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Email: helon.ayala@pucpr.br, leandro.coelho@pucpr.br
3Faculty of Engineering

University of Brasilia - Gama, DF, Brazil

Email: damuz@unb.br
4Electrical Engineering Department

University of Brasilia

Brasilia, Brazil

Email: mylene@ene.unb.br

Abstract—Underwater image processing area has been consid-
ered an important topic within the last decades with important
achievements. This kind of images are essentially characterized
by their poor visibility because light is exponentially attenuated as
it travels in the water and the scenes result poorly contrasted and
hazy. On the other hand, image restoration takes into account the
influence of the environment on the image in order to achieve
an image with an improved quality. This technique consist of
inverting the physical model of image formation. That model
contains parameters which represent variables such as coefficients
of absorption, scattering, among others. In this case, the quality
of the restored image depends on the correct estimation of these
parameters. In this work, an approach based on evolutionary
optimization algorithms is proposed, for restoring underwater
images by estimating the model parameters, and using two
metrics for quality assessment. The degradation in the images has
been simulated by using an image formation model. Results show
that image restoration based on a Multi-Objective Differential
Evolution (MODE) algorithm achieves images with good contrast
and sharpness, being even better than the original image.

I. INTRODUCTION

After image acquisition, storage and transmission processes
the received image often appears as a degraded version of the
original image due to imperfections in the imaging system,
weather conditions, intensity of light among others non-ideal
conditions [1], [2], [3]. These distortions make the image
analysis, which is necessary for several applications, very dif-
ficult. The challenge of image restoration consist of removing
blur from a noisy image [4]. Image restoration has been a
longstanding problem in the image processing area and several

methods for image restoration have been developed. One of the
most classic methods is the inverse filtering by Wiener filter
[1], [3].

The medium on which the scene is contained plays an
important role in the image features. Often, in imaging process
is assumed that the medium is not relevant. However, this
assumption cannot be applied to environments with mist, pollu-
tion, and above all to underwater environments. In these condi-
tions, the medium has a strong influence on light propagation,
and consequently on the quality of the acquired image [5]. In
particular, the physical properties of underwater environments
cause additional degradation effects. Underwater images are
characterized by the poor visibility, due to light attenuation as
long as light propagates in the water, and also by the blur and
low contrast.

Attenuation of light limits the visible distance to about
20 meters on clean water and less than 5 meters in turbid
water [6]. The attenuation effect is generated, mainly, by two
processes: (1) absorption and (2) scattering. In the absorption
process, the luminous energy is transformed in other kind of
energy along the path traveled by light, due to interactions
with matter. This process generates a significant loss in the
brightness of the object. On the other hand, scattering refers
to any deflection with respect to the straight-line propagation
path, which is caused by the collision of photons with the
particles in suspension in the medium. In this case, there are
two types of scattering: (1) Back-scattering, where light from
a light source is reflecting back from particles in the lenss
field of view causing specks of light to appear in the image
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and low contrast, and (2) Forward-scattering where the light
is randomly deviated on its way from an object to the camera,
causing blurring [6].

Underwater image restoration is based on the inversion of
physical models, which represents the interactions between the
light and the environment. These models are represented by the
quantities mentioned above (i.e. attenuation coefficient, scat-
tering coefficient, etc.). The restoration process can be divided
into two types: (1) non-blind restoration, where the values of
the physical parameters are known; and (2) blind restoration,
where there is not information about the medium’s properties
and, therefore, these parameters have to be estimated. In
most practical situations, a blind restoration process is the
only option, given that the medium’s features are unknown.
Therefore, the quality of the restored image strongly depends
on the estimation of the parameters of the physical model that
represents the interaction between the light and the medium. In
general, the estimation of these parameters can be performed
by an optimization process [7].

In the last two decades research on optimization algorithms
has been very active [8], [9]. In the literature, there are
several algorithms that are able to restore degraded images
with reasonable quality. These algorithms can be divided into
two classes: deterministic and stochastic approaches. Among
the stochastic approaches, population-based, evolutionary al-
gorithms and swarm intelligence methods [10], [11] offer
a number of advantages that make them very attractive.
Some of the advantages are the easy implementation, implicit
parallelism, robust and reliable performance, global search
capability, no need for specific information about the problem,
robustness to noise, and no requirement for a differentiable
or continuous objective function [12]. In recent years, the
development of new artificial intelligence algorithms, such as
genetic algorithms and particle swarm optimization, has also
yielded good results in restoration area [7].

A very important aspect on optimization algorithms is the
objective function or cost function. In image restoration task
this function corresponds to an objective related to a measure
of the image quality. In this context, an image quality metric
aims to estimate the quality of an image, taking into account
not only its difference with regard to an ideal (or original
image) but also how these differences are perceived by the
human visual system. In this case, there are three types of
objective approaches: (1) Full Reference Metrics (FR), (2)
Reduced-reference (RR), and (3) No-Reference Metrics (NR).
In Full-Reference (FR), a degraded image is compared with
an ideal version (or reference) in order to estimate its quality
[13]. The most popular full-reference image quality metrics are
the peak Signal-to-Noise Ratio (PSNR) and the Mean Squared
Error (MSE) [14]. In Reduced-reference (RR) image quality
measures try to predict the visual quality of distorted images
by using only partial information about the reference images.

