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Abstract: This research addresses the crucial task of improving accuracy in the semantic segmentation
of aerial imagery, essential for applications such as urban planning and environmental monitoring.
This study emphasizes the significance of maintaining the Intersection over Union (IOU) score as
a metric and employs data augmentation with the Patchify library, using a patch size of 256, to
effectively augment the dataset, which is subsequently split into training and testing sets. The core of
this investigation lies in a novel architecture that combines a U-Net framework with self-attention
mechanisms and separable convolutions. The introduction of self-attention mechanisms enhances
the model’s understanding of image context, while separable convolutions expedite the training
process, contributing to overall efficiency. The proposed model demonstrates a substantial accuracy
improvement, surpassing the previous state-of-the-art Dense Plus U-Net, achieving an accuracy
of 91% compared to the former’s 86%. Visual representations, including original patch images,
original masked patches, and predicted patch masks, showcase the model’s proficiency in semantic
segmentation, marking a significant advancement in aerial image analysis and underscoring the
importance of innovative architectural elements for enhanced accuracy and efficiency in such tasks.

Keywords: semantic segmentation; U-Net; self-attention; separable convolutions; aerial imagery;
remote sensing

1. Introduction

The accurate semantic segmentation of aerial imagery holds immense significance
in various practical applications, particularly in fields such as urban planning and envi-
ronmental monitoring. As cities expand and landscapes evolve, the need for precise land
cover classification becomes paramount for effective urban development and resource
management. Furthermore, in environmental monitoring, the ability to differentiate be-
tween various land features aids in assessing ecological changes and ensuring sustainable
practices. The integration of a U-Net framework with self-attention mechanisms and sepa-
rable convolutions, as explored in this research, offers a promising avenue for advancing
the accuracy of segmentation methods. The practical implications of this research extend
to critical decision-making processes, where the improved model can provide detailed
insights into urban infrastructure, land use patterns, and environmental changes. Such
advancements are crucial for policymakers, urban designers, and environmental scientists
who rely on accurate spatial information for informed decision making. By enhancing the
precision of semantic segmentation, this study contributes to the broader goal of harnessing
aerial imagery for practical applications that address contemporary challenges in urban
development and environmental sustainability. The most difficult process that you can
come across in the field of computer vision is the problem of semantic segmentation. The
problem of semantic segmentation has been practiced and studied heavily in an image
processing context. In the study of semantic segmentation, the goal is to connect or clas-
sify each pixel of an image into a certain class [1]. Land use and land cover maps are
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frequently made from medium- and high-resolution satellite images like Sentinel [2] and
Landsat [3]. Semantic segmentation holds crucial significance across a diverse range of
applications within the field of geographic information. This technique plays a pivotal
role in various geographic information applications, showcasing its multifaceted utility
in extracting meaningful insights from spatial data [4]. The application of deep learning
(DL) in remote sensing semantic segmentation is progressively gaining traction [5]. Earlier
techniques relying on sliding windows and candidate regions are characterized by their
time-consuming nature and a substantial number of redundant computations [6].

In recent times, an increasing number of methods based on deep learning (DL) have
emerged in the realm of remote sensing, encompassing variations of the U-Net model
and its derivatives [7]. By discerning the significance of specific elements within a given
context, attention mechanisms contribute to the refinement of decision-making processes.
Their ability to ignore extraneous or irrelevant data not only streamlines computational
efficiency but also plays a crucial role in mitigating the impact of noise or distractors in
complex datasets [8].

The deep learning architecture that is used herein is a self-attention U-Net with separable
convolutions. The self-attention takes advantage of focusing on the key pixels in the images
while ignoring the unnecessary pixel values. In order to better handle input images with high
resolutions, we split input images into image patches and perform training and evaluation
in a patch-by-patch manner [9]. The deep learning architecture that is used herein is a self-
attention U-Net with separable convolutions. The self-attention takes advantage of focusing
on the key pixels in the images while ignoring the unnecessary pixel values. The separable
convolutions used in the proposed architecture speed up the training process. Several works
in the literature have undertaken comprehensive reviews of research methodologies within
the realm of semantic segmentation for remote sensing data. These works systematically
classify and explore diverse perspectives, specifically delving into remote sensing image
analysis within the broader domain of general deep learning algorithms. Through meticulous
examination and categorization, these studies contribute to a nuanced understanding of
the various approaches employed in the field, shedding light on the application of deep
learning algorithms for the semantic segmentation of remote sensing data. The synthesis
of these perspectives serves to consolidate knowledge and offer insights into the evolving
landscape of research methods, providing a valuable resource for scholars, practitioners, and
enthusiasts engaged in the dynamic field of remote sensing image analysis. At the heart of
this investigation lies a groundbreaking architectural approach, seamlessly combining the
U-Net framework with innovative self-attention mechanisms and separable convolutions.

