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Abstract Underwater imaging is crucial for marine biology, oceanography, and
underwater archaeology, but low-quality images often result from issues like
speckle noise, backscatter noise, and blur. To address the difficulties posed by
these challenges, a recent study presents an effective methodology for enhanc-
ing the visual quality of underwater images. The approach comprises color cor-
rection, contrast enhancement, homomorphic filtering, and fusion. Contrast
Stretching is also used to improve contrast based on the range of intensity val-
ues. The proposed method is evaluated through qualitative and quantitative as-
sessments, demonstrating its effectiveness in improving image details, enhanc-
ing global contrast, and exposing dark areas. According to the results, the pro-
posed methodology surpasses several state-of-the-art techniques currently in
use. The ultimate objective is to enhance the visual quality of underwater imag-
es, and the outcome of the study is a strong methodology that effectively tackles
the challenges of underwater imaging, leading to improved image quality.
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1 Introduction

In recent years, the image processing and underwater vision fields have placed signif-
icant emphasis on enhancing the quality of underwater images. Both areas have rec-
ognized the importance of enhancing the clarity and visual representation of underwa-
ter imagery [1]. The development of underwater imaging systems for military drones
[2], as well as the growing interest from the commercial and consumer sectors, have
led to increased accessibility and exposure in various marketplaces [3]. However,
there are fundamental constraints imposed by the underwater environment, which
presently limit the quality of these images. The presence of speckle noise, backscatter
noise, color distortion, motion blur, low visibility, and low contrast degrades the over-
all quality of the image [4]. These factors arise from the optical process of forming
underwater images, which is distinct from that of imaging in the air due to light scat-



tering in the underwater medium. Despite these challenges, it is essential to avoid

over-enhancing and saturating underwater images. Figl presents a collection of un-

derwater images that exhibit different types of degradation.
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Fig.1 Examples of underwater images with different degradations

According to the Jaffe-McGlamery model, which is depicted in Figure 2 and referenced in
[5] an underwater image can be divided into three parts: Lq, L¢, and Ly,. Lq represents the direct
reflection from the object, which is not scattered by the water, while L refers to the forward
scattering light reflected by the object at a small angle, and L, is the backscattered light that
enters the camera without reflecting off the object. Since underwater images are affected by
complex imaging models and poor lighting conditions that can degrade their visual quality,
enhancing their quality is essential to convert low-quality images into high-quality ones. Equa-
tion (1), which corresponds to Jaffe-McGlamery's model, can be used to decompose an under-
water image into its components, thereby aiding in the understanding and improvement of the
image's quality.
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Figure 2 - Jaffe-Mcglamery’s Model [5]
L| == Ld + Lf +|—b (1)

Researchers have extensively explored methods to enhance the clarity of underwater images
by addressing the haziness present in them. Chongyi Li et al [6] introduced a method that
utilizes smearing and color correction algorithms to tackle color and contrast chal-
lenges in underwater images. To counteract the noise resulting from the physical
characteristics of the underwater medium, they employed a histogram equalization
algorithm and bilateral filtering for enhancing contrast and correcting colors. In their
study, Wang et al [7] introduced a method for enhancing low-light underwater images.
Their methodology involved obtaining a haze-free image, followed by enhancing the
contrast, brightness, and overall visual quality through various techniques such as
Histogram Equalization, color correction, and stretching of the HSI model. Pri-