Otherwise, there are applications in which the reference
image does not exist (i.e. underwater environments). In these
cases, a NR image quality metric is needed for achieving
a blind restoration. In order to use this quality metric the
restoration process need to achieve three goals [13]: (1) to
estimate faithfully the quality of an image without a priory
knowledge of the parameters of the different environments (i.e.
different water optical properties); (2) to be independent of the

content; (3) to be immune or less sensitive to noise, specially
those caused by multiple scattering in turbid underwater envi-
ronments. Such metric is a critical component in the automated
image restoration process, where the optimization algorithm
needs to know the stop ping criteria and determine if it has
found the best result [13].

Since an underwater image is submitted to different kinds
of distortions (i.e. blurring, low contrast, etc.), more than one
metric for image quality assessment must be used. This makes
the Multi-Objective optimization processes ideal for this kind
of applications.

In this paper we present an algorithm for restoration
of simulated underwater environments. The approach consist
of using a Multi-Objective Differential Evolution (MODE)
algorithm for the optimization process, and two NR metrics.
In order to achieve the multi-objective approach two metrics
has been used as objective functions which detect jointly the
classical problems involved in restoration tasks as well the
contrast problem, which is also related in degradation process
related to underwater case. The optimization problem consists
specifically on obtain the parameter of the Trucco model (see
section II) and testing the results of the image quality. The
first metric is the Naturalness Image Quality Evaluator (NIQE)
[15], while the second one is based on the distribution of
contrast [16].

The main contribution of this work consist of the novel
use of the MODE algorithm in image restoration problem
applied for underwater case, and the use of adequate metrics as
objective function. Results show that, using these metrics, the
optimization process is able to estimate the model parameters
correctly. In our case, the estimated parameters are used to
invert the image degradation model and producing a restored
image.

This work is organized as follows. In section II, the
theoretical background on underwater degradation models and
MODE optimization algorithm is presented. In Section III,
some related works on underwater image restoration are pre-
sented. Section IV presents the implementations and results
achieved by the restoration system. And finally, Section V
presents the conclusions.

II. THEORETICAL BACKGROUND

A. Underwater Image Acquisition

To understand underwater image processing, we have to
analyze the basic physics of light propagation in the water
medium. Light interacts with water through two processes,
namely: (1) absorption and (2) scattering. Absorption is the
loss of power that occurs when light travels in the medium,
which depends on the index medium refraction. Scattering
refers to any deflection from a straight-line propagation path
[6], [17]. The scattering process can be divided into two
classes: (1) back-scattering and (2) forward-scattering.

Back-scattering refers to a process in which a fraction of
light is reflected by particles in water. This reflected light is
captured by the camera before it reaches the object in the
scene, limiting the contrast of the images. Forward-scattering
corresponds to the light that is randomly deviated on its way
from the object to the camera. Generally this leads to blurring



of the image [6]. The most complete and popular model was
proposed by Jaffe-McGlamery [18], [19]. According to this
model, the underwater image can be represented as the linear
superposition of three components, as shown in Fig. 1: (1)
direct component, (2) forward-scattered component, and (3)
backscatter component. These three components are linearly
summed, representing the total irradiance captured by the
camera sensor, being expressed by equation 1.

LIGHT 
SOURCE

OBJECT

IMAGE PLANE
(CAMERA)

FLOATING 
PARTICLES

Direct Component
Forward Component
Backscatter Component

Fig. 1. Components of Jaffe-McGlamery Model [17].

Et = Ed + Ef + Eb, (1)

where Et is the total irradiance, Ed the direct component, Ef

the forward-scattered component, and Eb the backscatter.

Another assumption used by the Jaffe-McGlamery model
is that the intensity of the light traveling in the water decreases
exponentially. This loss can be described by the following
equation [20]:

Ei(d) = E0,i exp(−cid), (2)

where i is the light wavelength , d is the distance traveled,
Ei(d) is the light intensity of wavelength i, E0,i is the
light intensity of wavelength i at the light source, and ci
is the attenuation coefficient at wavelength i. Note that the
attenuation coefficient depends on the light wavelength or, in
others words, of the color of light [21].

Based on the two assumptions described above (Eqs.
(summarized in 1) and (2)), the complete JaffeMcGlamery
underwater image model has been derived in[19]. Due to
the complexity of Jaffe-McGlamery’s model, researchers have
made simplifications in order to reduce the amount of cal-
culations needed. One of most common simplifications is
presented in a model proposed by Trucco and Olmos in
[22]. This model reduces generality but still accounts for
a sufficiently wide class of practical situations [22]. In this
case, the authors consider an uniform illumination, which is a
reasonable assumption for shallow waters, where illumination
is provided by direct sunlight. Also, they assume that the
forward-scattering process is the main cause of degradation,

and that the backscatter effect can be ignored. The final is
given by the equation 3.

