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ABSTRACT: Offshore floating photovoltaic systems are highly susceptible to salt crystallization on the surfaces of photovoltaic
modules, highlighting the need for intelligent inspection and cleaning technologies to improve operational efficiency and overcome
the limitations of conventional manual maintenance methods. However, the presence of surface gridlines on the photovoltaic
modules introduces significant visual interference, which complicates the accurate identification of salt deposition regions. To
address this challenge, a semantic information-guided detection framework is proposed to enable precise segmentation of salt-
affected areas. The key innovation lies in the effective classification of gridlines as background features by extracting semantic
priors through low-level thresholding, which are then fused with the original red-green-blue image to construct a four-channel input.
This fusion enhances the model’s ability to extract and discriminate features related to salt crystallization. Experimental results
demonstrate that the proposed method achieves a 4.6% improvement in segmentation accuracy and a 3.7% increase in recognition
accuracy compared to conventional models, based on evaluation metrics such as mean average precision and F1-score. The
proposed framework offers a robust technical foundation for developing intelligent maintenance systems tailored to offshore
floating photovoltaic applications.

Keywords: Floating photovoltaic system; Salt deposition detection; Image segmentation; Semantic information; Mask R-CNN;
Otsu threshold
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1. Introduction

In response to the escalating global climate change and environmental concerns, nations worldwide are intensifying
their focus on renewable energy sources to diminish reliance on fossil fuels [1]. Photovoltaic (PV) power generation,
recognized for its widespread applicability, high efficiency, and decreasing costs, has emerged as a pivotal pathway in
the global energy transition and sustainable development initiatives [2,3]. The global installed capacity of PV power
has demonstrated consistent growth in recent years, establishing itself as a primary energy source in numerous countries
and steadily increasing its share of total power generation capacity [4]. By the close of 2023, the global newly added PV
capacity reached 346 GW. Within this, China's cumulative installed PV capacity stood at 609 GW, accounting for 21% of
the nation’s total power generation capacity, thereby positioning PV as China’s second-largest power source [5].

With the global trend of urbanization, the reliance of terrestrial solar PVs on land resources has led to bottlenecks
in solar energy development. In response to this issue, floating PV technology has emerged as a new and promising
solution [6]. Floating PV stations are often exposed to harsh marine environments, where persistent high salt spray can
form salt crystals (NaCl crystals) on the surface of PV modules. Additionally, high temperatures and humidity accelerate
this salt corrosion process. This phenomenon reduces the transparency of the PV module surfaces, significantly
decreasing their power generation efficiency [7]. Additionally, it may increase the surface temperature of PV modules,
affecting their thermal stability. Compared to other contaminants like bird droppings and dust, salt deposition on the
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surface of PV panels tends to form persistent solid deposits, which have a more enduring impact on their performance
[8]. Through literature review, it has been found that existing research on salt deposition on the surface of floating
offshore PV modules primarily focuses on its impact on power generation efficiency, while studies on the identification
and detection of salt deposition remain limited. Therefore, research on efficient cleaning of salt deposition from the
surface of PV modules is of great significance for ensuring the efficiency of offshore PV power generation

Currently, cleaning of PV modules (on land) largely depends on manual operations, which offer simplicity and
low cost advantages [9]. However, floating offshore PV stations have higher costs, safety risks, and operational
limitations associated with such methods [10]. Given the drawbacks of traditional cleaning methods, there is an urgent
need to establish a more efficient and intelligent cleaning system for floating offshore PV stations to enhance operational
maintenance and extend equipment lifespan. The premise of intelligent cleaning is the automation of salt deposition
detection. With the continuous development of computer vision technology, object detection techniques have been
widely applied across various fields. Lu et al. utilized Haar features and cascade Haar classifiers for object detection
and tracking in industrial automation systems [11], Song et al. designed an improved monitoring network for dark red
infrared ships based on Haar wavelet decomposition of high-frequency features [12]. Shirpour et al. utilized a multi-
scale Histogram of Oriented Gradients (HOG) model combination based on the driver's attention field for detecting
traffic objects [13]. However, the above-mentioned object detection techniques mostly rely on manual feature extraction,
requiring high image quality and often lacking in extracting other features such as grayscale values and thresholds [14].
Moreover, they are susceptible to external disturbances in complex environments, resulting in low recognition accuracy
[15]. In the detection of salt deposition on floating offshore PV systems, the quality of acquired images is greatly
influenced by environmental conditions, exhibiting irregular shapes and unclear edges. To enhance detection accuracy,
there is an urgent need for more advanced object detection algorithms. Deep learning-based object detection algorithms
have been widely adopted in image recognition due to their ability to automatically learn features and achieve excellent
generalization through large-scale data training [16]. As an advanced instance segmentation method, Mask Region-
based Convolutional Neural Network (Mask R-CNN) has been widely applied across various fields. Cao et al.
successfully utilized a clustering algorithm based on Mask R-CNN instance segmentation network to achieve efficient
segmentation of coal and shale [17], Nam et al. improved lung segmentation accuracy and treatment precision using
machine learning-based image segmentation techniques [18], Compared to other deep learning models, this model
exhibits significant advantages in recognition accuracy [19].