yadharshini and Aruna [8] proposed an effective technique for enhancing visibility in
hazy conditions to prevent road image degradation. Their approach removes haze
without introducing noise or artifacts, making it suitable for applications like autono-
mous driving and surveillance systems. De Vleeschouwer et al [9] developed an algo-
rithm that utilizes a fusion approach with two inputs, namely, a color-corrected image
and an image with improved contrast. The algorithm estimates these inputs to enhance
the overall quality of the underwater image. Khan et al [10] employed a wavelet-
based fusion method in their investigation to address the color and contrast issues
often encountered in underwater imagery. They incorporated techniques such as his-
togram stretching and CLAHE to enhance the contrast and rectify the color distortion
that occurs due to low-contrast and color attenuation typical in hazy images. As a
result, their approach proved effective in enhancing the overall quality of underwater
images. In their research, Cosmin et al [11] presented a method to address the diffi-
culties posed by underwater conditions, where they produced two inputs showing a
color-corrected and contrast-enhanced rendition of the initial underwater image. This
technique combines the two inputs to mitigate the presence of halos and color distor-
tions, thus leading to a refined image with reduced noise and enhanced visibility.
Jiang et al [12] put forward a novel approach to address the issue of degraded under-
water images, which involves using a target-oriented perceptual adversarial network
that incorporates an adaptive fusion of latent aspects. This technique is designed to
effectively remove degradation in underwater images while prioritizing the preserva-
tion of specific target features. Wang, X. Ding et al [13] introduced an approach to
improve underwater images using wavelet decomposition and multi-scale fusion.
Since water’s suspended particles can affect the image quality and accuracy, color
correction becomes necessary in the image processing domain. Zuiderveld et al [14]
have proposed a contrast limited adaptive histogram equalization (CLAHE) method
as an alternative approach for image enhancement. CLAHE balances the target areas
by merging the histograms of adjacent regions. As this method works based on the
neighborhood regions rather than the whole image, it can effectively deal with non-
uniform lighting, leaving the processed image with balanced illumination. In their
research, Igbal et al [15] presented an unsupervised methodology for improving the
quality of low-quality images using color correction. The proposed approach utilizes
color-balancing contrast correction for the RGB color model, as well as contrast cor-
rection for the HIS color model.

Khan et al [16] introduced bi-histogram equalization methods for improving the
contrast of digital images while preserving their natural appearance. While multi-
histogram equalization methods can maintain image brightness and authenticity, they
may sacrifice either contrast or brightness. However, these methods are more appro-
priate for images with sufficient lighting and may introduce halo and color distortions
in images with poor lighting conditions. The researchers addressed this limitation by
enhancing the image results through the elimination of poor lighting conditions.

The aim of this research is to enhance the quality of images taken underwater, and
various techniques are available for achieving this goal, each with its own strengths
and weaknesses. Existing advanced techniques rely on color correction and multi-



image processing, but these methods have downsides such as longer processing times,
reduced image contrast, and lower accuracy of restoration. To address these issues, a
need for a new and effective approach to underwater imaging has been identified. A
novel procedure has been developed for removing the haze that commonly appears in
conventional camera underwater images. The essential steps of this proposed method-
ology are outlined below.
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To improve the quality of the reconstructed image, three algorithms -
sharpening, homomorphic filtering, and gamma correction are used to
create three variants of the original image.

The three improved versions of the original image are then merged using
a fusion technique that follows a maximum selection rule.

The maximum selection rule selects the pixel with the highest intensity
value from each corresponding input image to form the output image.
After the fusion process, a contrast stretching algorithm is used to balance
the dominant colors in the resulting image.

The contrast stretching algorithm enhances the overall quality of the im-
age.

Materials and Methods

The preceding section provided an overview of various studies conducted in the do-
main of underwater imaging. In this work, we have approached a new technique
which utilizes a three stage methodology to improve the quality of underwater imag-
es. This approach integrates white balance and image fusion techniques to produce
superior quality images. The framework's design is depicted in Fig 4, which illustrates
the different stages involved in the proposed strategy.

Gamma correction

it

TR

Raw image White balancd Sharpening Fused|image Contrast stretching Enhanced Image

Homomorphic image

Fig 4. Block diagram of Proposed enhancement technique




2.1  Color balancing

211 White balancing

White balancing [17] is a useful technique for eliminating undesired color casts from
an image. This is especially important for underwater photography, where light scat-
tering can cause color distortion. To achieve a natural look in underwater images,
white balancing is typically applied to the three primary colors. However, in this envi-
ronment, only the green color tends to be accurately preserved. As a result, to perform
white balancing on underwater images, it is necessary to extract the red and blue
channels using the green channel at each pixel location, applying equation (2) and (3),
and ensuring that the resulting normalized image rate falls within the range of 0 to 1

1) For red color, I, at each pixel location (x)

L(x)=6L(x) + «a [I; - I_r][l - Ir(x)] . Ig(x) (2)
2) For blue channel, I,,. at each pixel location (x)
Ie(®) = I,(x) + a[ly—L,][1- L,(x)]. I;(x) 3)
2.1.2 Gamma correction

Gamma correction [17] is a method used to adjust the contrast of an image between
its dark and bright areas. This correction tends to reduce the contrast in underexposed
regions while enhancing the darker areas of the image. By adjusting the luminance or
brightness of an image, gamma correction aims to make it more consistent with the
way the human eye perceives brightness [17]. This technique involves applying a
specific function that maps the image's luminance levels to compensate for the non-
linear luminance effect that result from displaying an image on a screen.

