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Abstract—We present deep learning method that can be used
to reconstruct high-quality objects through turbulent media
mixed with water and milk. The objects are placed behind
turbulent media, and a series of speckle patterns are
correspondingly recorded. By using many pairs of the recorded
speckle patterns and input object images, a designed
convolutional neural network (CNN) is fully trained, and then
enables the recorded speckle patterns to be processed in real
time. The proposed method is promising for imaging through
turbulent media, and it is also believed that the proposed
method can be applicable in many areas, e.g., imaging and
information optics (such as optical encoding).
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I. INTRODUCTION

A number of methods using novel imaging mechanisms or
sophisticated devices have been devised to recover the image
of a target [1-7]. A precondition for the success of imaging
the target is that optical systems should be placed in relatively
ideal environments. In fact, it is unlikely to satisfy the
demands according to actual environments, leaving a great
space for us to seek for new and better ways to bypass these
restrictions, e.g., thick scattering media [8], time-consuming
calculation [9] and the limited application prospects [10].
Recently, imaging through turbid media becomes one of the
most challenging and meaningful topics in optics [11-13]. Its
cause of difficulties in imaging through turbid media is that
light is scattered when propagating through turbid media. The
scattering impedes the delivery of valuable information,
resulting in impairment of object resolution or the total
corruption of object images [14]. The noise-induced artifacts
significantly affect quality of the recovered objects, and
correspondingly obstruct the development of imaging
technologies.

Over the past many years, seeing through scattering or
turbid media has shown its necessity and potential
applications in various disciplines associated with imaging,
ranging from biology science to macroscopic science [15].
Meanwhile, much research work has been implemented to
develop methods to resolve the problem. (i) For thin scattering
media and relatively pure liquids, enhancing its contrast by
manually adjusting exposure time of the digital camera [16]
has been widely applied in some near-infrared spectral
regions. This method shows to be superior in simple
environments, and is often adopted in practice. However, it
fails to recover the images in complex environments. (ii)
Time-gated holographic imaging technique has been
introduced to record the image of a target [17]. Quality of the
images reconstructed from digital holograms was evidently
degraded because of the noise aroused by scattering media.
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(ii1) Optical imaging combined with mathematical algorithms
was proposed to detect the object through turbid media,
however it is not helpful for object recovery in heavy
conditions [18]. (iv) Much progress has been made by
calculating transmission matrix with a huge amount of data
and precise measurements to represent the relationship
between the recorded pattern and the object [19]. However, it
is limited to its high sensitivity which means that slight
perturbations can lead to the entirely different transmission
matrix. The aforementioned methods are limited by their
narrow ranges of applicability, since they work well in
relatively easy environments.

In this paper, the objective is to overcome the inevitable
limitations existing in previous methods by imaging the
objects through murky water using deep learning. The deep
learning [20] is a subfield of machine learning which can
discover multiple levels of distributed representations and
achieve senior abstractions from data by using the nested
hierarchy of specially-treated architectures [21,22]. The
proposed approach uses convolutional neural network (CNN)
[21] to solve inverse problems in optical imaging in
complicated circumstances. Some learning-based methods for
object recognition and reconstruction through scattering
media (e.g., diffusers and slabs) have been studied [23-28].
However, those methods were usually applicable to thin
scattering media, and did not take the robustness into
consideration. Here, by training the learning model with
sufficient pairs of the object images and the recorded speckle
patterns, the objects placed behind murky water can be
reconstructed from the recorded speckle patterns.