Although these machine vision-based technologies have made significant advancements, applying Mask R-CNN
to salt deposition detection on floating offshore PVs faces specific challenges. The grid lines on PV surfaces are coated
in light colors for thermal management purposes [20], the light-colored coating on the grid lines of PV surfaces creates
optical characteristics highly similar to salt crystal deposition [21]. This design leads to two main types of
misclassification challenges for traditional Mask R-CNN models: Firstly, the regular geometric shapes of the grid lines
are not effectively distinguished from the random deposition patterns of salt crystals, causing the model to mistakenly
identify grid lines as salt deposits. Secondly, the specular reflection properties of the grid line coatings introduce glare
and high-light noise in the images, severely affecting feature extraction. These issues result in low completeness of
recognition images output during the segmentation and identification process when using Mask R-CNN with input
images. There is a lack of in-depth research addressing these challenges in investigating and analyzing them. In
addressing the above challenges, this study innovatively introduces semantic information, defined as adaptive
thresholds determined through multi-dimensional feature analysis using deep learning models. By calculating optimal
thresholds suitable for different local regions, these adaptive thresholds are regarded as prior semantic information for
the model. They encompass rich image features and segmentation cues, providing reliable prior knowledge for
subsequent network construction [22]. Based on this, the study has designed an advanced deep neural network
framework to address practical challenges in salt deposition recognition on offshore floating PV panels. This framework
cleverly integrates the prior semantic information during the feature extraction stage.

The innovative design of this study significantly enhances the network model's ability to allocate attention and
focus on critical target areas. This enables more precise differentiation between salt deposition on PV panel surfaces
and interference factors such as grid lines in the background. This breakthrough method effectively improves the
classification accuracy and resistance to interference of the detection algorithm, offering new insights and practical
references for addressing complex technical challenges in the maintenance of offshore PV components.

The identification process framework proposed in this study has the following key contributions: it establishes a
framework suitable for the accurate identification of salt deposition on PV module surfaces, which is used to mitigate
the interference caused by surface grid lines during salt deposition identification and improve the accuracy of such
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identification. Additionally, the remaining structure of this paper is organized as follows: Section 2 elaborates on the
methodology for identifying salt deposition on the surface of marine floating PV modules proposed in this study,
covering three main aspects—first, introducing the process framework of this methodology; second, explaining the
datasets involved in the study; and third, expounding on the core content of this paper, namely the semantic threshold
enhancement method for improving recognition effectiveness. Section 3 focuses on verifying, through both
experimental data and visualized images, the effectiveness of the methodology presented in Section 2 in increasing the
probability of salt deposition recognition. Section 4 serves as the conclusion, summarizing the contributions of the
proposed process framework to the construction of marine floating PV power plants, while also analyzing the existing
deficiencies of this research and future improvement directions.

2. Proposed Methodology
2.1. Framework Overview

This study proposes a semantic information-guided recognition framework to tackle the unique challenges of salt
crystallization detection on offshore floating PV modules—particularly the visual interference caused by surface grid
lines. The methodology is structured into three sequential stages: (1) construction of a marine salt deposition dataset,
(2) semantic thresholding for low-level feature enhancement, in the output, the red area represents the salt analysis zone,
the green area represents the surface of the photovoltaic module, and the purple area represents the grid lines of the
module, and (3) semantic-integrated salt detection via Mask R-CNN, as illustrated in Figure 1. Each stage is designed
to improve the model’s capacity for accurate and robust salt deposition recognition in complex marine environments.

Part 1. Construction of Marine Salt Deposition Dataset Part 3. Semantic-Integrated Salt Detection via Mask R-CNN
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Figure 1. Framework for salt deposition recognition based on semantic information.

2.1.1. Part 1: Construction of Marine Salt Deposition Dataset

The first stage focuses on constructing a reliable and diverse marine salt deposition dataset, which serves as the
foundation for the entire framework. Due to the limited availability and high acquisition cost of offshore on-site images,
a comparison of on-site and custom datasets was performed, revealing that self-constructed images can effectively
replicate the edge morphology and crystallization texture of real salt deposits. To obtain the dataset, a custom dataset
capture frame was developed, comprising a mobile guide rail, a sliding imaging device, and a configurable camera
module, enabling controlled image acquisition under various lighting conditions, viewing angles, and salt coverage
scenarios. to further enrich the dataset, a series of augmentation operations—including trimming, rotation, and
flipping—were applied to simulate diverse deposition patterns and improve the generalization ability of the detection
model. Following dataset expansion, each image was manually annotated using labelme for annotation, ensuring pixel-
level precision of salt deposition boundaries. this three-step process—obtaining, expanding, and annotating datasets—
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yields a well-balanced and high-quality dataset tailored to support accurate salt crystallization detection in real-world
offshore applications.

