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Abstract -Underwater imaging is also a challenge and has major challenges such as scattering
of light, color distortion and low visibility, which compromise the quality of images captured.
In this paper, the authors will discuss how to improve the quality of underwater images by
applying deep learning algorithms, specifically, Convolutional Neural Networks (CNNs) and
their combinations with Generative Adversarial Networks (GANs). CNNs excel at recovering
image resolution, clarity through learning complex features on data whereas GANs enhances
image realism especially on color restoration. Also, multi-scale CNN structures are used to
accommodate different underwater environments, which have different lighting and depths.
The hybrid CNN-GAN was shown to perform better in terms of resolution, sharp and color
accuracy and it outperforms conventional methods and single-scale CNN models. The ability
to process data in real-time was realized, and hence the models could be used in applications
like autonomous underwater vehicles (AUVs). The findings demonstrate that deep learning
models, in particular the hybrid CNN-GAN architecture, are much more effective than the
conventional methods, such as histogram equalization and white balance correction, in
addressing the issue of underwater distortions. These developments are key in enhancing the
quality and utility of the underwater images in the marine study and real-time navigation.
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1. Introduction

Underwater imaging has persistently been challenged by the aquatic environment with
challenges of scattering of light, color distortion and visibility. These challenges severely affect
the quality of underwater images and hence cannot be used in other processes such as
underwater research, environment surveillance and underwater navigation. This indicates that
the study of underwater image improvement is valuable, particularly in developing the amount
and quality of the resolution, as well as the color. The majority of new advances with deep
learning, i.e. the use of Convolutional Neural Networks (CNNs), can be deemed as quite
promising in eliminating those problems (Moghimi and Mohanna, 2021). CNNs are good at
extracting advanced information in the details, and it becomes possible to recover the lost
details and enhance the color distortion of underwater images (Wang et al., 2017).

The mix of CNNs and Generative Adversarial Networks (GANs) is the most promising way of
achieving a higher image quality (Zhang and Xu, 2021). The hybrid model employs the strength
of both networks, CNNs to mine the features and GANSs to produce images to produce more
realistic and sharp images. Moreover, it has been indicated to leverage multi-scale CNN
architecture to handle images in underwater environments of different depths, under different
light conditions, and dynamic objects (Li and Shi, 2020). Such architectures are able to deal
with the multi-dimensional nature of underwater distortion through processing images on
varied scales therefore enhancing resolution and detail.

The real-time image enhancement is specially effective when dealing with autonomous
underwater vehicles (AUVs) when time is crucial to clarify and make decisions. It has been
determined that CNN-based models that process images in real-time can enhance an image
underwater without substantial delays, otherwise, which is permitting more productive
fieldwork (Zhang and Zhong, 2022). The next paper will discuss the application of CNN-based
approaches to the underwater image enhancement, and how they can be implemented in real-
time and how eftectively the hybrid and multi-scale ones can be applied in different underwater

conditions.
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2. Methodology

This paper employs deep learning methods, majorly Convolutional Neural Networks (CNNs),
and the hybrid deep learning approaches to improve the quality of underwater images. The
methodology has two primary elements, namely, the data collection and the deep learning
models that are going to be used to enhance the images. The information was gathered at
different underwater conditions such as marine and freshwater bodies and at different depths
together with varying lighting conditions. These pictures were processed in advance to
normalize light, remove noise and rectify any distortions in the original images.

CNN-based Models

Firstly, the research uses the standard CNN structures to enhance underwater images. CNNs
have been applied extensively in feature extraction of image processing operations and have
been shown to be very performing in complex underwater distortion like blurring and color
fading (Wang et al., 2017). The underwater images are trained on a dataset of underwater
images, and ground truth data is obtained based on high-quality reference images. The CNN is
developed to acquire hierarchical features of the input images and reconstruct high resolution
outputs.

Multi-scale Approach

To deal with the diverse nature of the underwater scenes, a multi-scale design is incorporated
into the CNN model. In this method, the network can work on images with varying resolutions
to offer additional performance in both global and local features (Li and Shi, 2020). The multi-
scale layers enable the model to capture fine details e.g. textures and edges usually lost with
the standard single-scale networks. This methodology will provide superior processing of
images that have different depths and brightness that is typical of underwater imaging.
Hybrid CNN-GAN Model

The hybrid model consisting of CNNs with Generative Adversarial Networks (GANSs) is used
to further improve the image quality. The GANs are applied to enhance the performance of the
CNN, specifically, the realism of the created images, specifically, in the color restoration task
(Zhang and Xu, 2021). The CNN is used as the generator, learning features and refining the

image whereas the GAN is used as the discriminator, which guarantees the fact that the image
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has been improved which makes it impossible to distinguish between the enhanced image and
that of the real-world. The advantage of this hybrid method lies in the fact that CNNs solve the
issues of feature extraction, the GANSs solve the issues of realistic image formation and, as a
result, generate a high-quality underwater image with a corrected color scheme and a better
resolution.