The incorporation of self-attention mechanisms elevates the model’s ability to grasp
intricate image contexts, while the strategic use of separable convolutions accelerates the
training process, culminating in heightened overall efficiency. Noteworthy is the model’s
unprecedented accuracy improvement, as evidenced by its outperformance of the prior
state-of-the-art Dense Plus U-Net, achieving an impressive 91% accuracy compared to the
former’s 86%. These advancements, visually represented through original patch images,
masked patches, and predicted patch masks, underscore the model’s proficiency in se-
mantic segmentation, marking a substantial stride forward in the realm of aerial image
analysis. This work not only addresses the immediate need for enhanced accuracy but
also emphasizes the pivotal role of novel architectural elements in shaping the future
trajectory of this critical research domain. Due to the widespread adoption of deep learning,
numerous traditional semantic segmentation models have been developed, among which
is the fully convolutional network (FCN) [10]. Nevertheless, the FCN exhibits a fixed
receptive field, posing a challenge in retaining intricate details as there is a susceptibility
to information loss. The FCN had the problem of losing important pixel information;
to solve this problem, the U-Net was used, in which the encoder-decoder architecture
maintains the important pixels, and the results were more promising than the FCN [11].
Lately, advancements in remote sensing technologies have led to the development of highly
sophisticated techniques capable of providing very-high-resolution (VHR) aerial images,
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characterized by a ground sampling distance ranging from 5 to 10 cm, both in spatial and
spectral domains [12]. As a result, even minor objects become discernible, allowing for their
segmentation with precision and accuracy [13]. While attention technology undeniably
enhances segmentation accuracy, its widespread application is impeded by the substantial
demand for computational resources. In recent times, a surge of refined methodologies
has surfaced to address this challenge, notably the self-attention mechanism and fusion
attention mechanism. This section provides a comprehensive synthesis and examination of
linear attention and sub-attention mechanisms, delving into their nuanced contributions to
optimizing computational efficiency in attention-based models. Additionally, it explores the
intricacies of channel and spatial attention mechanisms, shedding light on their respective
roles in refining segmentation accuracy without compromising computational scalability.
As attention mechanisms continue to evolve, the nuanced discussion within this section
aims to provide a comprehensive overview, laying the foundation for a deeper understand-
ing of their applications and implications in the context of segmentation processes [4].
The major innovations of using the U-Net were its four layers of skip connections in
between. Over the past few years, there has been a notable surge in the application of refined
methodologies derived from classical deep learning approaches for semantic segmentation in
the domain of remote sensing images. This influx of improved methods signifies a growing
trend in leveraging advanced techniques to extract meaningful information from complex
remote sensing datasets. The amalgamation of classical deep learning principles with innova-
tive enhancements underscores a continuous effort to enhance the precision and efficiency of
semantic segmentation in the context of remote sensing. These advancements play a pivotal
role in addressing the evolving challenges of interpreting and understanding intricate spatial
information embedded within remote sensing imagery. As researchers explore and implement
these improved methods, the synergy between classical deep learning and remote sensing
applications unfolds new possibilities for accurate and comprehensive image analysis [14].
In the dynamic interplay of urban expansion and environmental shifts, the need for
accurate semantic segmentation of aerial imagery becomes even more pronounced, offering a
crucial lens for understanding and navigating the complexities of contemporary landscapes.
As urban centers burgeon into sprawling metropolises and natural landscapes undergo
transformations, the demand for precise land cover classification intensifies, assuming a
pivotal role in orchestrating effective urban development and judicious resource management
strategies. This need resonates acutely in the realm of environmental monitoring, where
discerning and categorizing various land features becomes an invaluable tool for assessing
ecological changes and fostering sustainable practices. The fusion of a U-Net framework with
self-attention mechanisms and separable convolutions, a core exploration in this research,
signifies a transformative leap towards enhancing the accuracy of semantic segmentation
methodologies, providing a progressive solution to the challenges posed by intricate and
evolving landscapes. In practical terms, the ramifications of this research extend far beyond
theoretical realms, permeating into the realms of critical decision-making processes. The
refined model serves as a cognitive ally, unraveling detailed insights into the nuances of
urban infrastructure, intricacies of land use patterns, and the dynamics of environmental
changes. Stakeholders, including policymakers, urban designers, and environmental sci-
entists, stand to benefit significantly from this innovative approach, relying on accurate
spatial information to make informed decisions that reverberate through urban planning and
environmental sustainability initiatives. In the face of contemporary challenges characterized
by rapid urbanization, climate concerns, and the need for resilient urban ecosystems, the
heightened accuracy achieved through improved semantic segmentation becomes a linchpin
for navigating these complexities effectively. This study, by elevating the precision of aerial
imagery analysis, not only contributes substantively to the overarching goal of harnessing
advanced technologies but also empowers decision-makers to navigate the intricacies of
modern urban development and environmental sustainability with foresight and precision.
The fusion of a U-Net framework with self-attention and separable convolutions showcases a
significant leap forward, addressing computational challenges while achieving unparalleled