2.1.2. Part 2: Semantic Thresholding for Low-Level Feature Enhancement

In the second stage, the emphasis shifts to enhancing image features that distinguish salt deposits from visually
similar grid lines [23,24]. This is achieved through a semantic thresholding approach designed to amplify salt-specific
visual cues while minimizing irrelevant background interference. Initially, a median filtering operation [25] is applied
to the raw images for smoothing, effectively suppressing noise and enhancing edge continuity [26]. Subsequently, the
preprocessed images are divided into local subregions, and Otsu’s algorithm is employed as the threshold determination
method to compute optimal thresholds within each region. This adaptive thresholding process ensures more accurate
separation of salt crystallization from grid structures. The resulting binary maps are then used to extract semantic
information, guiding the model toward correct classification of salt regions. These semantic representations capture
salt-specific patterns and textures, serving as enriched priors that effectively improve the model’s ability to recognize
and isolate salt deposits in later stages.

2.1.3. Part 3: Semantic-Integrated Salt Detection via Mask R-CNN

The final stage integrates the semantic information generated from thresholding into an enhanced Mask R-CNN
model to perform precise instance-level segmentation of salt deposits. A composite input is constructed by merging the
original RGB image with the semantic binary map, forming a four-channel representation that combines both visual
and semantic features. The Mask R-CNN architecture is adapted to accommodate this input structure, allowing the
network to leverage semantic guidance during training. This integration significantly boosts the model’s performance,
resulting in a notable improvement in segmentation recognition rate, especially in complex backgrounds where salt
deposits are difficult to distinguish. A series of evaluation indicators for applications is used to assess practical
performance. Experimental results confirm that the semantic-enhanced Mask R-CNN demonstrates superior robustness,
generalization, and detection accuracy, validating the framework’s potential for deployment in intelligent offshore PV
maintenance systems.

2.2. Construction of the Marine Salt Deposition Dataset

A complete and well-annotated dataset is essential for training robust and generalizable models for salt
crystallization detection in offshore PV systems. The variability in salt morphology, lighting conditions, and background
interference—such as grid lines—requires diverse and high-quality image data to ensure the detection model can adapt
to real-world scenarios. In this study, the dataset construction process is grounded in practical engineering experience
and motivated by real environmental conditions observed in operational marine PV installations. Specifically, this study
is based on an actual marine engineering project—the TJUT-U2 floating PV power station, independently developed
and deployed by our research team. During long-term operation of this offshore floating PV plant, periodic inspections
were conducted using unmanned aerial vehicles (UAVs). The UAV-based visual monitoring system captured high-
resolution images of PV modules under different operational and environmental states. These aerial images revealed
significant instances of salt crystallization forming on the surfaces of PV panels, particularly along the lower edges and
near areas of water splash exposure, as shown in Figure 2.
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Figure 2. Salt precipitation on the surface of offshore PV modules.

Such salt accumulation directly affects the transmittance of sunlight and degrades the power generation efficiency
of the PV modules [27]. Over time, the presence of salt patches not only reduces system output but also accelerates
surface wear and thermal imbalance, posing potential risks to the long-term reliability and maintenance cost of marine
PV installations.

Despite the value of real UAV-acquired field images, several limitations make them unsuitable for direct use as a
training dataset. First, the quantity of usable images is limited due to strict access conditions, weather constraints, and
limited inspection intervals. Second, the diversity of salt morphology and camera perspectives is insufficient, as
environmental parameters such as lighting, angle, and deposition extent are largely uncontrollable. Third, many images
contain complex background noise, reflections, and occlusions that hinder precise annotation. These limitations result
in datasets that are sparse, imbalanced, and suboptimal for deep learning training, thereby restricting the model's
generalization performance.

To address these limitations and support the development of a robust salt detection framework, we constructed a
customized salt deposition dataset that simulates field conditions while allowing controlled variability. A comparison
of on-site datasets and custom datasets showed strong consistency in edge texture and crystallization morphology, as
illustrated in Figure 3, the red rectangular box in the figure provides a magnified view of the edge textures and crystalline
states of the on-site dataset and the customized dataset.validating the authenticity of the simulation approach.

(b)

Figure 3. Comparison of datasets. (a) Field image of salt deposition; (b) Self-constructed image of salt deposition.

The custom dataset was acquired using a self-designed dataset capture frame, composed of three core modules: a
mobile guide rail for positional stability, a sliding device for smooth image sweep across PV panels, and a flexible
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imaging module capable of mounting different camera types, as shown in Figure 4. This platform allowed image capture
under varying conditions of illumination and perspective to replicate real offshore variability.

Sliding guide rail Sliding mechanism Automatic photo module

Figure 4. Photographic framework for the salt deposition dataset of PV modules.

The data acquisition process involved manually simulating salt crystallization on PV module surfaces. A saline
solution, prepared to match seawater concentration, was poured evenly over PV surfaces while continuously stirring to
ensure consistency. No constraints were imposed on the pouring angle or volume to preserve randomness in deposition
patterns. The resulting deposits closely replicated the heterogeneous appearance of actual marine salt crystallization.

No restrictions were applied to ambient lighting or camera angles during photography to diversify the dataset
further. As a result, the raw dataset contained several hundred high-resolution images, representing a wide range of salt
morphologies, deposition densities, and environmental perspectives. This enhanced variability directly contributes to
improved robustness in model learning [28].