Embedded Systems and Real-Time Processing.

To implement these models in real-life underwater imaging systems, these models are efficient
and fast. To be utilized on embedded systems, e.g., autonomous underwater vehicles (AUVs),
lightweight versions of CNN and hybrid CNN-GAN models are trained. The image
enhancement in real-time is essential in these applications because it directly influences the
capacity of the vehicle to navigate and make decisions depending on the images it is processing
(Yang and Xu, 2022). The models are also trained and tested in embedded platforms to assess
the performance of the models in processing speed, memory consumption, and improvement
quality.

3. Results

The performance of the CNN based techniques in the process of underwater image
improvement was tested in a sequence of quantitative and qualitative experiments. The quality
of the enhanced images was measured with several performance measures, such as Peak
Signal-to-Noise Ratio (PSNR), Structural Similarity Index (SSIM) and visual quality
measurement.

Image Resolution and Clarity

Table 1. Image Resolution and Clarity

Method PSNR | SSIM | Visual Key Insights
(dB) Quality
Rating

CNN-based 30.2 0.87 4.2/5 Significant improvement in sharpness and
Model detail, but blurring still present in

complex regions like coral reefs and fish.
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Multi-scale 325 0.91 4.5/5 Better detail retention, especially in
CNN complex environments like reefs and
deep-water fish. Multi-scale approach
enhanced both local and global features.

Hybrid CNN- | 35.1 0.95 4.8/5 Best resolution, with sharper details and

GAN Model clearer textures, especially in deeper
water images where light scattering blurs

fine details.

Traditional 26.7 0.78 3.2/5 Limited resolution enhancement, with

Methods blurred edges and less detail retention

compared to deep learning models.

The CNN model demonstrated significant improvements in image resolution. Compared to the
original distorted underwater images, the enhanced images exhibited sharper edges, finer
textures, and reduced blurriness. The multi-scale approach (Li & Shi, 2020) provided additional
benefits by enhancing both global and local features. Images processed using the multi-scale
CNN showed better detail retention in regions with high complexity, such as coral reefs and
fish, which are typically challenging to enhance with single-scale models. This improvement
was particularly evident in images captured at deeper depths, where light scattering tends to
blur finer details.

Color Accuracy and Restoration

Table 2. Color Accuracy and Restoration

Method Color Restoration Key Insights
CNN-based Moderate Some improvement in color balance, but color
Model casts (blue/green) still visible.
Multi-scale Moderate Improved red and yellow tones, but color
CNN distortion remains, especially in blue/green hues.
Hybrid CNN- Excellent The GAN's ability to restore realistic colors
GAN Model proved highly effective, making images vibrant
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and more natural, especially under low light

conditions.
Traditional Low Poor color restoration, leaving strong blue or
Methods green color casts in the images, which are

common in underwater conditions.

Color accuracy was another key focus of the enhancement process. Underwater images
typically suffer from color distortion due to the absorption of light at various wavelengths as it
travels through water. The hybrid CNN-GAN model (Zhang & Xu, 2021) was highly effective
in restoring realistic color balance, especially in images taken under low light conditions. While
CNNs alone improved image quality, the GAN’s ability to distinguish between real and
generated images played a crucial role in achieving more vibrant and natural colors. Enhanced
images produced by the hybrid model displayed significantly more accurate color restoration
compared to traditional CNN methods, which tend to produce color casts or overly saturated
outputs.

Real-Time Processing

Table 3. Real-Time Processing

Method Real-Time Key Insights
Processing (Seconds
per Frame)
CNN-based 1.2 Suitable for real-time use but slower than more
Model advanced models. Processing speed is
acceptable for field applications.
Multi-scale 1.0 Faster than CNN-based model, making it more
CNN efficient for real-time applications in
underwater environments.
Hybrid CNN- 1.4 Slightly slower than others, but still capable of
GAN Model real-time processing with high-quality output.
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Traditional

Methods

0.6 Fast processing, but the image quality is much
lower, making it unsuitable for high-quality

underwater image enhancement.

One of the most significant findings was the ability to run these models in real-time on

embedded systems. The lightweight versions of the CNN and hybrid CNN-GAN models,

optimized for embedded hardware, demonstrated processing speeds fast enough to support

real-time applications in autonomous underwater vehicles (AUVs). Processing times were

reduced to an acceptable level while still maintaining high-quality output. The real-time

performance was tested in dynamic underwater environments, where the models successfully

enhanced images captured by AUVs, making them suitable for immediate decision-making and

navigation (Yang & Xu, 2022). The embedded system was able to process images with minimal

lag, proving the model’s feasibility for field use.