Appl. Sci. 2024, 14, 3712

40f 15

precision. Through an exploration of linear and sub-attention, as well as channel and spatial
attention mechanisms, this research contributes to the evolving landscape of image analysis,
promising transformative advancements for practical applications in urban planning and
environmental monitoring.

2. Literature Review
2.1. CNN Approach for Aerial Imagery Segmentation

Leveraging convolutional neural networks (CNNs), this approach involved precise
pixel labeling for training and extracting intricate building areas. This method significantly
contributed to the advancement of semantic segmentation in aerial images, utilizing CNNs’
robust pattern recognition capabilities to enhance spatial understanding and provide valu-
able insights into the distribution of buildings. The refined methodology showcases ongo-
ing progress in deploying deep learning techniques for extracting meaningful information
from complex visual data [15].

2.2. Ensemble CNN-Based Semantic Segmentation in High-Resolution Aerial Imagery

In 2016, (Marmanis et al., 2016) elucidated a semantic segmentation model that leveraged
high-resolution aerial imagery. The approach incorporated an ensemble of convolutional
neural networks (CNNs), specifically the FCN, alongside adapted CNNs, highlighting their
heightened efficiency when applied to standard datasets. This detailed exploration under-
scored the model’s effectiveness in semantic segmentation and demonstrated the superior
performance achieved through the integration of an ensemble of CNN architectures [16].

2.3. Improved Semantic Segmentation with Model Compression and ConvNet

In the realm of semantic segmentation modeling, (Holliday et al., 2017) directed their
focus toward enhancing segmentation accuracy. Employing advanced model compression
techniques, they strategically optimized the model for superior performance. The utilization
of ConvNet played a pivotal role in evaluating the significance of segmentation within this
specific context, contributing to a comprehensive understanding of the model’s overall
effectiveness [17].

2.4. CNN-Based Segmentation of High-Resolution Aerial Images with Pyramid Pooling

In the landscape of image segmentation, (Yu et al., 2018) innovatively devised a
robust end-to-end methodology in 2018. Their comprehensive approach was aimed at
semantically segmenting high-resolution aerial images and demonstrated a strategic fusion
of a convolutional neural network (CNN) structure with a pyramid pooling phase. This
thoughtful integration allowed for the extraction of feature maps across diverse scales,
contributing to an enhanced and nuanced understanding of the semantic content embedded
in the high-resolution aerial imagery [18].

2.5. Attention Dilation Link Neural (AD-Linknet)

In 2019, (Wu et al., 2019) delved into the examination of the attention dilation-linknet
(AD-linknet) neural network. Their study embraced an encoder—decoder framework,
featuring a pre-trained encoder, a channel-wise attention scheme, and a serial-parallel
integrated dilated convolution. This research specifically focused on the application of
these components for achieving semantic segmentation in the context of high-resolution
satellite images [19].

2.6. UAV Image Segmentation with Deep Learning Enhancements

In 2020, (Boonpook et al., 2020) introduced a novel approach for multifeature semantic
segmentation derived from UAV photogrammetry images, leveraging deep learning tech-
niques. The incorporation of the SegNet model notably enhanced the accuracy of building
extraction in this context. Additionally, in the same year, Yang and colleagues conducted a
study in a related field [20].
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2.7. Land Cover Classification with Advanced Segmentation

In the year 2021, (Mehra et al., 2021) presented an innovative approach to semantic
segmentation specifically tailored for the classification of land cover. Their method incorpo-
rated a selection of six deep learning architectures, namely pyramid scene parsing, U-Net,
deeplabv3, a path aggregation network, an encoder-decoder network, and a feature pyra-
mid network. Through the application of these advanced architectures, their methodology
yielded exceptional results, showcasing a significant advancement in the accuracy of land
cover classification in comparison to existing techniques [21].