A series of augmentation techniques was applied to expand the dataset, including scaling, trimming, rotation, and
horizontal flipping, effectively increasing data volume and representation diversity. Following augmentation, each
image was annotated using LabelMe for annotation, with salt edges manually traced to ensure pixel-level ground truth
masks. The final dataset includes 300 annotated images, which were randomly divided into a training set (240 images)
and a validation set (60 images) using an 8:2 ratio. An independent test set was also curated for performance verification.
Experimental validation showed that the improved model achieved high segmentation accuracy across varying lighting and
salt morphologies, confirming the practical applicability and robustness of the constructed dataset in offshore PV scenarios.

2.3. Semantic Thresholding for Low-Level Feature Enhancement
2.3.1. Semantic Ambiguity in Salt and Gridline Features

In offshore floating PV systems, visual ambiguity between salt deposition patches and surface gridlines poses a
fundamental challenge to accurate image segmentation. As illustrated in Figure 5, these two semantic entities—although
physically distinct—often present similar visual characteristics in grayscale representations, particularly in terms of
brightness and structure. Gridlines are arranged in a regular, topological pattern aligned with the PV module architecture,
forming a lattice-like background feature. In contrast, salt crystallization is highly irregular, randomly distributed across
the panel surface, and exhibits fragmented, diffuse morphology. However, due to their co-existence on the module
surface, their projections frequently overlap or occlude each other in captured images, leading to semantic entanglement
in pixel-level interpretation [29].

Furthermore, salt deposits and gridlines tend to exhibit high grayscale intensities, especially under strong or uneven
illumination. This results in overlapping peaks in the global grayscale histogram—forming a bimodal distribution with
low inter-class separability. Consequently, traditional thresholding methods struggle to accurately separate the two,
often misclassifying gridlines as salt or vice versa, as schematically represented in Figure 5.

This inherent semantic ambiguity undermines the reliability of global segmentation algorithms and necessitates
the incorporation of region-aware, feature-guided strategies to improve discrimination. To tackle this issue, the
subsequent sections introduce a semantic-aware framework that enhances feature separability by leveraging local
statistical cues and adaptive thresholding. These methods collectively enable more precise identification of salt regions
while suppressing interference from structurally similar background features.
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Figure 5. Surface gridlines and salt deposition patches under the grayscale representation.

2.3.2. Adaptive Thresholding Strategy for Semantic Feature Extraction

To mitigate the semantic entanglement between salt crystallization and PV module gridlines outlined in Section
2.3.1, an adaptive thresholding strategy is adopted to enhance feature separability at the pixel level. Conventional global
thresholding algorithms—such as Mean, Otsu, or Sauvola methods—typically operate under the assumption of uniform
grayscale distributions and apply a single threshold value across the entire image. While these methods are
computationally efficient, their performance is often compromised in heterogeneous scenes, particularly when local
illumination varies or when salt deposition partially overlaps with background structures.

The image is first decomposed into multiple spatial sub-regions based on its structural layout to address this
challenge. Local grayscale distributions are independently analyzed within each sub-region to determine a region-
specific binarization threshold. This procedure enables the algorithm to respond adaptively to local intensity contrasts
and textural features otherwise lost in global processing.

Formally, the input image I is divided into n non-overlapping sub-regions (as shown in Figure 6, n = 9), the area
indicated by the red rectangular box 1 corresponds to the clean region of the PV module, while the area indicated by
the red rectangular box 2 corresponds to the salt-crystallized region on its surface; both are the primary subjects of this
study. This segmentation process is based on the structural characteristics of the image, partitioning the original image
into multiple smaller regions. The image information within each region can then be processed more independently,
thereby reducing interference between different regions and enhancing the local accuracy of image processing. In the
formula, /; represents the image to be segmented, and /, denotes the segmented regions. Seg refers to the segmentation
algorithm. /, represents the image to be segmented, and /, denotes the segmented regions as in Equation (1).

|
|
1
N

|
|
]
LA

J
Figure 6. Semantic segmentation structure diagram of salt-splitting images.
Seg(1)=1{1,1,,..1,} (1)
For each region /;, an adaptive threshold B; is computed using a localized thresholding operator:
B=Threshold (1)) )

Through this formula framework, B, serves not only as a simple adaptive threshold but also encapsulates semantic
information, thereby enabling the model to perform more precise pixel-level classification and segmentation. The
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obtained semantic information is then utilized to process the image. M,(x, y) represents the segmented semantic
information obtained through the thresholding algorithm, and E(x, y) denotes the pixel values corresponding to the grid
lines in the image. A value of 1 indicates that the pixel (x, y) has been classified as foreground (salt deposition region),
while a value of 0 indicates that it has been classified as background, as in Equation (3).

l, E(x,y)>B,

M, (x)= {0, E(x,y)<B, )

This process preserves the localized semantics of salt deposition while attenuating interference from repetitive
background structures such as gridlines or busbars. By incorporating this localized semantic guidance into the
segmentation pipeline, a more discriminative and context-sensitive representation of low-level features is achieved,
which lays the foundation for the subsequent selection of an optimal thresholding method.