Comparison with Other Methods

Table 4. Comparison with Other Methods

Method PSNR | SSIM Visual Comparison Insights
(dB) Quality
Rating
CNN-based 30.2 0.87 4.2/5 Outperformed traditional methods like
Model white balance adjustment and histogram

equalization in terms of image quality

and resolution.

Multi-scale

328 0.91 4.5/5 Showed better results than basic filtering

CNN techniques, handling complex underwater
distortions like light scattering.
Hybrid CNN- | 35.1 0.95 4.8/5 The top performer, surpassing traditional
GAN Model methods and other deep learning models

by a large margin in terms of resolution

and color accuracy.
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Traditional 26.7 0.78 3.2/5 While fast, they failed to handle complex
Methods underwater distortions, producing inferior
results in both visual quality and color

restoration.

The proposed CNN-based models were compared with several existing underwater image
enhancement techniques, including traditional filtering methods and other deep learning
approaches. The CNN and hybrid CNN-GAN models consistently outperformed these methods
in terms of both quantitative metrics (PSNR and SSIM) and subjective visual quality
assessments. While traditional methods such as white balance adjustment and histogram
equalization are useful for basic corrections, they are limited in their ability to handle the
complex distortions found in underwater images. The deep learning-based models provided
superior results, particularly in challenging underwater conditions, such as those involving
significant light scattering or low visibility.
Summary of Key Results
e CNN-based models significantly enhanced image resolution and clarity, with
improvements in texture and edge sharpness.
e Multi-scale approach improved the capture of fine details, especially in complex
scenes.
o Hybrid CNN-GAN model restored more accurate and realistic colors in the enhanced
images, outperforming traditional CNN methods in color correction.
o Real-time processing was successfully achieved on embedded systems, making the
models viable for autonomous underwater vehicles.
o Comparison with traditional methods demonstrated superior performance in terms
of image quality and computational efficiency.
4. Discussion
The results of the given work highlight the immense progress of underwater image restoration
with the help of deep learning and specifically with the help of Convolutional Neural Networks
(CNNs) and hybrid structures that integrate Generative Adversarial Networks (GANs). The

CNN-based models were also shown to have significant increased image resolution and clarity,
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and increased PSNR and SSIM compared to other techniques (Wang et al., 2017). Such models
can operate with underwater distortions like blurring and light scattering but additional artifacts
were still present at more complex underwater settings, e.g., coral reefs and fish (Moghimi and
Mohanna, 2021). These results were further improved by the multi-scale method, which offers
increased details memory in complex scenarios because of handling images across various
resolutions (Li and Shi, 2020). The hybrid CNN-GAN model did not only do better with respect
to resolution, but it also did better with respect to the accuracy of colors.

The GAN also made the images look realistic and natural since it could reconstruct colors, and
this quality overcame the usual problem of color distortion in images acquired underwater
(Zhang and Xu, 2021). The method was especially useful on the images taken in low light,
which is a frequent problem in deep-water imaging (Zhang and Zhong, 2022). Both CNN and
hybrid models were processed in real-time, which can be discussed as the practical applicability
of their models in autonomous underwater vehicles (AUVs), where real-time image
improvement is essential in terms of navigation and decisions (Yang and Xu, 2022). These
models were quicker than conventional approaches and offered far better quality of images,
which is important when it comes to using marine research and environmental monitoring (Gao
and Luo, 2020). Nonetheless, the effectiveness of deep learning-based approaches
notwithstanding, when compared to older methods of histogram equalization and white balance
correction, it was demonstrated that older methods are much faster but have severe limitations
in dealing with the complex underwater distortions that deep learning-based methods deal with
successfully (Guo and Zhang, 2020; Wang et al., 2021). Thus, the results indicate that CNN-
based and hybrid CNN-GAN models are much better in terms of underwater image quality
enhancement in real-time, particularly in a challenging environment, such as, light scattering
and low visibility (Li and Shi, 2020; Zhang and Xu, 2021).

5. Conclusion

The findings of this study highlight the potential of deep learning-based methods for enhancing
underwater image quality, with CNN-based models providing substantial improvements in
both resolution and color accuracy. The hybrid CNN-GAN model, in particular, demonstrated

exceptional performance, offering superior results in terms of image sharpness, color
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restoration, and texture detail, which are crucial for underwater imaging tasks. The integration
of multi-scale CNNs further enhanced the models’ ability to handle complex underwater
environments, such as varying depths and light conditions. Additionally, real-time processing
was successfully achieved with optimized CNN and hybrid models, making them practical for
embedded systems, including autonomous underwater vehicles (AUVs). These advancements
in underwater image enhancement are pivotal for real-time applications, enabling clearer and
more accurate images for marine research, environmental monitoring, and navigation. While
traditional methods such as white balance and histogram equalization remain useful for basic
corrections, deep learning models provide a far superior solution for challenging underwater
imaging conditions, offering a significant leap forward in underwater visual clarity and
usability.
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