2.8. Orchard Tree Identification: U-Net-Based Segmentation

In 2021, (Anagnostis et al., 2021) proposed a semantic segmentation method to identify
orchard trees in aerial images. They employed U-Net to enhance the efficiency of the
approach, particularly in terms of accuracy. The designed model prioritized the automatic
localization and detection of orchard tree canopies under various constraints [22].

3. Proposed Method
3.1. Self-Attention Mechanism

In computer vision, self-attention acts as a guide for models to focus on relevant
visual information. By allowing pixels or features to communicate and adapt their im-
portance dynamically, self-attention enhances the model’s ability to understand images,
recognize objects, and extract meaningful patterns as can be seen in Figure 1. This adaptive
and context-aware mechanism contributes to the overall effectiveness of computer vision
models in various tasks. We can think of an image as a sequence of pixels. Self-attention
helps each pixel consider the relevance of other pixels in the same image. This is akin
to pixels “talking” to each other, focusing on what is important nearby. Self-attention
allows a computer vision model to be flexible. It can pay attention to both the big picture
(entire image) and small details (local features) based on what is important for the task at
hand. In scenarios where images are part of a time series, self-attention enables the fusion
of temporal and spatial information. This is beneficial for tasks like tracking changes in
landscapes over time [23].
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Figure 1. Self-attention mechanism representation in terms of computer vision.
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3.2. Separable Convolutions

Separable convolutions are a type of smart convolutional operation designed to make
convolutional processes simpler and faster as shown in Figure 2. They split the convolution
into two steps: depth-wise convolution and point-wise convolution. Depth-wise convolu-
tion looks at how things are arranged in the data, but it only focuses on one channel at a
time. It does not care about how different channels relate to each other. It is like zooming in
on each channel’s details separately. Point-wise convolution comes next. It looks at all the
channels together at each point, combining the details from each channel. This step brings
together the zoomed-in details from the depth-wise convolution to create a bigger picture
of what is going on.

3x3xC , . | Ox1x1 Ix1xM
Input ——————{Depth-wise Convolution 1x1 Convolution

A4

Qutput

Figure 2. The process of depth-wise separable convolution. This process includes depth-wise
convolution and 1 x 1 convolution.

The big advantage of separable convolutions is that they use fewer calculations and
fewer numbers to remember. Depth-wise separable convolution can be decomposed into
depth-wise convolution and 1 x 1 convolution (also known as point-by-point convolu-
tion) [24]. This makes them much faster and more efficient than standard convolutions. It
is like using a simpler tool that does the same job but faster and with less effort. Because
they are faster, separable convolutions are really useful when working with lots of data or
if you have only little computing power. And even though they are simpler, they can still
do a great job of picking out important details in the data. So, they are handy for tasks like
figuring out what is in a picture or spotting objects in a video.

Another interesting thing about separable convolutions is that they help to prevent the
model from becoming too specialized on the training data. With fewer things to remember,
the model can be more flexible and better at dealing with new, unseen data. This makes it
more reliable and able to handle different situations.

Standard convolution operations involve a large number of parameters and computa-
tions, making them resource-intensive. In contrast, separable convolutions break down the
operation into depth-wise and point-wise convolutions, reducing the computational burden
and enhancing efficiency. This decomposition is particularly advantageous in scenarios
with limited resources, providing a more lightweight alternative to standard convolutions.

3.3. Workflow for Semantic Segmentation of Aerial Imagery

The proposed method as shown in Figure 3 leverages a comprehensive approach
to the semantic segmentation of aerial imagery of Dubai, obtained through the use of
satellites from the Mohammed Bin Rashid Space Centre (MBRSC). The dataset, consisting
of 72 images grouped into 8 larger tiles, has been meticulously annotated for pixel-wise
semantic segmentation across six classes: Building, Land, Road, Vegetation, Water,
and Unlabeled. The task at hand involves effectively segmenting these diverse land
cover features for applications such as urban planning, environmental monitoring, and
infrastructure management.

To preprocess the dataset, a patch-based augmentation technique is employed. Large
images are divided into smaller, manageable patches, each serving as a distinct section
of the original image. These patches, with a specified size, are obtained through the
Patchify library. The augmentation process includes loading the image, dividing it into
patches, and determining whether these patches overlap or not. The resulting patches are
instrumental in simplifying the handling of large datasets, enabling more efficient analysis
and manipulation.
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Figure 3. Workflow for semantic segmentation of aerial imagery.