2.1.3 Sharpening

In [17], the technique of normalized unsharp masking for image sharpening is ex-
plained. This method involves blending a blurred or unsharp version of an image with
its original version to enhance its sharpness. The standard unsharp masking formula is
utilized, which involves adding a certain parameter (denoted by B) multiplied by the
difference between the original image and its Gaussian-filtered version. The sharp-
ened image Iis obtained asl; = I, + B(l;, — G = I;;,), where 1;, is the image that
needs sharpening (in this case, the white-balanced image), G * I;, represents the
Gaussian-filtered version of the imagel;,, and B is the parameter that needs to be de-
termined. However, selecting an appropriate value for § is not an easy task. If B is too
small, the sharpening will be ineffective, while if it is too large, the image may have
excessively bright highlights and dark shadows, leading to oversaturated regions. To
address this issue the sharpened image S is defined as follows:

S=I+N{I-G=*1})/2 (4)
Here, N signifies the linear normalizing operator, commonly known as histogram
stretching [17] .|This method has the advantage of not requiring parameter adjustments
and appears to be effective in terms of image sharpening.



2.2 Homomorphic Filter (HF)

The homomorphic filter [18] is designed on the basis of the assumption that an im-
age can be modeled as a combination of two distinct components: an illumination
component and a reflectance component. By applying the homomorphic filter, the
illumination component is enhanced, while the reflectance component is attenuated,
which ultimately leads to an improvement in image contrast and visibility. To achieve
this, the homomorphic filter [18] utilizes a frequency-domain filtering process to sep-
arate the two components of the image. The illumination component represents the
amount of incident light on the scene [18], while the reflectance component corre-
sponds to the light reflected by the scene. Mathematically, for a given image m(x,y) at
a pixel location (x,y), the illumination component I(x,y) and the reflectance compo-
nent R(x,y) are represented as shown in equation [4].

m(x,y) = I(x,y) X R(x,y) ®)

In order to convert the image from the spatial domain to the frequency domain, a
transformation function such as the Fourier transform is typically utilized [18]. Prior
to this transformation, however, a logarithmic function is applied to Equation (6),
which involves changing the product of the illumination and reflectance components
to the sum of the logarithmic components. This process is described as follows

Z(xy) = In(m(x y)) = In(1(x,y)) + In(R(x,y)) (6)
Applying Fourier transform to the equation gives (5)
Z(u,v) = F;(u,v) + E.(u,v) @)

A filter function H(x,y) is applied to the Fourier transformed signal, which is then
subjected to inverse Fourier transform to obtain the resulting function. An inverse
exponential operation is performed on the resulting function to enhance the image.

2.3 Contrast Stretching

The Contrast Stretching technique, as described in reference [19], is used to en-
hance the contrast of an image by expanding the range of intensity values. This is
achieved through the use of a linear scaling function (8) to adjust the pixel values.
However, it should be noted that this method is only effective when the minimum and
maximum intensity values of the image are different.

S = (7' _ rmin) (Imax—Imin) +1

min (8)

(Imax—lmin)

Here r is used to represent the current pixel intensity value. The minimum intensi-
ty value in the entire image is denoted byr,,;,, while 7,,, is used to represent the
highest intensity value within the image.

2.4 UIEB Dataset

The ‘UIEB dataset (Underwater Image Enhancement Benchmark)’, as described in
[20], includes 890 authentic underwater images that have been captured under differ-



ent lighting conditions. The dataset also includes a corresponding reference image
that has better visibility and brightness compared to the original image, and does not
contain a color cast, providing a more authentic representation of the scene.