Ef = Ed ∗ g(x, y, d,G, c, B). (3)

This model is based on the development of the PSF (Point-
Spread-Function), g(x, y, d,G, c, B). With some further sim-
plifications, the presented model is reduced to the construction
of an inverse filter in frequency domain [22], represented by
equation 4.

G(f, d, c,K) = K exp(−cdω). (4)

B. Multi-Objective Differential Evolution Algorithm

The Differential Evolution (DE) algorithm has been widely
applied to multi-objective problems with relative success. For
a review on the DE algorithm and also its multi-objective
versions see [53]. Among them, a simplified version was
proposed by [54] called DEMO/parent, adopting the Pareto-
based ranking and crowding distance metric as in the Non-
dominated Sorting Genetic Algorithm version II (NSGA-II)
[55]. Another approach was the Pareto Differential Evolution
Algorithm (PDEA), proposed by [56].

The DEMO/parent algorithm adapts the original DE al-
gorithm in order to cope with multi-objective problems as
follows. The greedy selection at the end of each iteration of
the DE algorithm is replaced by a strategy, which considers for
the child solution the dominance regarding its parent, namely:
if the child solution is dominated by its parent, discard it;
else if the child solution dominates the parent, substitute the
parent by its child solution; else, keep both of them in the
population. After this checking is done (for all child solutions)
the population is truncated according to the dominance and
crowding distance criterion such as in NSGA-II. The PDEA
is slightly different than DEMO/parent. It concatenates both
parent and child populations and truncate them according to the
same criteria (dominance and crowding distance). We show the
description of the DEMO/parent and PDEA algorithms below,
marking whenever those algorithms differ.

• Step 1 (Initialization): Randomly initialize the parent
solutions Pi inside the given search space and evaluate
the solutions.

• Step 2 (Create candidate solution): For each Pi, create
a child solution Ci according to DE update equations;

• Step 3 (Evaluate child solutions): Calculate the objec-
tive functions for each child solution Ci;

• Step 4 - DEMO/parent (Keep solutions): Update the
parent solutions for the next generation: if Ci is
dominated by Pi, discard it, else if Ci dominates Pi,
replace Pi by Ci, else keep both Ci and Pi;

• Step 4 - PDEA (Keep solutions): Keep both child and
parent populations for the next step;

• Step 5 (Truncate parent solutions): At this point, the
number of parent solutions for the next iteration range
from N to 2N in DEMO/parent and is equal to 2N
in PDEA, where N is the size of the population. Then



we set the parent population for the next iteration as
the truncation of the parent and child solutions as in
the NSGA-II, according to the nondominance criterion
and the crowding distance metric;

• Step 6 (Iteration counter increase): g = g + 1;

• Step 7 (Termination criterion check): If the total
number of iterations has been reached, terminate,
otherwise, go to Step 2.

III. RELATED WORKS

In image restoration process is considered that the environ-
ment does not change the image features. However, for images
taken in underwater environments, the interactions between
the light and the environment generate a degradation in the
acquired image, which cannot be ignored.

Bio-inspired algorithms are a good alternative to arrive at
optimal solutions in real problems of high complexity. Con-
sidering that underwater image restoration is a very complex
problem, bio-inspired algorithms may present a good solution
for this application. In this section, the more relevant works
on underwater image restoration and their optimization using
bio-inspired algorithms, are discussed.

A. Underwater Image Restoration

Schettini and Corchs [6] present a wide review on under-
water image restoration techniques. One of most cited works
in this area is the technique proposed by Trucco and Olmos-
Antillon [22] in 2006. The main contribution of Trucco and
Olmos is the simplified image formation model. This model
ignores the effect of back-scattering component for scenes
in which the distance between the object and the camera is
short. Based on this model, the authors presents a self-tunable
filter for underwater image restoration that assumes that the
environment illumination is uniform.

A different simplification of the original model was pro-
posed by Schechner and Karpel in 2004 [26] and 2005 [27].
These new models consider the back-scatter effect and ignore
the forward-scattering for wide scenes, considering distances
between 20 and 30 meters between the camera and the scene.
The authors propose a technique to recover the visibility in
underwater scenes using light polarization. In 2009, Treibitz
and Schechner [28] presented a different approach based on
polarization. Although this method provides good results in
real life situations, it requires the use of external optical
elements, such as polarizers and artificial light sources.

Another important contribution was presented by Lui et.
al. in 2001 [29]. In this work, the authors propose a method-
ology for measuring the PSF. The measurements was done
in controlled environments with images taken in a tank, with
distances ranging 3 meters. The authors implement a Wiener
filter for restoring the images with the measured PSF. Hou
et. al. [30], [31] presented a different methodology for PSF
measurement and image restoration. In more recent work, Y.
Chen et. al. [32] presented a review about several empiric PSF
models in underwater environments, testing these models using
blind restoration algorithms to validate their solution.