Following dataset preprocessing, the method proceeds to model development. The
architecture chosen for this task is the U-Net with self-attention and separable convolutions,
a deep learning model known for its effectiveness in semantic segmentation tasks. The
model is compiled with a custom loss function, combining Dice Loss and Focal Loss, aiming
to enhance the training process and improve the model’s ability to handle imbalanced
classes. The model is trained on the prepared dataset, and its performance is evaluated
on a separate test set. Training history is visualized through plots to assess the model’s
learning progress.

Ultimately, the trained model is applied to predict land cover classes in new, unseen
images, facilitating the generation of valuable insights for further analysis. The proposed
method concludes with a comprehensive analysis of results and their implications, provid-
ing a robust framework for semantic segmentation in aerial imagery and contributing to
advancements in remote sensing applications for urban landscapes.

3.4. Proposed Model

The innovative model in Figure 4 proposed herein represents a nuanced evolution of
the widely acclaimed U-Net architecture, specifically honed to address the intricate chal-
lenges inherent in satellite imagery segmentation. In this tailored adaptation, a meticulous
amalgamation of state-of-the-art techniques is employed, synergizing the computational ef-
ficiency offered by separable convolutions with the profound contextual awareness instilled
by the self-attention mechanism.
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Figure 4. Proposed SA-SC-U-Net: U-Net with self-attention and separable convolutions.

3.4.1. Contextualizing U-Net

The U-Net architecture, renowned for its prowess in image segmentation, serves as the
foundational framework for this advanced model. Its inherent ability to capture hierarchical
features through encoder—-decoder structures forms the backbone of the proposed design.
Recognizing the unique demands posed by satellite imagery, this model takes a deliberate
step further to enhance its segmentation capabilities. Satellite imagery, characterized by
vast spatial intricacies, necessitates a model that goes beyond conventional segmentation
approaches. The proposed variant is meticulously tailored to accommodate and capitalize
on the distinctive features of satellite images. The integration of separable convolutions and
self-attention mechanisms represents a strategic choice aimed at addressing the challenges
specific to this domain. The efficiency of separable convolutions becomes particularly
pertinent in the context of processing expansive satellite image datasets. This technique,
characterized by its parameter-efficient design, empowers the model to navigate the com-
plexities of high-resolution imagery while maintaining computational tractability. Each
layer strategically utilizes separable convolutions, optimizing feature extraction without
compromising on model efficiency.

3.4.2. Infusing Contextual Awareness with Self-Attention

Recognizing the need for nuanced contextual awareness in satellite image segmen-
tation, self-attention mechanisms are seamlessly woven into the fabric of the model. The
introduction of attention layers, specifically tailored to focus on salient features, enables
the model to discern intricate patterns and long-range dependencies. This strategic fusion
of contextual understanding and computational efficiency sets the proposed model apart
in the realm of satellite imagery analysis.

Explaining the Components of the Model Architecture:

3.4.3. Encoder Refinement

The model’s encoder is meticulously refined to capture intricate spatial hierarchies. Each
encoder block is crafted with precision, incorporating convolutional layers, dropout regu-
larization, and separable convolutions. The sequential application of attention mechanisms
further refines the representation, allowing the model to learn and emphasize crucial features.

3.4.4. Decoding Spatial Details

The decoder intricately reconstructs spatial details, facilitating the faithful reconstruc-
tion of the input image. Transposed convolutions, coupled with concatenation techniques,
enable the model to upsample efficiently, capturing details at multiple scales. This process
is replicated across multiple decoder blocks, ensuring a comprehensive understanding of
spatial relationships within the satellite imagery.
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3.4.5. Final Predictive Layer

Culminating in the final layer, a 1 x 1 convolutional operation with softmax activation
consolidates the learned features into a pixel-wise segmentation map. This top-level syn-
thesis of information encapsulates the model’s predictive capabilities, offering a nuanced
delineation of diverse classes within the satellite imagery.

3.4.6. Training Strategies

The training strategy for this model is as sophisticated as its architecture. The cat-
egorical cross-entropy loss is chosen, aligning with the model’s objective of multi-class
segmentation in satellite imagery. Leveraging the Adam optimization algorithm, the model
efficiently adapts its parameters during training, ensuring convergence towards an optimal
solution. The proposed model stands as a testament to the intricate interplay between
architectural refinement and strategic integration of advanced techniques. By tailoring the
U-Net architecture for satellite imagery segmentation and infusing it with the efficiency of
separable convolutions and the contextual awareness of self-attention mechanisms, this
model emerges as a potent tool for unraveling the complexities inherent in remote sens-
ing applications. As the dimensions of satellite imagery continue to evolve, so does the
adaptability and sophistication of this proposed model, making it a formidable asset in the
domain of satellite image analysis.