II. EXPERIMENTAL DEMONSTRATION

Digital holography could fail to recover the object placed
behind turbid water. The main reason is that the object beam
scattered by turbid media is incoherent with the reference
beam, and the recorded speckle pattern is usually an
indispensable part for holographic reconstruction on account
of the carried information. The prevailing techniques still have
a long way to acquire satisfactory reconstruction. The deep
learning method proposed here does not have to be confined
to those constraints. A schematic optical setup is illustrated in
Fig. 1(a). In the experimental setup, a laser beam launched by
a He-Ne laser source (Newport R-30993, 633.0 nm and 12
mw) is first expanded after transmitting through a microscope
objective (Newport, M-40X, 0.65 NA), and then the expanded
light is collimated by a collimating lens (f=50.0 mm). After
that, the expanded and collimated laser beam passes through a
water tank to illuminate onto spatial light modulator (SLM,
Holoeye LC-R 720, reflective). The water tank (100.0 mm in
the length, 50.0 mm in the width and 30.0 mm in the height)
contains a certain concentration of turbulent media. The
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inhomogeneous medium used in this experiment is prepared
by a mixture of pure water and milk. The objects used in the
experiment are handwritten-digit images (i.e., grayscale
images with pixel values ranging from 0 to 255) from MNIST
database [29] which is widely used to test machine learning
method. Size of the grayscale images is 28%28. The targeted
images are sequentially displayed by the SLM using a
programmable controller in order to modulate the incident
beam [30]. The reflected light from the SLM passing through
a linear polarizer makes the SLM act as an amplitude object.
Then, the modulated object wave goes through water tank
again before being recorded by a camera (Thorlabs
DCC3240M) with 1280x1024 pixels and pixel size of 5.30 pm
% 5.30 um. The camera is placed an axial distance away from
the water tank, and is placed more axial distances away from
the SLM to record speckle patterns. Exposure time of the
camera is controlled by the LabView program with the value
of 200.0 ms. A typical sample sent to the SLM is shown in
Fig. 1(b), and the corresponding speckle pattern recorded by
the camera is shown in Fig. 1(c). A window with 100x100
pixels is used to select a region of interest from the recorded
speckle pattern in order to reduce the computational load.
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Fig. 1. (a) Experimental setup for imaging through murky water, (b) the
object image displayed by the SLM, and (c) a typically recorded speckle
pattern.

III. METHODOLOGY

The designed CNN-based method consists of two
successive steps: training and testing. In the training stage,
some pairs of the recorded speckle patterns and the
corresponding ground truths (i.e., the object images) are fed to
the CNN model as shown in Fig. 2. The designed CNN
architecture is described as follows: The input with dimension
of 100x100 pixels is the image conditionally recorded by the
camera. It convolves with 20 kernels of size 3x3 forming the
first convolution layer with size of 96x96x20. The activation
function used is the sigmoid function which is frequently
applied in machine learning because of its property of
boundedness. In the first pooling layer, an action of down-
sampling is taken to reduce the computational load to the size
of 48x48x20. The pooled data is sent to the second
convolution layer which adopts the same number and size of
kernels and the same activation function. The second
convolve layer has the size of 44x44x20, followed by the
second pooling layer with size of 22x22x20. After processing
of convolution and down-sampling, the first reshaping layer
reshapes the second pooling layer (size of 22x22x20) to a
1x9680 vector and then the vector is transported to the fully
connected layer with size of 1x784. Before the last layer of the
output image, the second reshaping layer reshapes the 1x784
vector to a 28x28 image which represents the estimation.
Finally, the trained CNN model can serve to predict unknown
object image from the intensity pattern recorded by the
camera. In Fig. 2, a typical prediction from speckle pattern is

also shown, i.e., in the testing phase. The CNN architecture is
implemented by Matlab2009 on a PC with Nvidia Geforce
GTX1080Ti GPU.
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Fig. 2. Schematic of the proposed CNN architecture. Input is cropped from
the recorded speckle pattern by using a window with size of 100x100 pixels.
Blue blocks represent the convolved processes, and green block indicates the
pooling process. The orange bar and plane denote the process of reshaping.
The red bar denotes the fully-connected layer.