2.3.3. Region-Based Semantic Filtering via Otsu Thresholding

To select the most suitable algorithm for regional threshold computation, several classic binarization methods—
including Otsu [30], Average, Sauvola [31], and Niblack [32] thresholding—were comparatively evaluated on the
constructed salt deposition image dataset [33]. These methods were assessed based on their ability to suppress structural
background interference while maintaining high fidelity in representing salt crystallization patterns [34].

Experimental results, shown in Figure 7, indicate that Otsu thresholding consistently achieves superior
performance in terms of inter-class separability and segmentation clarity, the red box identifies the noise in the
algorithm’s output image that impacts the final model’s output. Otsu’s method determines the threshold by maximizing
the between-class variance, which effectively enhances contrast between salt efflorescence and the PV module surface
even in cases of grayscale ambiguity.

(b) (© (d) (e)

Figure 7. Comparative results of salt deposition images processed by the four algorithms. (a) original image; (b) Otsu algorithm;
(¢) Average threshold; (d) Sauvola threshold; (e) Niblack threshold.

The Otsu algorithm adopts a clustering-based approach to optimize threshold selection by evaluating how different
threshold values separate the image into two distinct classes. It calculates the proportion of pixels in each class and the
inter-class variance between them. The optimal threshold is determined by maximizing the inter-class variance across
the global range of gray levels, based on the total number of image pixels [35]. As illustrated in Figure 8, the histogram
demonstrates the concept of maximum inter-class variance in the grayscale image. The blue and green curves represent
the fitted probability density functions of the foreground and background, respectively. The optimal threshold (red line)
is selected by maximizing the variance difference between the two classes, thereby achieving the best possible
separation between foreground and background. In other words, the optimal threshold corresponds to the maximum
inter-class variance, indicating the greatest distinction in mean gray levels between the two classes.
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Specifically, the Otsu algorithm begins by initializing the salt image and defining variables for foreground and
background. The means of the foreground and background are then computed. Let w; denote the proportion of
foreground pixels and w>= 1 — w; the proportion of background pixels. The inter-class variance, representing the degree

of separability between the two classes, is calculated as:
2 2
o, =W Wy (= 14y)
where u; and u, are the mean gray levels of the foreground and background, respectively, given by:
k
2.0 p(D)
— i=0

W

4

L-1
> i pli)
ﬂz — i=k+1
WZ

Here, p(i) denotes the normalized probability of each gray level i, obtained from the histogram /(i) as:

N0}
p(i)= 7

where i is the gray level and L is the total number of pixels in the image.
Finally, for each image region /; , Otsu computes the optimal threshold B; as:

B, = argmax, {O'; (k)}

“)

)

(6)

(7

(®)

To accommodate illumination variation and spatial heterogeneity, Otsu thresholding was applied in a region-wise
fashion. Each image was divided into nine sub-regions (i.e., n = 9), and Otsu thresholding was performed individually
on each. This region-based application significantly reduced semantic confusion caused by uniform global thresholding,

especially in overlapping or gridline-dense areas.

The semantic maps generated from region-wise Otsu processing were fused into a composite semantic channel and
combined with the original RGB image to form a 4-channel input to the Mask R-CNN model. As shown in Figure 9,
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this approach improves foreground-background separability, particularly in visually ambiguous regions. The
segmentation model exhibits enhanced salt detection performance by leveraging Otsu-derived semantic guidance while
minimizing false positives from gridline interference.

(b)

Figure 9. Output results of the improved image processing workflow. (a) original image; (b) pre-application; (¢) post-application.

This semantic-aware preprocessing framework thus provides a robust foundation for feature optimization in
complex marine inspection scenarios. It significantly improves the precision and reliability of salt detection on offshore
floating PV modules.

2.4. Semantic-Integrated Salt Detection via Mask R-CNN

Through the screening of basic models, it is found that two models stand out for application in this scenario: Robust
Principal Component Analysis (RPCA) via Low-rank plus Sparse (L+S) Decomposition [36], and Mask R-CNN. From
the perspective of application scenarios and core capabilities, RPCA via L+S Decomposition focuses on interference
removal and structure extraction at the data level (providing high-quality data for subsequent tasks), while Mask R-
CNN focuses on object-level detection and segmentation (enabling end-to-end output of object information); the two
play different roles in the technical chain and exhibit complementarity. Since the core of this study is to achieve object-
level detection and segmentation of salt deposition on the surface of PV modules, which requires direct acquisition of
the spatial location and morphological information of salt deposition, Mask R-CNN is selected as the basic framework
for method improvement in this study. In the final stage, the semantic information generated from thresholding is
integrated into this enhanced Mask R-CNN model to realize precise instance-level segmentation of salt deposits. He et
al [37] proposed Mask R-CNN based on Fast Region-based Convolutional Neural Network (Fast R-CNN) [38]. Mask
R-CNN can predict both the class and bounding box of the target, with a more complex model architecture. Mask R-
CNN introduces an additional branch that employs a fully convolutional network structure to apply pixel-level
segmentation masks to each candidate region. Processing the input feature maps outputs a binary mask that indicates
whether each pixel belongs to the corresponding instance. It has been widely applied in fields such as medical diagnosis
[39] and agriculture [40], and has gradually evolved into a mature technology. Based on the characteristics of salt
deposition on the surfaces of offshore floating PV modules and the practical requirements for salt removal, this study
draws upon other object detection frameworks. It employs Mask R-CNN for the image recognition of salt deposition in
offshore floating PV systems. The overall architecture can be illustrated as follows:

The acquired images of salt deposition on the surfaces of PV modules are first fed into the convolutional neural
network to extract high-level features. During this process, the region proposal network generates candidate regions to
assist in identifying areas that may contain salt deposition. The mask branch module then processes these candidate
regions to generate masks for the salt deposition targets, thereby delineating the specific areas of salt accumulation.