4. Results and Discussions
4.1. Dataset (MBRSC)

The dataset utilized in this study comprises 72 aerial images of Dubai obtained by
MBRSC satellites, meticulously annotated through pixel-wise semantic segmentation across
six distinct classes. These images are organized into eight larger tiles, enabling efficient
handling of the dataset. The semantic segmentation classes include Building, Land, Road,
Vegetation, Water, and Unlabeled, with each pixel assigned a specific label. The Unlabeled
class caters to ambiguous or unannotated regions. The dataset is instrumental for training
and evaluating models tailored for semantic segmentation tasks in urban environments.
The MBRSC satellite-derived imagery holds significance for applications in urban planning,
environmental monitoring, and infrastructure development. Additionally, the dataset
allows for insights into the composition of Dubai’s landscape, and the annotation of
building structures, roads, and vegetation facilitates detailed analysis for various research
purposes. This study underscores the dataset’s importance in remote sensing and urban
landscape analysis; considering both its spatial and semantic richness, the dataset is openly
available on Kaggle. The original image and the mask generated can be seen in Figure 5.

(a) Image before preprocessing (b) Ground truth before preprocessing

Figure 5. Dataset semantic segmentation of aerial imagery.
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4.2. Dataset Preprocessing

In the preprocessing phase of this dataset, we implemented a technique known as
patching to streamline the handling of large images. Initially, we loaded substantial
images, such as high-resolution photographs, and subsequently broke them down into
more manageable components called patches or chunks. The size of these patches was
determined by the parameter named image_patch_size. An interesting aspect of the
method is the ability to choose whether these patches overlap or not. In the code, we
opted for non-overlapping patches to maintain distinct sections. The resulting patches,
akin to puzzle pieces, amounted to a total of two, forming a structured 1 x 1 grid. Each
patch possessed dimensions of 256 x 256 pixels as can be seen in Figure 6, and comprised
three color channels (R, G, B). This patching technique proves invaluable for image-related
tasks, facilitating the independent analysis or modification of smaller portions of an image.
Ultimately, it serves to simplify the management and processing of extensive datasets.

o

50

150

(a) Input preprocessed image (b) Input preprocessed mask

Figure 6. Preprocessed images after being patched with patch size of 256 with no overlapping.

The images from the original published dataset in Kaggle are preprocessed in a way
so that the deep learning model can learn the features in an easy manner and the images
are not heavy.

4.3. Custom Loss Combination

The custom combines the Dice Loss and Focal Loss using a weighted sum. The weights
(0.5 for Dice Loss and 0.5 for Focal Loss) determine the contribution of each loss term. The
combined loss is 0.5 x Dice Loss + 0.5 x Focal Loss. The custom loss is a hybrid of Dice
Loss and Focal Loss, aiming to benefit from both methods. It addresses class imbalance
through Focal Loss and encourages accurate localization through Dice Loss. The specific
choice of weights (0.5 for each) reflects an equal emphasis on both components. Adjusting
these weights could be explored to fine-tune the model based on the characteristics of your
dataset and task.

4.4. Model Evaluation Performance Metrics

The model was trained on a labeled dataset of aerial imagery from Dubai, grouped
into eight larger tiles with a total of 72 images. Each image was annotated with pixel-wise
semantic segmentation in six classes: Building, Land, Road, Vegetation, Water, and Unla-
beled. The dataset underwent preprocessing, including patch-based data augmentation
and normalization. The number of images after augmentation was increased to 945. There
were 803 training images, which makes 85 percent, and 142 were testing images. The
predictions were performed on original training images and masked images. The trained
model exhibited promising performance on both the training and validation sets, achieving
competitive IoU scores and demonstrating its ability to segment different land features
accurately. A visual inspection of the predicted segmentation masks on new images further
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confirmed the model’s effectiveness in capturing complex spatial patterns in the aerial im-
agery of Dubai. Furthermore, the utilization of pixel-wise semantic segmentation enabled
the model to precisely delineate boundaries between different land classes, contributing
to its overall accuracy and reliability. This capability is crucial for tasks such as urban
planning, environmental monitoring, and infrastructure development in Dubai and similar
urban environments.

