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Abstract: The escalating impacts of climate change necessitate enhanced monitoring techniques for
debris covered glaciers (DCG), a critical yet challenging subject in environmental studies. This urgency
underscores the importance of developing advanced methodologies that improve precision in satellite
imagery analysis. Our study introduces the Physics-Informed cascaded Swin-Unet (PICSw-UNet)
model, a substantial upgrade over traditional segmentation methods such as UNet-ResNet34. By
integrating domain-specific physical knowledge with deep learning, our model refines segmentation
tasks effectively. Leveraging the architecture of Swin-UNet cascades, this hybrid approach incorporates
physical constraints into the training process, guiding the learning algorithm towards more realistic
and accurate predictions. Experimental results demonstrate the superiority of our model with im-
provements in key performance metrics, including Intersection over Union (IoU) and Area Under the
Curve (AUCQ). Specifically, the Physics-Informed cascaded Swin-Unet (PICSw-UNet) achieved an IoU
of 91.65% and an AUC of 96.4%, compared to 81.24% and 87.6%, respectively, for the UNet-ResNet34.
Moreover, our model also shows enhanced efficiency with a reduced inference time (IT) of 0.2795
seconds. These advancements indicate promising implications for future remote sensing applications
and glaciological studies, offering a promising direction for advancing image analysis methodologies.

Keywords: debris covered glaciers; glacial ice segmentation; satellite imagery analysis; deep learning;
Swin-UNet; physics-informed modeling; glacier monitoring; image segmentation techniques

1. Introduction

Glacier studies are essential for understanding Earth’s climate and its impacts, with a specific focus
on debris ice detection within glaciers. Debris ice, formed by accumulated debris on glacier surfaces,
significantly alters glacier behavior, influencing flow dynamics and melting patterns. Detecting
debris ice is crucial for assessing glacier health and stability, which in turn informs predictions
regarding water resource availability, sea-level rise and natural hazard assessments in glacierized
regions. Additionally, insights gained from studying debris ice contribute to refining climate models
and enhancing understanding of glacier response to climate change. Thus, comprehensive glacier
studies, including debris ice detection, are fundamental for informed decision-making and effective
mitigation strategies in response to ongoing climate challenges.

Recent assessments of Himalayan glaciers project a loss of up to 75% of their ice by 2100 under
current warming trends. This prospective reduction in glacier volume poses a dire threat to the
availability of freshwater for nearly two billion people residing in, or dependent on, the waters flowing
from the Himalayan region. Additionally, the Swiss glaciers have exhibited unprecedented rates of
melt, with a reduction of 10% in volume within just the past two years, highlighting the rapid impacts
of climate change [1].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The accelerating rate of glacier melt affects various critical aspects of human life and the en-
vironment. It contributes to rising sea levels, which threaten coastal communities and ecosystems.
The diminishing glacier mass also jeopardizes the availability of freshwater resources essential for
irrigation, drinking and hydropower generation, impacting millions who rely on glacier-fed rivers for
their livelihood. Furthermore, changes in glacier dynamics can disrupt ecosystems and biodiversity,
affecting flora, fauna and the services these ecosystems provide. The presence of debris significantly
affects how glaciers respond to climate change, creating diverse patterns in glacier behavior [2-7].
Accurately determining the extent and thickness of supraglacial debris is crucial for glacio-hydrologic
models [7-9]. Neglecting the presence of debris cover can result in errors in estimating glacial retreat
rates, mass loss and the longevity of glacial water resources. Current global supraglacial debris
databases, such as the Randolph Glacier Inventory, suffer from limitations due to their reliance on
heterogeneous glacier inventories [10].

Recent efforts have significantly improved the understanding of DCG through the use of Synthetic
Aperture Radar (SAR) and optical imaging techniques [11? ,12]. Traditional methods in glacier
monitoring have historically relied on pixel-based and object-based image analysis techniques [13-17].
These methods have been instrumental in remote sensing image classification and entity extraction,
providing foundational frameworks for glacier segmentation.