The mask enables precise extraction of the salt deposition contours by performing pixel-level segmentation for
each salt deposition target. Simultaneously, the box regression module accurately localizes the bounding box of the salt
deposition by computing the minimum enclosing rectangle for each target, providing spatial information. The
classification module then classifies the detected targets to determine whether they correspond to salt deposition or PV
modules. In addition, a sliding window mechanism is employed to generate multiple anchor boxes on the feature map
and to evaluate the target probability for each anchor.

Finally, after processing through multiple modules, the framework outputs the mask, bounding box, and class
information for the salt deposition targets. The network architecture of Mask R-CNN is illustrated in Figure 10.
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Figure 10. Mask R-CNN architecture.

In the aforementioned thresholding process, semantic information is introduced to enhance the effectiveness of
image segmentation, ensuring that both grid lines and salt deposition patches are correctly classified according to their
semantic characteristics. After completing the threshold-based binarization for each segmented region, the nine
processed sub-images are stitched together according to their original spatial positions. The stitched image retains the
independently processed results of each segmented part while preserving the overall structural coherence of the image,
the green box in the output indicates the salt-dissolving area identified by the model.

At this stage, the stitched image is treated as an additional channel and combined with the original Red (R), Green
(G), and Blue (B) channels to form a four-dimensional space input for the Mask R-CNN model for object detection and
segmentation. Integrating semantic information into the image processing pipeline enhances the model's understanding
of image semantics, thereby improving its performance in complex scenarios. Compared with the original unsegmented
images, the improved framework significantly enhances the model's capability to handle complex backgrounds.
Through the effective utilization of semantic information and the adjustment of the image segmentation strategy, this
study not only optimizes the application of the thresholding algorithm in image processing but also improves the
accuracy of the Mask R-CNN model in detecting salt deposition on PV modules. This improved approach provides a
more precise and efficient solution for image recognition tasks in practical applications, demonstrating strong
adaptability and robustness, particularly in the presence of complex structures and noise within the images.

Given the irregular and difficult-to-identify boundaries of salt deposition, this study proposes a semantic
information-based framework for recognizing salt deposition on the surfaces of offshore floating PV modules. This
framework enhances the accuracy of salt deposition detection and segmentation by processing the salt deposition image
data through a semantic information-guided thresholding logic. A four-dimensional space input is constructed by
integrating the thresholding channel, which is optimized based on semantic information, with the original RGB image.
This enables the model to not only learn the color information from the RGB image but also capture the critical textures
and structural features highlighted by the thresholding process. In this manner, the model can achieve a comprehensive
and in-depth understanding of the image information pertaining to salt deposition on PV module surfaces, allowing it to
identify and segment salt deposition regions accurately. The improved network architecture is illustrated in Figure 11, the
red box indicates the salt precipitation zone, while the green box indicates the photovoltaic module zone.
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Neural Network Recognition

Threshold
Four-channel

Figure 11. Structure of the Mask R-CNN improved with semantic information.

3. Results and Discussion
3.1. The Devices and Strategies Employed in the Training of Models

During the model training process, parameter settings are of critical importance. To achieve optimal training
performance, a systematic hyperparameter tuning process is required prior to formal training. In this process, multiple
key hyperparameters are predefined and optimized to ensure the stability and convergence of the model. Furthermore,
according to the fundamental principles of experimental design, especially when conducting comparative experiments,
it is essential to maintain consistent parameter configurations and standardized dataset distribution strategies. This
approach effectively controls potential confounding factors and ensures the authenticity and comparability of the
evaluation results. To enable a fair comparison, the original and improved models are trained under identical dataset
conditions, thereby eliminating the influence of external variables.

After multiple experimental trials, the final training parameters were determined, as shown in Table 1. The image
size and the number of input channels were set in accordance with the specific requirements of the model architecture
to ensure compatibility between the input data and the model framework.

Table 1. Detailed training parameters for model implementation.

Training Parameters The Prescribed Value
Batch size 6
IoU 0.5
momentum 0.9
Epoch 100
Stride length 30-60

During the model training process, multiple experiments were conducted to carefully adjust the learning rate to
ensure the model could achieve optimal performance. As a critical factor influencing the effectiveness of model training,
the learning rate was systematically and progressively modified throughout the experiments. A series of iterative trials
was performed to evaluate different learning rate settings, with careful observation of the model’s convergence speed
and recognition performance. It was ultimately determined that setting the learning rate to 0.011 yielded the best
recognition results. This finding provides an important reference for subsequent training and application, ensuring the
trained model can achieve the expected performance in practical scenarios. The meticulous parameter setting and
optimization process significantly enhance the model’s performance and robustness in handling complex tasks.

