scattering medium, such as biological tissues or milk. It is
the interference of the multiple scattering light that
results in a random speckle pattern.[1] Nevertheless,
focusing light through strongly scattering media has
recently been demonstrated by optimizing the phase
of the incident wavefront.[2−4] The incident wavefront
is divided into 𝑁 segments, i.e., the input modes,
and the focusing can be achieved by modulating the
phase of each mode. The reconstituted waves overcome the effects of multiple scattering and the transmitted light converges to the target area, and a bright
focus is created in the desired target. It has promising applications for optical trapping,[5] astronomical
and biological imaging,[6,7] spectral filtering[8,9] and
communication.[10,11]
As a relatively new evolutionary computation, particle swarm optimization (PSO) algorithm is based on
the information communication within particles to update itself, instead of any genetic operator, such as
crossover and mutation.[12] Each particle can adjust
its velocity and can remember its best position in the
past. PSO is attractive due to the fact that there
are few parameters to be adjusted. This optimization
algorithm has been successfully applied to many engineering problems.[13,14] PSO is exploited in an optical focusing system theoretically, which can break the
diffraction limit.[15]
In this Letter, we use PSO to focus light through
the scattering media theoretically and experimentally
by optimizing the phase mask. A simulation method
based on the angular spectrum method (ASM) and the
circular Gaussian distribution (CGD) model is presented. In addition, we explore the effects on modulation and find that the controlled modes and the
number of iterations have significant effect on the intensity enhancement.
PSO is a popular computational method based on
the stochastic optimization technique developed by

Kennedy et al.[12] The PSO is initialized with a population of random solutions and searches for optima
by updating generations. Each particle keeps track
of its coordinates in the problem space which are associated with the best fitness and the fitness value is
also stored. The fitness value for this task is the light
intensity of the target focus. The flow chart of the
algorithm is shown in Fig. 1.
First, an initial population of 𝑁 phase masks (particles) is generated, and their velocity of 𝑁 phase
masks is also generated. Once these particles are created, the fitness value for each particle is measured.
The best solution of each particle is called pbest and
the best solution of all particles is called gbest.
The next step is to update the velocity and position of each particle according to
𝑘+1
𝑘
𝑣𝑖,𝑑
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where 𝑣𝑖,𝑑
and 𝑝𝑘𝑖,𝑑 are the velocity and position of
the 𝑖th particle in 𝑘th iteration respectively, 𝑤 is the
inertia weight, 𝑐1 and 𝑐2 are positive constants which
are called learning factors, and 𝑟1 and 𝑟2 represent the
random number between 0 and 1, which are uniformly
distributed.
Then, the new population is evaluated by measuring the fitness of each particle and comparing their
fitness value with the particle’s pbest. If the current
value is better than pbest, then we set the pbest value
to be the current value. Afterwards, the fitness evaluation is compared with the population’s overall previous best. If the current value is better than gbest,
then we reset gbest to the current particle’s phase array and their values.
Finally, the process is not quit and the gbest data
outputted until it iterates a maximum number of iterations. If not, the loop will go back to step 2.
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get output channel 𝑚 can be calculated as follows:

Initialize the particles and
the velocity of particles

𝐼𝑚
Evaluate the fitness of each
particle , then store the pbest
and the gbest

where 𝐼𝑚 is the spot intensity in the target after modulation, and ⟨𝐼0 ⟩ is the ensemble averaged intensity
before modulation.
We perform the simulations according to the flow
chart illustrated in Fig. 2. When the light passes
through the opaque strongly scattering materials, the
light will propagate randomly in any direction due
to the multiple scattering. The angular spectrum
method can be used to describe the non-paraxial
transmission.[18,19] We apply the angular spectrum
method to describe light propagation between optical
devices, which can be expressed as

Evaluate the fitness of each
particle, update the pbest
and the gbest

No

Yes
Output gbest

Fig. 1. The flow chart of the algorithm.