The proposed SA-SC-U-Net outperforms the benchmark models, including FCN,
U-Net, and Dense + U-Net, across various performance metrics. Notably, SA-SC-U-Net
achieves the highest scores in accuracy (91.78%) and loU (81.82%) can be seen in Table 1. The
superior performance of the proposed model can be attributed to its unique combination
of self-attention mechanisms and separable convolutions. The self-attention mechanism
allows the model to focus on more relevant image regions, capturing long-range depen-
dencies and enhancing feature extraction. Additionally, the use of separable convolutions
reduces computational complexity while preserving model efficiency, enabling more ef-
fective learning of spatial hierarchies in the data. This combination results in improved
segmentation accuracy and robustness, making SA-SC-U-Net a compelling choice for
semantic segmentation tasks in aerial imagery compared to the traditional architectures
like FCN and U-Net. Post completion of model training, predictions were made on new
images using the SA-SC U-Net architecture. The model demonstrated its ability to segment
objects effectively, providing pixel-wise predictions for each class—Building, Land, Road,
Vegetation, Water, and Unlabeled. These predictions showcased the model’s capacity to
comprehend complex visual information and accurately assign semantic labels to various
regions within the images. By visualizing the predicted masks alongside the original
images, it becomes evident how well the SA-SC U-Net captures intricate patterns and
nuances, making it a reliable tool for image segmentation tasks. These predictions serve as
a testament to the model’s practical utility and its potential application in diverse domains,
from urban planning to environmental monitoring. The successful execution of predictions
validates the model’s learning capabilities and signifies its readiness for real-world deploy-
ment. The SA-SC-U-Net model stands out for its exceptional performance, achieving the
highest accuracy (91.78%) and IoU (81.82%) scores compared to other benchmark models.
This success is due to its unique combination of self-attention mechanisms and separable
convolutions. The self-attention mechanism helps the model focus on important parts
of the image, capturing distant relationships and improving feature extraction. At the
same time, separable convolutions reduce the complexity of calculations while keeping the
model efficient, allowing it to better understand the structure of the data.

Table 1. Performance metrics SA-SC U-Net (self-attention with separable convolutions U-Net).

Model Accuracy ‘ﬁiiiitalco; Loss ValIiJc(l)zzion IoU ValiI((i)?Jtion
FCN 78.2% 71.4% 86.5% 90.3% 65.3% 61.8%
U-Net 82.3% 78.9% 89.6% 93.2% 71.03% 68.36%
CNN 83.3% 79.4% 88.5% 92.2% 72.9% 70.2%
DeepLabV3 85.3% 81.5% 87.2% 91.5% 74.3% 71.9%
Dense + U-Net 86.45% 81.76% 81.78 87.56% 76.90% 72.43%
SA-SC 91.78% 87.34% 80.28% 85.56% 81.82% 77.45%

U-Net (Ours)

The scale employed for image processing involves measuring the spatial resolutions
for the red, green, and blue color channels. In Figure 7a—c the spatial resolutions are
approximately 11, 10, and 11 LP/mm for the red, green, and blue channels, respectively.
For Figure 7d—f, these resolutions are approximately 10, 9, and 11 LP/mm for the respective
channels, while Figure 7g—i shows approximately 9 LP/mm for all three channels. Across all
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images, the radiometric resolution remains fixed at eight bits per pixel, ensuring consistent
color depth. Additionally, each image maintains a constant number of bands at three,
representing the presence of red, green, and blue channels.

The lmage Real Mask Predicted Mask

(a) Input image (b) Ground truth (c) Predicted Mask
The Image Real Mask Predicted Mask

(d) Input image (e) Ground truth (f) Predicted Mask
The Image ~ Real Mask Predicted Mask

(g) Input image (h) Ground truth (i) Predicted Mask
Figure 7. Predicted Images of SA-SC U-Net.

4.5. Plotting IOU vs. Validation IOU

Analyzing the Intersection over Union (IoU) and validation IoU of the SA-SC U-Net
model provides crucial insights into its segmentation accuracy. IoU measures the over-
lap between predicted and true masks, while validation IoU extends this assessment to
unseen data. Elevated IoU values, especially in the validation set, signify the model’s profi-
ciency in accurately delineating object boundaries. Consistent improvement in both IoU
and validation IoU during training indicates effective learning and robust generalization.
Monitoring these metrics for the SA-SC U-Net ensures a comprehensive understanding
of its segmentation performance, guiding adjustments to enhance accuracy and reliability
in real-world applications. A higher IoU indicates better alignment between predicted
and actual segmentation, signifying the model’s ability to precisely identify and delineate
objects in unseen data. Monitoring the IoU and IoUv trends throughout training offers
insights into the model’s generalization capability, ensuring its effectiveness in real-world
scenarios. These metrics serve as valuable benchmarks for evaluating and fine-tuning the
model’s segmentation performance during the development and validation phases.