3.2. Model Evaluation Metrics

To clearly and intuitively demonstrate the performance of the improved Mask R-CNN, this study employs two
evaluation metrics: mean Average Precision (mAP) and F1-score, to assess the model comprehensively.
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mAP is a commonly used performance evaluation metric in object detection and instance segmentation tasks [41].
Its specific calculation procedure involves first computing Precision and Recall, based on which the Precision (P)—
Recall (R) curve is plotted. TP represents the number of true positive salt deposition detections, TP denotes the number
of false positives, and FN refers to the number of false negatives:
TP
Recall = —— ©)
TP+ FN
The Average Precision (4P) is computed from the curve, typically by calculating the area under the curve using
integration methods or specific approaches such as 12-point interpolation. Finally, the AP values for all categories are
averaged to obtain mAP, AP; represents the average precision of the i-th category:

1 N
mAP=—-) AR (10)

i=1

When evaluating the model, the mAP may yield inconsistent recognition results due to variations in the selected
IoU thresholds. To enhance the comprehensiveness and accuracy of the model performance evaluation, a second
evaluation metric, F1-score, is introduced. By adopting a multidimensional evaluation framework, the improved model's
accuracy in detecting salt deposition can be more comprehensively assessed, providing a more precise basis for further
model optimization. F1-score is a commonly used evaluation metric, particularly valuable in scenarios involving
imbalanced datasets or where a balanced consideration of precision and recall is required [42]. Salt deposition
recognition typically involves identifying all relevant salt deposition regions within the image. A high recall rate
indicates that the model can detect a greater number of true positives. In the context of PV module maintenance, the
cost of missed detections is often substantial, as failing to identify salt deposition areas may lead to reduced equipment
efficiency or even damage. Therefore, recall is of critical importance, as a recognition model with a high recall rate can
effectively safeguard and extend the service life of PV modules. The F1-score, defined as the harmonic mean of
precision and recall, is calculated as demonstrated in Equation (11).

Precisionx Recall
Fl1=2x (11)
Precision+ Recall

The F1-score effectively balances precision and recall, thereby mitigating the issue of performance distortion and
low recall caused by the IoU threshold overlooking smaller targets. To better evaluate the model’s performance in this
task, the introduction of these two evaluation metrics is particularly appropriate. The model’s ability to detect salt
deposition regions can be accurately assessed by adopting both metrics, providing a more reliable foundation for
subsequent model optimization and improvement.

Based on the aforementioned computational logic, mAP and F1-score are systematically incorporated as dual
performance monitoring benchmarks during the model training phase. During model inference, the mAP values and
F1-score data are simultaneously outputted for both the original RGB three-channel input mode and the improved four-
dimensional spatial input mode. Comparative analysis reveals that the enhanced model achieves significant gains over
the baseline model across both core evaluation metrics. The performance improvements exhibit consistency and stability
at a statistical level, thereby fully validating the optimization effect of introducing four-dimensional spatial features on
the model's detection efficacy.

3.3. Analysis Based on Evaluation Metrics and Visualizations

Following the implementation of the aforementioned research methodology, it was observed that during the initial
phase of model training, as the number of training epochs increased, the training loss exhibited a pronounced and rapid
decline. This indicates that the model was effectively learning the features and patterns present in the salt deposition
data. As shown in the results below, with the continued increase in training epochs, the loss reduction rate gradually
slowed and eventually stabilized at a relatively steady state. At 80 epoch, both the training and validation loss values
reached stability, with all loss values falling below 0.25. Therefore, an epoch count of 80 was adopted to save
computational time. Notably, the classification and regression losses of the head network converged towards zero,
indicating that the model had successfully learned the distinct features and approximate locations of salt deposition on
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PV modules [43], the model has already achieved satisfactory performance in both classification and region prediction
tasks. The changes in training loss for the models before and after improvement are shown in Figure 12.

—— Improvement after loss —— Improvement before loss
2.00
1.50
2 100 |
.
050
0'00 1 1 1 1
0 20 40 60 80 100
Epoch

Figure 12. Training loss curves of the model before and after improvement over training epochs.

During the model operation phase, after preprocessing the collected salt deposition images using the multi-scale
feature fusion framework developed in this study, the feature space representation of the images exhibited significant
optimization. Specifically, following adaptive thresholding segmentation and texture feature enhancement, the
introduction of the semantic information-based thresholding unit for salt deposition features successfully suppressed
the periodic interference signals caused by the grid lines of PV cells during model operation. Experimental results
demonstrate that this processing pipeline effectively eliminates the spatial frequency aliasing caused by electrode grid
lines, thereby improving the accuracy of morphological feature extraction in salt crystallization regions and providing
a reliable visual basis for the quantitative analysis of salt deposition defects on PV modules.