E. Nascimento et. al. (2009) [33] presented an automatic
methodology for restoration based on the propagation of light

in underwater environments. This technique uses pairs of im-
ages acquired from different points under the same conditions
(a stereo vision system is used). Considering that scattering an
absorption processes are function of the distance, the intensity
captured by each camera tends to be different for each point.
Assuming that properties of water are the same for both
images and knowing the distance between the scene and the
image plane, the model parameters are estimated and used for
restoration.

Also in 2009, Y. Tian et. al. [34] presented a model based
on the wave equation in order to estimate the shape of water
surface. In this case, the camera is placed out of the water and
the model is used to recover the image of the underwater scene.
The presented approach does not need calibration patterns or
a priori information to achieve the objective.

In 2010, F. Fan et. al. [35] presented a blind restoration
algorithm based on Lucy-Rchardson algorithm. In order of esti-
mate the PSF, it used a small angle approximation proposed by
Wells in 1973 [36] that considers scattering angles from 0 to 10
degrees. In the same year, W. Ferreira de Barros [5] presented a
simplification for the Jaffe-McGlamery model that performs an
inversion to restore the degraded image. The model parameters
are estimated using a non-linear multi-objective optimization
function available in the Matlab Optimization Toolbox [37].

Boffety and Galland [38] presented a model for simulation
of “marine snow” based on the Jaffe-McGlamery model in
2011. The authors present an interesting study of the impact
of marine snow in the restoration performance. In 2012, D. Lee
et. al. [39] proposed a system for restoration of visibility for
an underwater robot. The restoration method is based on the
inversion of the Jaffe-McGlamery model, considering only the
direct component. Due to the attenuation coefficient depends
on the wavelength of light, this coefficient is different for each
color channel. The coefficients used by the authors correspond
to the values determined experimentally for shallow waters by
Yamashita et. al. [40].

In 2012, M. Yang et. al. [41], [42] presented a strategy for
image restoration based on the atmospheric turbulence model
by Hufnagel e Stanley [43] in 1964. In this case, the PSF
depends on a value called turbulence coefficient and a coarse-
to-fine strategy is used in the search for the optimal value.
Once the parameter has been estimated, the restoration process
performed using a Wiener filter.

B. Image Restoration Using Bio-inspired Optimization

Zhang et. al. [44], in 2008, presented a strategy for image
restoration using neural networks. The PSO algorithm is used
to optimize the neural network, taking an error measure as a
fitness function.

In 2009, Dash et. al. [45] presented an algorithm for image
restoration based on regularization. The optimal regularization
parameter (λ) is estimated using the PSO algorithm. In this
case, the objective function is the MSE.

T. Sun et. al. [46] discussed a restoration algorithm based
on a fusion between genetic algorithms (GA) and neural
network in 2010. The approach uses the advantages of genetic
algorithms for parameter estimation and of the neural network
for training the restoration system.



J. Papa et. al. [47] presented a technique for restoration
called Projections onto Convex Sets. This technique consists
of projecting solutions into hyperspaces until they achieve a
convergence criteria. The number of convex sets and their
combination allow to project several algorithms for image
restoration [47]. This technique uses a relaxation parameter
(λ) that strongly depends on the features of the image to be
restored. Thus, wrong values of λ can lead to poor restoration
results. The PSO algorithm is used to find the optimal re-
laxation parameter. The authors compare the achieved results
with more traditional algorithms, like Wiener filter and Lucy-
Richardson algorithm.

In 2011, Li et al. [3] introduced the selection process of
genetic algorithms into a basic PSO to solve the premature
convergence problem. The proposed algorithm uses a Least
Squares Estimation (LSE) model for restoration [3], assuming
that every image is a particle. In other words, every image is
a solution for the optimization problem.

Also in 2011, Qinquing et al. [48] presented an strategy for
image enhancement based on a parameterized transformation
function. To solve the problem of premature convergence
of the PSO, the parameters of this function are estimated
using the PSO algorithm mixed with a Simulated Annealing
(SA) mechanism. In this strategy, the objective function gives
information about the entropy and the edges in the image.

Sun et al. [7] proposed a restoration algorithm based on
regularization methods. The optimal value of the regularization
parameter is estimated using a modified PSO algorithm.

In 2012, Toumi et al. [49] used a PSO algorithm for blind
restoration, estimating the optimal parameters for PSF. The
authors proposed a new Search Efficiency Function as a cost
function.

F. Latifoglu et al. [50], in 2013, presented an approach
based on 2D FIR filters for noise elimination. In this work, the
coefficients for the filter are estimated using an ABC (Artificial
Bee Colony) algorithm. The objective function used is the MSE
(Mean Squared Error).