3 Experiments and Discussions

Our approach to enhancing underwater images comprises three distinct steps, which
are input processing, white balancing, homomorphic filtering, and color correction,
with the final step being image fusion. The fusion technique utilized in our method
involved an average pixel-level approach that mitigates the effects of backscattering,
ultimately resulting in superior quality images. In the following section, we assess the
sensitivity and performance of the fusion technique proposed in this study regarding
its ability to handle low-contrast effects. We compare our approach to existing meth-
ods such as ‘He et al. [21], Ancuti et al. [22]’, and various underwater dehazing ap-
proaches including ‘Drews, Jr. et al, [23], Galdran et al. [24], Emberton et al. [25],
and Vleeschouwer [26]’. We conducted an evaluation of ten methods, including our
proposed approach, on the UIEB dataset. This publicly available dataset comprises
images with various levels of color distortion, low resolution, and fog. Eight images
were selected from the dataset's validation set for our validation experiments, which
were conducted using several non-reference evaluation metrics, such as UIQM [27]
and UCIQE [27], to compare the experimental results

‘Underwater Image Quality Evaluation Metric’

The objective of the underwater image quality evaluation metrics is to analyze and
evaluate the processed underwater image [27]. Currently, there are two established
methods for evaluating the quality of such images, namely the ‘underwater color im-
age quality evaluation (UCIQE) and underwater image quality metrics (UIQM).’

i) Underwater Color Image Quality Evaluation (UCIQE)

In order to evaluate non-uniform color casts, blurring, and noise in underwater
monitor images, the UCIQE method presented in equation 9 was utilized. The UCIQE
approach involves converting an underwater image from RGB to CIELAB, which is
more consistent with the human visual system, allowing for a more accurate meas-
urement of these image quality metrics[27]. A higher UCIQE score suggests greater
harmony between Chroma, saturation, and contrast [27].

UCIQE =¢; X g, + ¢, X con; + ¢3 X g 9)

‘Where g, is the chroma standard deviation, con, is the luminance contrast, and pg

is the average saturation value. These are the weight coefficients:c,, c¢,, and ¢;’
i) ‘Underwater Image Quality Metrics (UIQM)’

The UIQM is a metric for evaluating the quality of underwater images, which is mod-
eled after the way the human visual system functions [27]. The evaluation of the qual-
ity of underwater images is based on three unique metrics: Colorfulness, Sharpness,
and Contrast. These measures are specifically tailored to assess the quality of images



captured in an underwater environment. A higher score on the UIQM metric indicates
that the resulting image is more consistent with the human perception of quality
[27].The UIQM is based on a model that is designed specifically for underwater im-
ages and aims to accurately capture their unique characteristics. This can be expressed
as follows:

UIQM = ¢; X UICM + ¢, X UISM + c5 X UIConM (10)

Where UICM, UISM, and UIConM correspond to the image colorfulness, sharp-
ness, and image contrast measures, respectively and c;, c,, c; are the weight coeffi-
cients. This paper present a comparison of their proposed image enhancement method
to several existing approaches for both outdoor and underwater dehazing. The outdoor
methods include those developed by “He et al [21] and Ancuti and Ancuti [22], while
the underwater methods include those developed by Drews, Jr., et al. [23], Galdran et
al [24], Emberton et al [25], Vleeschouwer [26], Ancuti et al [9], and the our’s initial

underwater approach”. The comparison is presented in Fig. 5
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“Fig. 5. Companson to different outdoor (He et al [21] and Ancuti and Ancuti [22]) and under-
water dehazing approaches (Drews Jr et al [23], Galdran et al [24], Emberton et al [25],
Vleeschouwer [26] Ancuti et al [9] and our initial underwater approach). The quantitative eval-
uation associated to these images is provided in Table I and II.”

The Quantitative evaluations of the different methods are provided in Tables | and
I1. Based on these evaluations, it is claimed that the proposed method outperforms the



existing methods in terms of objective image quality metrics such as UCIQE and
UIQM. Additionally, visual comparisons of the results produced by the proposed
method and the existing methods are provided, demonstrating that the proposed
method is capable of producing clearer and more visually pleasing images. Overall,
the comparison suggests that the proposed method is a promising approach for out-
door and underwater image enhancement

The fusion-based strategy outperforms the dehazing algorithms of “Galdran et al
[24] and Emberton et al [25]” in recovering visibility in considered scenes. However,
according to Table I and 11, the proposed strategy has similar or higher UCIQE and
UIQM values than these algorithms. The proposed approach also produces good visu-
al quality, with significant improvements in global contrast, color, and architectural
features. Compared to the multi-scale methodology provided in [9], the proposed
approach is more robust in harsh underwater environments, such as murky sea water
and non-uniform artificial illumination. This is supported by Fig. 5, which shows the
proposed algorithm producing clearer and brighter results with more obvious color
contrast compared to the fusion algorithm in difficult underwater situations.