Pixel-based image analysis (PBIA) involves the evaluation and grouping of individual pixels
based on statistical clustering of their values [13,14]. Object-based image analysis (OBIA) extends the
segmentation process beyond individual pixels, grouping them into near-homogeneous objects based
on spectral, spatial, contextual, hierarchical and textual attributes [15]. Commonly employed statistical
classifiers, such as nearest neighbor or random forest and rule-based classification methods enhance
the efficacy of OBIA [17].

Glacier image segmentation is a critical task in remote sensing applications for understanding
glacier dynamics and monitoring changes over time. Traditional methods for glacier image segmen-
tation have been based on various techniques, including threshold, clustering and edge detection
[18-21]. While these methods have shown promise in glacier image segmentation, they often face chal-
lenges in accurately delineating glacier boundaries, especially in complex terrain and under varying
environmental conditions.

In addition to optical methods, Synthetic Aperture Radar imaging plays a crucial role in glacier
surface classification [22,23]. Recent studies advocate for integrating optical and SAR imaging to
achieve a more comprehensive understanding of glacier dynamics [24-27]. Machine learning methods,
particularly deep learning architectures, have shown promising results in various image segmentation
tasks [24-27].

Existing glacier segmentation methods face several challenges that impede their accuracy and
efficiency. One notable difficulty arises from the rugged and heterogeneous nature of glacier terrains,
complicating the precise delineation of glacier boundaries, especially across varied environmental
conditions. Moreover, the limited availability of labeled data presents a obstacle, particularly con-
cerning machine learning approaches. Additionally, traditional methods often necessitate manual
parameter adjustment and lack resilience to noise and artifacts in the imagery, further complicating
segmentation. Furthermore, deploying these techniques on memory-constrained devices for on-site,
real-time processing poses additional hurdles, emphasizing the necessity for more streamlined and
scalable segmentation techniques to overcome these obstacles.

This work introduces several innovative contributions to remote sensing and image segmentation,
with a particular focus on debris-covered glaciers (DCG). Specifically, it proposes a cascaded Swin-
UNet model enhanced by physics-informed inputs. The approach incorporates thermal infrared data as
an additional channel, thereby capturing the characteristic thermal properties of DCG. Although many
physics-informed neural networks (PINNSs) incorporate partial differential equation (PDE) constraints
into their loss functions [28,29], it is also well established to embed domain knowledge by adding
physically relevant features or channels to the input data [30-33]. Here, the thermal infrared band
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serves as a physics-informed channel, furnishing temperature-based cues that assist the model in
distinguishing debris-covered from clean ice without explicit PDE terms. This practice aligns with
broader physics-guided strategies in remote sensing, whereby physically meaningful variables are
incorporated directly into the model pipeline to improve predictive accuracy [? ]. Consequently,
the resulting hybrid method leverages fundamental glaciological insights to enhance segmentation
reliability, thereby establishing a robust, physics-informed framework within deep learning for remote
sensing and glaciological analysis.

1.  Physics-Informed Integration and Cascaded Swin-UNet Architecture: This work incorporates
thermal data as a physics-informed channel in the segmentation process to leverage the distinct
thermal signatures of DCG, enhancing segmentation accuracy. This is a novel application in the
context of Swin-UNet architectures. Furthermore, the method employs a cascaded architecture
involving two Swin-UNet models. The first model generates initial segmentation masks, which
are refined by a second Swin-UNet that processes inputs augmented with thermal imaging data.
This cascaded approach boosts the precision and reliability of the segmentation outputs.

2. SVD-Based Weight Pruning: Furthermore, it optimize the Swin-UNet using Singular Value
Decomposition (SVD) to prune the model weights. This technique reduces the model’s complexity
and computational demands, facilitating deployment on platforms with limited processing
capabilities while maintaining high segmentation accuracy.