Related to underwater restoration issues as well as the use
of bio-inspired techniques it can be observed the tendency to
obtain restoration techniques (for underwater case) based on
more acquired models. In this case, the problem is related
to the complexity of the models, which can contain several
parameters, representing an inversion problem in which op-
timization techniques can be applied in order to obtain more
accurate parameters. In this case, the Trucco model is the more
used based on the simplicity a potential to represent the physics
effects involved in underwater images. Most of the related
works involving bio-inspired optimization algorithms are based
on PSO in which were not applied multi-objective techniques.
Otherwise, the use of specific metrics for restoring underwater
image is a challenge due to the close relation involved among
different physics variables and the problem of contrast which
was detected in experimental researches developed by the
authors of this approach. In this case, the proposal of more
than one cost functions has not been discussed in the related
works, such as has been developed in this work.

IV. IMPLEMENTATIONS AND RESULTS

In this work, the degradation process was simulated using
an image degradation model. Since this is a blind-restoration
problem and no-reference image quality metrics were used in
the optimization process. In this section, the obtained results
for image degradation, optimization and image restoration are
presented.

A. Image Degradation

In this work, we use the image model proposed by Trucco
for simulation of underwater degradation (see Section IIA).
Taking the model described in Eq. (3) in the frequency domain,
we obtain the following equation 5.

E(u, v) = Ed(u, v)Ke(−cdω). (5)

In Eq. (5), the term Ke(−cdω) corresponds to the Point
Spread Function (PSF). This function can be presented as a
low-pass filter, where K is the gain of the filter and ω is the
frequency. Ed is the direct component and can be presented
by equation 6.

Ed(u, v) = �
{
E0(i, j)e

−cd
}
, (6)

where E0(i, j) corresponds to the reference (without degrada-
tions) image in the space domain and � represents the Fourier
Transform. This model is used to simulate images captured in
an underwater environment. The results of the implementation
of this model are shown in Figure 2.

(a) (b)

Fig. 2. Degraded image using the Trucco’s model. (a) Original image. (b)
Degraded image. Parameters used for degradation: c = 0.3m−1, K = 0.7,
d = 3m. (Image taken from LIVE database [51])

B. Image Restoration

In order to restore the degraded image, the model used
for degradation has to be inverted to find an approximation
of the original image Ê0. The inverted model is presented by
equation 7.

Ê0(i, j) = �−1

{�{E(i, j)}
Ke−cdω

}
ecd, (7)

where E(i, j) corresponds to the degraded image in the spatial
domain, c the attenuation coefficient, K the gain of the PSF
function and d the distance between the camera and the scene.



TABLE I. RESULTS FOR SPACING METRIC OF PDEA AND

DEMO/PARENT ALGORITHMS (10 RUNS)

PDEA DEMO/Parent
Mean 0.0638 0.0653

S. deviation 0.0220 0.0314

Min. 0.0378 0.0312

Max. 0.0940 0.1152

In underwater imaging, degradations could change the
quality of the image in different ways. For this reason, more
than one metric for image quality assessment has to be used,
leading to a multi-objective approach. In order to estimate the
parameters of the model, a MODE algorithm was used. In this
work, the parameters c and K are considered as the decision
variables for optimization process. It is important to notice that,
physically, parameters c and K not depends on the distance
d. Also, d can be estimated in others ways (i.e. using a stereo
vision system [33], [52]).

The metric NIQE [15] and the distribution of contrast [16]
are used as cost functions. NIQE is based on the construction
of a “quality aware” collection of statistical features based on
a simple and successful space domain natural scene statistic
(NSS) model [15]. Low values of NIQE mean better quality of
the image. On the other hand, in the case of the distribution of
contrast [16], only the range of the distribution is used. Larger
values for the range of distribution means a better quality.

In this work, the parameters used for degradation are the
same described in Figure 2. Better results are achieved with a
population size of 30 and 250 iterations for the MODE. Also,
it is defined values of 0.5 for the scaling factor and 0.9 for
the crossover probability. Two different approaches for MODE
algorithm were implemented, the PDEA and DEMO/Parent.
Each algorithm was performed 10 times. Figure 3 show the
non-dominated solutions after the 10 runs for both algorithms.
These figure also shows the values chosen (the black square)
for restoration. The image is restored using the parameters c
and K estimated by the optimization algorithms (typical values
for c and K are between 0.1 and 0.9).

Results for image restoration processes using the MODE
algorithm are shown in Figure 4, which was chosen only for
validating our approach. Also, two metrics to measure the
quality of the obtained Pareto’s fronts were used, namely the
spacing and hypervolume were measured through 10 runs with
different initial conditions. Table I shows the spacing metric
for both algorithms. There we can see that both approaches
performed equally well according to the diversity of the
solutions. Table II shows, on the other hand, that the PDEA
approach showed itself superior with a higher mean, minimum
and maximum values for this metric. It shows that the PDEA
approach was able to provide Pareto fronts which covered
a larger area in the space of objectives when compared to
DEMO/parent algorithm.