Comparative analysis of the two models' performance in the salt deposition recognition task revealed that the
improved model achieved a significant enhancement in recognition and segmentation accuracy compared to the baseline
model. During the image processing stage, the semantic information-guided thresholding algorithm automatically
determined the optimal binarization threshold for the input images, enhancing the edge features of salt deposition on
PV modules to better separate salt deposition regions from the background. This effectively reduced the interference
caused by grid lines during model recognition, enabling Mask R-CNN to focus more precisely on the target areas. Such
preprocessing improved the feature recognition capability of Mask R-CNN. Consequently, the improved model
demonstrated a consistently upward trend in early training stages. Moreover, by incorporating the four-dimensional
space, the separability of the dataset was enhanced, improving data quality by converting sample images into more
processable binary representations. As a result, the improved model exhibited faster convergence at the early training
stage, achieving over 90% segmentation accuracy at an epoch count of 80, approximately 20 epochs earlier than the
baseline model. This improvement helps to reduce label noise and unpredictability, leading to a more stable and efficient
network training process. The comparison of recognition and segmentation accuracy curves between the baseline and
improved models is presented in Figure 13.
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Figure 13. Comparison of mAP accuracy for detection and segmentation between the baseline and improved models. (a) Detection
before vs. after model improvement ; (b) Segmentation before vs. after model improvement.

As shown in Table 2, a comparison of the mAP and F1-score evaluation metrics between the baseline and improved
models reveals that the recognition accuracy (mAP) of the improved model increased by 4.7%, while the segmentation
accuracy (mAP) improved by 3.6%. The recognition accuracy (F1-score) increased by 3.3%, and the segmentation
accuracy (F1-score) improved by 3.3% as well. These improvements demonstrate that the strategies adopted during the
training and optimization processes effectively enhanced the model’s learning capacity and generalization ability. The
improved model can thus provide more reliable predictions for practical applications in offshore floating PV systems,
laying a solid foundation for further model advancements. Table 2 presents the comparison of evaluation metrics
between the baseline and improved models.

Table 2. Comparison of mAP and F1-score between the baseline and improved models.

Evaluation Criteria

Model before Improvement

Model after Improvement

MAP et 88.4% 92.0%
MAPs, 88.5% 93.3%
F1 et 62.7% 66.0%
Fleg 62.7% 66.0%
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To intuitively demonstrate the advantages of the improved model over the baseline model in the integrity
recognition of salt deposition on PV modules, the actual salt deposition dataset was input into both the baseline and
improved models for comparative analysis. The comparison results are presented in Figures 14 and 15, the region
highlighted by the red rectangular box in the figure indicates an area that the baseline model failed to detect, while the
proposed model successfully identified; this region exhibits a strong contrast in the output structure.

Figure 15. Comparison of multiple salt deposition target results on the test set. (a) original image; (b) pre-improvement; (¢) proposed.

4. Conclusions

The stable operation of floating PV systems in salt spray environments, as well as the development of efficient
cleaning and maintenance systems, relies heavily on the accurate detection and localization of salt crystallization on PV
module surfaces. This study identifies critical limitations in the performance of the existing Mask R-CNN framework
for this task. Specifically, the conventional model exhibits insufficient sensitivity to the morphological features of salt
crystals, resulting in a recognition accuracy of only 88.4%. Additionally, the interference caused by gridlines on the
module surface significantly degrades the model’s robustness, leading to fragmented recognition of salt crystallization
regions. In complex backgrounds, further susceptibility to noise and impurity artifacts contributes to a notable decline
in segmentation performance.

A novel detection framework incorporating prior semantic information was proposed to overcome these challenges.
By integrating an adaptive thresholding mechanism based on multi-dimensional analysis into the feature extraction
stage, the model’s capacity to distinguish fine-grained salt features was substantially enhanced. Experimental validation
on a measured dataset confirms that, compared to the traditional Mask R-CNN, the proposed framework not only
significantly improves the accuracy of salt region localization but also markedly suppresses the interference from
structural background features such as gridlines. Furthermore, the integrity of salt crystallization recognition is greatly
improved through refined feature analysis.Quantitative results show a considerable performance gain: recognition
accuracy increased to 93.3%, and the F1-score for complete region identification rose to 0.66. The integration of a noise
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suppression module further enhances the model’s robustness under complex background conditions, affirming its
capability to handle challenging visual scenarios typical of marine environments. These improvements collectively
provide strong technical support for intelligent maintenance strategies in offshore floating PV systems.

Nevertheless, further optimization remains necessary. Although the proposed model demonstrates improved
computational efficiency, its recognition speed has not yet reached an optimal level for real-time deployment. Future
research will therefore focus on refining the core architecture, streamlining the data processing pipeline, and
incorporating advanced deep learning techniques to enhance real-time responsiveness, thereby aligning the system with
the demands of practical engineering applications. From a broader perspective, exploring alternative methodological
paradigms could further advance this field. For instance, graph neural networks and graph signal processing techniques,
which are inherently suitable for modeling relational features in complex structures, may offer promising solutions.
These approaches could reduce reliance on large-scale annotated datasets—a critical advantage given the challenges of
data labeling in marine PV scenarios—while capturing the topological relationships between salt crystals and
background components (e.g, gridlines, surface textures). Such extensions would not only complement the current
framework but also enhance the adaptability of salt crystallization detection in real-world operational environments.
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