Inertia weight 𝑤 is an important parameter affecting the algorithm performance significantly.[16] The
larger 𝑤 serves as a constraint to control the global
exploitation of a particle swarm, and it can facilitate
global exploration, while a smaller 𝑤 encourages local
exploitation. In this work, we use the linearly decreasing approach to control the inertia weight. In
each iteration process, the inertia weight is changed
dynamically, which benefits the algorithm converging
quickly to a global optimal solution. The formula is
expressed as follows:
𝑤 = 𝑤max −

𝑡 * (𝑤max − 𝑤min )
,
𝑡max

𝑁
∑︁

𝑡𝑚𝑛 𝐴𝑛 exp(𝑖𝜙𝑛 ),

𝐸(𝑥, 𝑦) = 𝐹 −1 {𝐹 {𝐸0 (𝑥0 , 𝑦0 )}𝐻(𝑓𝑥 , 𝑓𝑦 )},

(4)

𝑛=1

where 𝐸𝑚 is the 𝑚th output channel of the electric
field, 𝐴𝑛 is the amplitude contribution from the input channel 𝑛, which is assumed to be uniform
√ across
the input plane and is defined as: 𝐴𝑛 = 1/ 𝑁 , 𝜙𝑛 is
the phase at the input channel 𝑛, and 𝑁 is the total
number of input channels.
The simulation uses the PSO phase optimization
algorithm to maximize the intensity of a specified
transmitted channel, therefore the intensity of the tar-

(7)

where 𝐸0 (𝑥0 , 𝑦0 ) and 𝐸(𝑥, 𝑦) represent the electric
fields of the source plane and the observed plane respectively, 𝐻(𝑓𝑥 , 𝑓𝑦 ) is the angular spectrum propagator, 𝐹 and 𝐹 −1 represent Fourier transform and inverse Fourier transform respectively, and 𝑓𝑥 and 𝑓𝑦 are
frequency domain coordinates. Equation (7) can be
used to calculate the input field of optical devices, such
as the input field of SLM 𝐸SLMin , the input field of lens
𝐸lensin and that of scattering medium 𝐸𝑚𝑒𝑑𝑖𝑢𝑚in . It
can also be used to calculate the output field of the
system 𝐸out .

(3)

where 𝑤max and 𝑤min represent the maximum inertia weight and minimum inertia weight, and they are
equal to 0.9 and 0.4, respectively, 𝑡 is the current number of iterations, and 𝑡max is maximum iterations.
Transmission matrix elements of 𝑡𝑚𝑛 can be used
to describe light transport through a scattering sample. This matrix relates the field at the input channel
to the transmitted channel. Therefore the transmitted
electric field can be expressed as
𝐸𝑚 =

(5)

The extent of controling the light propagation in
the disordered system is quantified by the signal
enhancement,[17] and the enhancement 𝜂 is defined as
𝐼𝑚
𝜂=
,
(6)
⟨𝐼0 ⟩
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Fig. 2. The flow chart of the simulation process.

The output field of SLM 𝐸SLMout is given by
𝐸SLMout = 𝐸SLMin · exp(𝑖𝜙𝑛 ),

(8)

where 𝜙𝑛 is the phase modulation of the spatial light
modulator.
The elements in the transmission matrix of scattering medium are statistically independent of each other
and obey the circular Gaussian distribution.[20,21] A
further energy optimization should be considered. At
this point, we perform singular value decomposition
(SVD) on the transmission matrix.[22] The transmission matrix 𝑇 obtained can be used in this simulation. The output field of the scattering medium can
be achieved as follows:
𝐸mediumout = 𝐸mediumin · 𝑇.

(9)

Figure 3 shows the simulation results with 𝑁 = 256
segments. Before modulation, the light passes through
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the scattering medium and forms a random speckle
pattern (see Fig. 3(a)). The particle swarm optimization is employed to modulate the phase of the incident
light. After several iterations, the transmitted light
converges to the target area and forms a bright focus
(see Fig. 3(b)). The enhancement 𝜂 is measured to be
nearly 26.3581. For the optimal result, the transmitted light can be guided to interfere constructively at
the desired area.
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Fig. 3. Simulation results with PSO. (a) Random speckle
pattern before modulation. (b) A single spot created by
the particle swarm optimization.
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Fig. 5. Relation between the enhancement 𝜂 and controlled segment when the iterations are 20 (a), 50 (b) and
100 (c).
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Fig. 4. Comparison of the PSO simulated with 50 iterations for 100, 256 and 400 numbers of segments.