As mentioned above, the parameters used for degradation
process were c = 0.3m−1 and K = 0.7, for a fixed distance
of d = 3m. After optimization and restoration processes, the
estimated parameters are c = 0.3899m−1 and K = 0.7521.
The cost function values obtained are NIQE = 3.779 and
Range = 1.912. On the other hand, the cost function values
for original image are NIQE = 3.3998 and Range = 1.1723,

Fig. 3. Filtered Pareto’s frontier obtained by DEMO/Parent and PDEA
algorithms after 10 runs.

(a)

(b) (c)

Fig. 4. Results of image Restoration. (a) Degraded image (c = 0.3m−1,
K = 0.7, d = 3m). (b) Original image. (c) Restored image using MODE
algorithm c = 0.3899m−1, K = 0.7521, d = 3m.

TABLE II. RESULTS FOR HYPERVOLUME METRIC OF PDEA AND

DEMO/PARENT ALGORITHMS (10 RUNS)

PDEA DEMO/Parent
Mean 0.8820 0.8289

S. deviation 0.0700 0.0683

Min. 0.7749 0.7668

Max. 0.9269 0.9259

and for distorted image are NIQE = 9.0044 and Range =
0.3842. Results show that estimated values for c and K are
really close to the real values used for degradation process.



On the other hand, values of cost functions for original and
restored images are also similar. However, by doing a subjec-
tive analysis of Figure 2, it is possible to conclude that the
restored image has slightly better quality than original image.
The images used in this work are part of LIVE Image database
[51]. These images were taken in natural environments and it
can present some distortions, that is because it is not strange
to obtain a restored image with better quality than original
image. It means that the restoration process is also restoring
some of these degradations.

Figure 5 shows more results using different images with
different values for c and K. In column (a) are the original (no
degradation) images, in column (b) are the degraded images
and the column (c) belongs to restored images.

(a) (b) (c)

Fig. 5. Results of image Restoration. (a) Original. (b) Degraded image. (c)
Restored image using MODE algorithm

V. CONCLUSIONS AND FUTURE WORKS

In this work, the implementation of a restoration system
based on MODE optimization was presented. The optimization
algorithm estimated values for degradation parameters really
similar to the real parameters used for the degradation process.
By doing a subjective analysis of image results, it can be seen
that restored image has even better sharpness and contrast than
original image. However, in this work, simulated degradation
were used by implementing the Trucco’s degradation model
and it is needed a more real approach. This restoration process
would by implemented for real underwater images in order
to test the system in real conditions. In a real underwater
environment, the distance between the camera and the scene
could be measured using distance measurement technique such
as the stereo vision.

ACKNOWLEDGMENT

The authors would like to acknowledge Petrobras for
supporting the present study in the context of the program
PRH-PB223.

REFERENCES

[1] R. Gonzlez, R. Woods. Tratamiento Digital de Imgenes., Wilmington,
USA: Addison-Wesley, 1996. ISBN 0-201-62576-8.

[2] A. K. Jain.Fundamental of Digital Image Processing., Prentice-Hall,
1989.

[3] N. Li, Y. Li Image Restoration Using Improved Particle Swarm
Optimization., International Conference on Network Computing and
Information Security, pp. 394-397, 2011.

[4] R. Dash, B. Majhi. Particle Swarm Optimization Based Regularization
for Image Restoration., In World Congress on Nature and Biologically
Inspired Computing, pp. 1253–1257, 2009.

[5] W. Ferreira de Barros. Uma Abordagem Automtica para Restaurao de
Imagens de Cenas Subaquticas., Tese de Doutorado, Programa de Ps-
Graduao em Ciłncia da Computao do Instituto de Ciłncias Exatas da
Universidade Federal de Minas Gerais (UFMG), 2010.

[6] R. Schettini, S. Corchs. Underwater Image Processing: State of Art of
Restoration and Image Enhancement Methods, In EURASIP Journal on
Advances in Signal Processing, Volume 2010.

[7] Z. Sun, E. Li, J. Zhang, X. Gao. A Regularized Image Restoration
Algorithm Based on Improved Hybrid Particle Swarm Optimization.,
In The 6th International Forum on Strategic Technology, pp. 725–728,
2011.

[8] C. Floudas, C. Gounaris. A review of recent advances in global
optimization., Journal of Global Optimization, pp. 3–38, 2009.

[9] A. Zhigljavsky, A. Zilinskas. Stochastic Global Optimization., Springer,
2007.

[10] A.E. Eiben, J.E. Smith. Introduction to Evolutionary Computing.,
Springer, 2003.

[11] A.P. Engelbrecht, Computational Intelligence: An Introduction, 2nd ed.,
Wiley Publishing, 2007.

[12] R. Ugolotti, Y.S.G. Nashed, P. Mesejo, S. Ivekovic, L. Mussi, S.
Cagnoni. Particle Swarm Optimization and Differential Evolution for
model-based object detection., In Applied Soft Computing, Volume 13,
Issue 6, pp 3092–3105, 2013.

[13] W. Hou, A.D. Weidemann. Objectively assessing underwater image
quality for the purpose of automated restoration. In Proc. SPIE 6575,
Visual Information Processing XVI, 2007.