4.6. Plotting Loss vs. Validation Loss

Examining the loss and validation loss of the proposed SA-SC U-Net model is essential
for gaging its learning dynamics and performance on unseen data. The loss metric as-
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sesses the dissimilarity between predicted and actual segmentation masks during training,
with a decreasing trend indicating effective learning. Concurrently, the validation loss
offers insights into the model’s generalization capabilities as can be seen in Figure 8. A
diminishing validation loss, coupled with a decreasing training loss, highlights the model’s
ability to learn and generalize well. Monitoring these metrics is critical for refining training
parameters and addressing challenges like overfitting or underfitting, ensuring optimal
performance of the SA-SC U-Net in semantic segmentation tasks. Examining the loss and
validation loss of the proposed SA-SC U-Net model is essential for gaging its learning
dynamics and performance on unseen data. The loss metric assesses the dissimilarity
between predicted and actual segmentation masks during training, with a decreasing
trend indicating effective learning. Concurrently, the validation loss offers insights into
the model’s generalization capabilities. A diminishing validation loss, coupled with a
decreasing training loss, highlights the model’s ability to learn and generalize well as
demonstrated and shown in Figure 9. Monitoring these metrics is critical for refining
training parameters and addressing challenges like overfitting or underfitting, ensuring
optimal performance of the SA-SC U-Net in semantic segmentation tasks.

Training Vs Validation loU

0.8 Training loU
— Validation loU

0.6

Loss

0.5 1

0.4

0.3 1

o 20 40 60 80 100
Epochs

Figure 8. IoU vs. validation IoU.

Training Vs Validation Loss
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—— Validation Loss

0.98
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7]
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0.88 -

T T T T T
0 20 40 60 80 100
Epochs

Figure 9. Loss vs. validation loss.

5. Conclusions

In conclusion, the proposed methodology, employing an SA-SC U-Net architecture
for semantic segmentation, has proven to be highly effective in handling large-scale image
datasets. The workflow, from dataset preprocessing to model training and prediction,
showcased a systematic approach to extracting meaningful information from complex
visual data. By dividing large images into manageable patches and incorporating self-
attention mechanisms along with separable convolutions, the SA-SC U-Net demonstrated
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superior performance compared to other established architectures like FCN, U-Net, and
Dense + U-Net. The custom loss function, a combination of Dice Loss and Focal Loss,
contributed to the model’s robustness and accuracy, ensuring precise segmentation across
multiple classes. The model’s parameters, including image dimensions, class weights, and
training settings, were carefully tuned to achieve optimal results.

The comparative evaluation against existing models revealed the SA-SC U-Net's
superiority in terms of Intersection over Union (IoU) across various classes. Its consistently
high IoU scores, especially for critical classes like Building and Water, underscored its
capability to discern fine details and complex spatial relationships. The training history,
illustrated by the plots of model loss and IoU over epochs, provided insights into the
learning process. The model exhibited steady convergence and superior generalization
on the validation set, demonstrating its capacity to learn intricate patterns and generalize
well to unseen data. In summary, the proposed SA-SC U-Net stands as a powerful tool
for semantic segmentation tasks, offering state-of-the-art performance and showcasing
its potential for real-world applications in fields such as urban planning, environmental
monitoring, and beyond. The success of this project highlights the significance of tailored
architectures and thorough parameter tuning in achieving superior results in computer
vision tasks.

6. Future Work

Certainly, in future work, exploring real-time segmentation and prediction would be
an exciting and valuable avenue to pursue. Real-time applications often present unique
challenges, such as the need for low-latency processing and efficient model deployment.
Implementing the SA-SC U-Net architecture in real-time scenarios could involve optimiz-
ing the model for inference speed, possibly leveraging hardware accelerators like GPUs
or TPUs. Additionally, integrating the model into a live-streaming or video-processing
pipeline could open up possibilities for applications in autonomous systems, surveillance,
or augmented reality. Fine-tuning the model parameters, considering the dynamic nature
of real-time data, and addressing any computational constraints would be crucial aspects
of this future exploration.
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