To better understand the PSO performance dependence on input modes, we optimize with 100, 256, and
400 numbers of segments. Figure 4 shows a comparison of enhancement for different numbers of segments
𝑁 . The enhancement is proportional to the number of
segments. As the SLM is divided into more segments,
the number of independently controlled input channels increases. Further simulations are run to explore
the effects of the number of iterations. The enhancement 𝜂 obtained from simulations plotted against the
iterations are shown in Fig. 5. It can be seen from
Fig. 5 that the enhancement increases with the iteration when 𝑁 = 256. The enhancement is also improved with the increase of iteration, while the increasing range becomes smaller. A large input mode
and a large number of iterations will produce the highest enhancement. However, the measurement time is
increasing.
A detailed schematic diagram of the experiment is
shown in Fig. 6(a). A polarized HeNe laser beam with
the wavelength of 632.8 nm is used as the light source.
The beam propagates through a quarter-wave plate
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and is expanded with a beam expander, which consists
of two lenses L1 and L2. The expanded beam passes
through a polarizer to obtain the horizontally polarized light and is split into two parts by a beam splitter
cube (BS). One part of the beam is incident onto the
SLM. A reflective phase-only SLM (Holoeye PLUTO)
is used to shape the beam spatially and the pixels of
the SLM are grouped into specified square segments.
A microscope objective O1 (10×, NA 0.25) images the
surface of the SLM onto the surface of the scattering
sample S (a ground glass diffuser, Thorlabs DG10-120MD). Light after the sample is collected with a second
microscope objective O2 (25×, NA 0.4), and imaged
onto a CCD camera (AVT Pike F421B). The SLM
and CCD are connected to the PC, and the computer
program acquires the camera intensity over this target
area to provide a feedback signal for the algorithm.
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Fig. 6. The experimental setup and the results with particle swarm optimization. (a) Schematic diagram of the
experimental setup. (b) Random speckle pattern before
modulation. (c) A single spot created using PSO.

Figures 6(b) and 6(c) show the experimental results of optimizing the focus through the ground glass
diffuser with the SLM. The image is captured with a
CCD camera before and after the optimization. Before modulation only a random speckle pattern with
a weak intensity is generated (see Fig. 6(b)). When
the optimization algorithm is operated, the light intensity at the target gradually increases by using the
intensity on a target area of the camera as feedback.
Figure 6(c) shows the intensity of the transmitted light
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for the optimized wavefront. A clear spot is formed
at the desired area and the enhancement 𝜂 is about
16.9410.
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Fig. 7. The intensity enhancement as a function of iterations for the divided segments 100, 256 and 400, respectively.
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Fig. 8. Relation between the enhancement 𝜂 and iterations when the iterations are 20 (a), 50 (b) and 100 (c).

Figure 7 shows the results with different numbers
of segments after 50 iterations. As is expected, more
segments result in higher enhancement although the
maximum enhancement obtained is much less than the
theoretical maximum. The PSO is shown to be the
faster enhancement of the focus intensity at first. It is
also shown that PSO converges faster than the other
algorithms, such as continuous sequential algorithm
(CSA), genetic algorithm (GA) methods. This is due
to the fact that the PSO algorithm has a more efficient global information sharing mechanism. Figure
8 shows the enhancement 𝜂 against the iteration, in
which the iterations are chosen to be 20, 50 and 100,
respectively. The maximum enhancement obtained in
experiments is lower than the theoretical maximum,
which is due to the fluctuations in feedback signal.
In summary, we have demonstrated particle swarm
optimization for focusing light through scattering media with phase wavefront modulation theoretically and
experimentally. A simulation method based on the an-

gular spectrum method (ASM) and the circular Gaussian distribution (CGD) model is presented. With
higher numbers of segments, the intensity enhancement is increased. As the SLM is divided into more
segments, the number of independently controlled input channels increases. The enhancement also increases with the iteration. The simulations and experimental results show that the PSO has a fast initial
increase in the intensity enhancement. The method of
focusing light through scattering materials may find
great potential applications in various fields, such as
optical trapping, astronomical and biological imaging
and communication.
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