[14] Z. Wang, and A. C. Bovik. Why is image quality assessment so difficult?.
In IEEE International Conference on Acoustics, Speech, & Signal
Processing, 2002.

[15] A. Mittal, R. Soundararajan, and A. C. Bovik, Making a ‘Completely
Blind’ Image Quality Analyzer. In IEEE Signal Processing Letters,
Volume 20, Issue 3, pp. 209–212, 2013.

[16] R. M. Balboa, N. M. Grzywacz, Power spectra and distribution of
contrasts of natural images from different habitats., Vision Research
43, 25272537, 2003.

[17] Y. Wang, B. Wu, Fast Clear Single Underwater Image., In International
Conference on Computational Intelligence and Software Engineering
(CiSE), pp. 1–4, 2010.

[18] B. McGlamery, A computer model for underwater camera system, In
Ocean Optics VI, S. Q. Duntley, Ed., vol. 208 of Proceedings of SPIE,
pp. 221–231, 1979.

[19] J. S. Jaffe, Computer modeling and the design of optimal underwater
imaging systems. In IEEE Journal of Oceanic Engineering, vol. 15, no.
2, pp. 101–111, 1990.

[20] A. Yamashita, M. Fujii, T. Kaneko, Color registration of underwater
images for underwater sensing with consideration of light attenuation.,
In Proceedings of the IEEE International Conference on Robotics and
Automation, pp. 4570–4575, 2007.

[21] D. Lee, G. Kim, D. Kim, H. Myung, H. T. Choi, Vision-based
object detection and tracking for autonomous navigation of underwater
robots., In Ocean Engineering 48, pp. 59–68, 2012.

[22] E. Trucco, A. Olmos-Antillon, Self-tuning Underwater Image Restora-
tion In IEEE Journal of Oceanic Engineering, pp. 511–519, 2006.

[23] J.Kennedy, R.C.Eberhart Particle Swarm Optimization, In Proc. IEEE
International conf. on neural networks, vol.IV, pp. 265–270, 1995.

[24] R. Dash, B. Majhi, Particle Swarm Optimization Based Regularization
for Image Restoration, In World Congress on Nature & Biologically
Inspired Computing. NaBIC, pp. 1253–1257, 2009.

[25] T.-Y. Sun, C.-C. Liu, Y.-P. Jheng, J.-H. Jheng, S.-J. Tsai, S.-T. Hsieh,
Blind Image Deconvolution via Particle Swarm Optimization with
Entropy Evaluation., In Eighth International Conference on Intelligent
Systems Design and Applications, pp. 265–270, 2008.



[26] Y. Schechner, N. Karpel, Clear Underwater Vision. In Proc. Computer
Vision and Pattern Recognition, pp. 536–543, 2004.

[27] Y. Schechner, N. Karpel, Recovery of Underwater Visibility and Struc-
ture by Polarization Analysis., In IEEE Journal of Oceanic Engineering,
pp. 570–587, 2005.

[28] T. Treibitz, Y. Y. Schechner, Active Polarization Descattering. In IEEE
Transactions on Pattern Analysis and Machine Intelligence, pp. 385-
399, 2009.

[29] Z. Liu, Y. Yu, K. Zhang, H. Huang, Underwater Image Transmission
and Blurred Image Restoration. In Optical Engineering, vol. 40, no. 6,
pp. 1125–1131, 2001.

[30] W. Hou, D. J. Gray, A. D. Weidemann, G. R. Fournier, J. L. Forand,
Automated Underwater Image Restoration and Retrieval of Related
Optical Properties. In Proceedings of the IEEE International Geoscience
and Remote Sensing Symposium (IGARSS07), pp. 1889–1892, 2007.

[31] W. Hou, A. D. Weidemann, D. J. Gray, G. R. Fournier, Imagery-Derived
Modulation Transfer Function and its Applications for Underwater
Imaging. In Applications of Digital Image Processing, , vol. 6696 of
Proceedings of SPIE, 2007.

[32] Y. Chen, M. Xia, W. Li, X. Zhang, K. Yang, Comparison of Point
Spread Models for Underwater Image Restoration. In Optik 123, pp.
753–757, 2012.

[33] E. Nascimento, M. Campos, W. Barros, Stereo Based Structure Recov-
ery of Underwater Scenes from Automatically Restored Images. In XXII
Brazilian Symposium on Computer Graphics and Image Processing, pp.
330–337, 2009.

[34] Y. Tian, S.G. Narasimhan, Seeing through Water: Image Restoration
Using Model-based Tracking. In IEEE 12th International Conference
on Computer Vision, pp. 2303–2310, 2009.

[35] F. Fan, K. Yang, B. Fu, M. Xia, W. Zhang, Application of Blind
Deconvolution Approach with Image Quality Metric in Underwater
Image Restoration. In International Conference on Image Analysis and
Signal Processing (IASP), pp. 236–239, 2010.