Table I Comparison of UCIQE metrics in our method with other existing approaches (The
best result is in bold)

_Sample He et QQEEE:& Drewsjr Galdran  Emberton eAtn;.Jti X&Exjsh Our
images al. [25] [26] [23] etal[24] eral. [25] 9] eral method
[26]
Shipwreek  0.565 0.629 0.55 0.646 0.632 0.634 0.632 0.681
Reef 1 0.612 0.657 0.649 0.576 0.66 0.655 0.658 0.6725
Reef 3 0.606 0.661 0.62 0.533 0.678 0.705 0.697 0.6528
Galdran1  0.593 0.631 0.544 0.529 0.652 0.643 0.659 0.6735
Galdran2  0.426 0.558 0.536 0.596 0.63 0.667 0.633 0.694
Ancuti 1 0.485 0.561 0.499 0.641 0.499 0.588 0.594 0.621
Ancuti 2 0.456 0.595 0.492 0.529 0.529 0.59 0.592 0.6425
Ancuti 3 0.577 0.643 0.535 0.614 0.555 0.652 0.664 0.698

Table Il Comparison of UIQM metrics in our method with other existing approaches (The
best result is in bold)

Ancuti& Ancuti Vleesch
Sample He et Ancuti Drewsjr Galdran Emberton et al ouwer Our
images al. [25] [23] etal.[24] eral. [25] ' eral method

[26] O
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Shipwreek 0.565 0.578 0.492 0.605 0.558 0.629 0.668 0.671
Reef 1 0.592 0.643 0.657 0.565 0.69 0.674 0.687 0.847
Reef 3 0.578 0.667 0.584 0.524 0.677 0.737 0.766 0.865
Galdran 1 0.578 0.601 0.519 0.569 0.664 0.669 0.68 0.832
Galdran 2 0.421 0.481 0.41 0.648 0.577 0.622 0.663 0.852
Ancuti 1 0.353 0.412 0.383 0.458 0.407 0.547 0.507 0.637
Ancuti 2 0.437 0.651 0.344 0.525 0.425 0.683 0.687 0.69
Ancuti 3 0.596 0.616 0.492 0.646 0.563 0.693 0.651 0.807

Finally, the proposed methodology for “underwater image enhancement” has
been found to have the highest level of color correction accuracy, with more di-
verse color intensity than state-of-the-art approaches. This was further confirmed
by the discovery of a color cast, which was corrected more accurately by the pro-
posed method than by the other approaches. The proposed method also offers a
simplified version of the fusion method that can replace the mean pixel fusion, al-
beit at the cost of lower image detail quality. In Fig 6, a comparison of the average
image quality metrics for a set of underwater images is presented. This comparison
was carried out using a proposed method for image fusion, which involves combin-
ing three image processing techniques (sharpening, gamma-correction, and homo-
morphic filtering) with the corresponding pixel averages of images to create a fused
image. Overall, the proposed method is effective in addressing various underwater
image distortion scenarios.
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Fig 6 Comparison of average image quality metrics by underwater images

4 Conclusion

This study presents a novel method for improving underwater images by using a fu-
sion principle that follows a maximum selection rule. The proposed method does not
require any additional information beyond the original image and effectively enhanc-
es various types of underwater images, including those affected by scattering, absorp-
tion, noise, haze, low contrast, and color distortion. The method accurately recovers
essential faded features and edges, and Figure 5 illustrates how it works.
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Our algorithm offers a highly efficient approach to improving the quality of hazy

images taken in various underwater environments. Based on the simulation results of
UCIQE and UIQM, our fusion approach for improving underwater images outper-
forms earlier techniques. This technique successfully enhances the image quality
while preserving crucial details and edges.
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