Here, some pairs of speckle patterns and the ground truths
(i.e., the object images) are used in the training phase, and
some other pairs are used in the testing phase. The recorded
speckle patterns are resized to 100x100 pixels acting as input
images for the training, and the dimension of predicted objects
is 28x28 pixels as that of the ground truths. In the training and
testing, the input speckle pattern is preprocessed by
subtracting its mean value to remove the DC component. The
loss function used in the designed CNN model is mean
squared error (MSE) [31,32], and the optimization function
applied to update the weights and biases of the network to
minimize the MSE value is stochastic gradient descent (SGD)
[33,34]. The updating rule is SGD [33-38]. The velocity for

the weight (w) and bias (b) is O at the initial stage and then

updated by momentum m (-9.5x107°) and the learning rate a.
The weight and bias are updated by the continuously-updated
velocity. The weight is initialized to 1072 in the first convolve
layer, to be 103 in the second convolve layer and to be 1073
in the fully-connected layer. The initial value of the learning
rate is 1078, and it is accelerated by doubling every 200 inputs
sent to the network. The MSE value becomes the smaller
when approaching to the optimal value after 5 epochs of
iterations in this experiment. The CNN model is trained in 30
minutes, and then the object predictions can be made in real
time.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

In the first experiment, the trained CNN model is applied
to predict the objects placed behind a murky medium mixed
by 1200 ml of water and 40 ml of milk. The training dataset
and the testing dataset are from MNIST database, i.e.,
grayscale handwritten-digit images. In the first experiment,
the total number of handwritten-digit images chosen from
MNIST database and then sent to SLM is 2000, and 2000
speckle patterns are correspondingly recorded by the camera
where 1900 pairs of speckle patterns and the corresponding



object images are used in the training phase and another 100
pairs are used in the testing phase. The axial distance from the
camera to the water tank is 70.0 mm, and the axial distance
between the camera and the SLM is 180.0 mm. Typical
examples of the recorded speckle patterns and the predictions
made by using the proposed method are shown in the first
column and the second column of Fig. 3, respectively. The
images in the third column show the ground truths. It can be
seen that the speckle patterns are disturbed by the diluted milk.
The outputs predicted by using the designed CNN architecture
are of high quality, since the recorded speckle patterns contain
apparent features to be identified by using the proposed
learning method. It is illustrated here that the proposed CNN
model performs well in recovering the images of objects
placed behind murky water.
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Fig. 3. The CNN-based testing results for object images selected from
MNIST database. Typical examples are presented in two blocks. The first
column lists the recorded speckle patterns. The second column shows the
corresponding predictions made by using the trained CNN model. The third
column shows the ground truths (i.e., the object images).

In addition to the prediction of handwritten-digit images
selected from MNIST database, the designed CNN model can
also perform well in making predictions of object images out
of the database. In the second experiment, the optical setup is
the same as that used in the first experiment. The 200 totally
different images which consist of double-digits, irregular
shapes and letters are sent to the SLM, which are not used in
the training phase of the designed CNN model. 200 speckle
patterns are correspondingly recorded by the camera and sent
to the input layer of the trained CNN architecture. The typical
results are shown in Fig. 4. The recorded speckle patterns, the
reconstructed objects by using the CNN model and original
images with the double-digits and the irregular shape are
respectively shown at the first three columns. The results for
input images with letters are respectively shown at another
three columns. It is illustrated in Fig. 4 that the recovered
objects are of high quality, and the trained CNN model does
have the advantage to predict the totally unknown objects (i.e.,
not used in the training phase). The above results demonstrate
that the designed CNN model provides a solution to

reconstruct the object image placed through turbid medium.
When the objects are from a different database and are not
used during the training, the trained CNN architecture can still
offer a feasible scheme to recover the objects.
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Fig. 4. The CNN-based testing results for object images not from the
MNIST database. The typical examples are presented in two blocks. The first
column lists the recorded speckle patterns. The second column shows the
corresponding predictions made by the trained CNN model. The third
column shows ground truths (i.e., the object images).

V. CONCLUSIONS

The CNN architecture has been presented for high-quality
object reconstruction through turbulent media mixed with
water and milk. The trained learning model is validated to
have the capability to predict different objects which are not
used for the training. The proposed method is promising for
various applications, such as imaging through turbid
environments and information optics (e.g., optical security).
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