[36] W.H. Wells, Theory of Small Angle Scattering. In AGARD Lec. Series
no. 61, (NATO, 1973).

[37] T. Coleman, M.A. Branch, A. Grace, Optimization Toolbox For Use
with MATLAB Users Guide Version 2., The MathWorks, Inc. 2002.

[38] M. Boffety, F. Galland, Phenomenological Marine Snow Model for Op-
tical Underwater Image Simulation: Applications to Color Restoration.,
In OCEANS, 2012 - Yeosu, pp. 1–6, 2012.

[39] D. Lee, G. Kim, D. Kim, H. Myung, H.T. Choi, Vision-based Object
Detection and Tracking for Autonomous Navigation of Underwater
Robots Image Simulation: Applications to Color Restoration. In Ocean
Engineering 48, pp. 59–68, 2012.

[40] A. Yamashita, M. Fujii, T. Kaneko, Color Registration of Underwater
Images for Underwater Sensing with Consideration of Light Attenua-
tion. In Proceedings of the IEEE International Conference on Robotics
and Automation, pp. 4570–4575, 2007.

[41] M. Yang, C. Gong, Underwater Image Restoration by Turbulence Model
Based on Image Gradient Distribution. In International Conference
on Uncertainty Reasoning and Knowledge Engineering, pp. 296–299,
2012.

[42] M. Yang, M. Yang, Underwater Image Adaptive Restoration and
Analysis by Turbulence Model. In Information and Communication
Technologies (WICT), pp. 1182–1187, 2012.

[43] R. E. Hufnagel, N. R. Stanley, Modulation Transfer Function Associated
with Image Transmission Through Turbulent Media. In J Opt Soc Am,
vol. 54, no. 1, pp. 52-60, 1964.

[44] Y. Zhang, Z. Jia, H. Jiang, Z. Liu, Image Restoration Based on Robust
Error Function and Particle Swarm Optimization-BP Neural Network.
In IV International Conference on Natural Computation, pp 640–644,
2008.

[45] R. Dash, B. Majhi, Particle Swarm Optimization Based Regularization
for Image Restoration. In World Congress on Nature and Biologically
Inspired Computing, pp. 1253–1257, 2009.

[46] T. Sun, X. Wu, Image Restoration Based on Parallel GA and Hopfield
NN. In Ninth International Symposium on Distributed Computing and
Applications to Business, Engineering and Science, pp. 565-567, 2010.

[47] J. P. Papa, L. M. G. Fonseca, L. A. S. de Carvalho, Projections Onto
Convex Sets through Particle Swarm Optimization and its application
for remote sensing image restoration. In Pattern Recognition Letters 31,
pp. 1876–1886, 2010.

[48] G. Qinqing, Z. Guangping, Image Enhancement Technique Based
On Improved PSO Algorithm. In 6th IEEE Conference on Industrial
Electronics and Applications, pp. 234–238, 2011.

[49] A. Toumi, N. Rechid, A. Taleb-Ahmed, K. Benmahammed, Search
Efficiency FunctionPSO Combination for Blind Image Restoration. In
6th International Conference on Sciences of Electronics,Technologies
of Information and Telecommunications (SETIT), pp. 293–296, 2012.

[50] F. Latifoglu, A Novel Approach to Speckle Noise Filtering Based on
Artificial Bee Colony Algorithm: An Ultrasound Image Application. In
Computer Methods and Programing in Biomedicine III, pp. 561–569,
2013.

[51] H. R. Sheikh, Z. Wang, L. Cormack, A. C. Bovik,
LIVE Image Quality Assessment Database Release 2.
http://live.ece.utexas.edu/research/quality.

[52] C. Sanchez-Ferreira, J. Y. Mori, C. H. Llanos, E. Fortaleza, Develop-
ment of a stereo vision measurement architecture for an underwater
robot. In IEEE Fourth Latin American Symposium on Circuits and
Systems (LASCAS), pp. 1–4, 2013.

[53] S. Das and P. N. Suganthan, Differential Evolution: A Survey of the
State-of-the-Art. In IEEE Transactions on Evolutionary Computation
15(1), pp. 4–31, 2011.

[54] T. Robic, and B. Filipic, DEMO: Differential evolution for multiob-
jective optimization. In Proceedings of Evolutionary Multi-Criterion
Optimization (EMO 2005), C. Coello, A. Aguirre, and E. Zitzler, Eds.,
Guanajuato, Mexico, pp. 520–533, 2005.

[55] K. Deb, A. Pratap, S. Agarwal and T. Meyarivan, A Fast Elitist
Multi-Objective Genetic Algorithm: NSGA-II. In IEEE Transactions on
Evolutionary Computation 6(), pp. 182–197, 2011.

[56] N. K. Madavan, Multiobjective optimization using a Pareto differential
evolution approach., Proceedings of the IEEE Congress on Evolutionary
Computation, vol.2, pp.1145–1150, 2002.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


		2015-09-21T11:12:54-0400
	Certified PDF 2 Signature