3.  Hybrid Dice-Focal Loss Function: In addition the use of a hybrid loss function combining Dice
loss and focal loss addresses class imbalance effectively. This dual approach is particularly adept
at improving the model’s ability to delineate under-represented classes and enhances the overlap
accuracy between predicted and actual segmentation masks.

The novelty of our approach lies in the integration of physics-informed thermal infrared data
into a cascaded Swin-UNet model, which enhances the model’s ability to segment debris-covered
glaciers (DCG). Unlike traditional deep learning approaches that rely solely on spectral data, our
method leverages the physical signatures of surface temperature to inform segmentation. This infusion
of physical insight allows the model to make more accurate predictions in complex environmental
conditions, setting it apart from other techniques like UNet-ResNet34 and Swin-UNet that do not
incorporate such domain-specific knowledge. This rest of the manuscript is organized as follows,
introduces of the study area is given in Section 2. Section 3 details the dataset and pre-processing
steps, followed by Section 4, which outlines the architecture and methodology of the PICSw-UNet
model. Finally, Section 5 presents the experimental results, showcasing our model’s performance in
comparison to existing methods.

2. Location of Study Area

The study area within the Hindu Kush Himalaya (HKH) region spans geographical coordinates
ranging from 27° to 38° N latitude and 67° to 98° E longitude, encompassing a vast expanse of critical
ecological and hydrological importance. Renowned for its extensive glacier coverage, including both
clean-ice and DCG, this region serves as a vital component of water supply, climate regulation and
ecological stability across countries such as Afghanistan, Bangladesh, Bhutan, China, India, Myanmar,
Nepal and Pakistan.

Often referred[34] to as the "Third Pole," the HKH region harbors one of the largest reserves of
freshwater outside the polar areas, estimated at approximately 6000 cubic kilometers of ice. The average
temperature within this region varies significantly due to its vast elevation range and topographical
diversity. Winter temperatures can plummet below -20°C in higher altitudes, while summer months
may see temperatures rising above 15°C in lower elevations. This temperature variability, coupled
with the influences of monsoon and westerly weather systems, plays a crucial role in determining
glacier health and water availability.
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Figure 1. Study Area Map.

Debris-covered glaciers in the HKH region are particularly noteworthy due to their complex
interactions with the climate. The debris layer, composed of rocks and sediment, affects the glacier’s
response to climatic changes by insulating the ice beneath and altering melt rates. This insulation can
lead to differential melting patterns, complicating predictions of water release and glacier retreat.

The impact of global warming on the HKH glaciers is a pressing concern. Increased temperatures
accelerate glacier melt, potentially resulting in the loss of a portion of the region’s freshwater reserves.
Such a scenario would have catastrophic implications for water availability, affecting agriculture,
hydropower production and the livelihoods of millions reliant on these water resources. Furthermore,
rapid glacier melting contributes to rising sea levels, posing risks to coastal communities worldwide.

The Hindu Kush Himalaya region, with its intricate mosaic of glaciers, is a critical component
of the global climate system and a vital water source for millions. Understanding glacier dynamics,
particularly in the face of global warming, is essential for predicting future water availability, managing
resources sustainably and mitigating climate change impacts on this fragile ecosystem.

2.1. Dataset and Data Explanation

The foundational dataset utilized in this study originates from multispectral imagery taken by
the Landsat 7 satellite, launched by NASA and the US Geological Survey on April 15, 1999. The
Landsat 7 is equipped with the Enhanced Thematic Mapper Plus (ETM+) sensor, capturing data across
various spectral bands important for environmental monitoring and research. These include visible,
near-infrared, short-wave infrared and thermal infrared spectra.

The dataset specifically targets the Hindu Kush Himalaya (HKH) region, covering clean-ice
and DCG. Glacier outlines were sourced from the International Centre for Integrated Mountain
Development (ICIMOD) Regional Database System [35], with segmentation techniques developed by
Aryal et al. [36].

2.2. Data Characteristics and Pre-Processing

The spectral bands of Landsat 7, particularly the Near-Infrared (Band 4) and Shortwave Infrared
(Bands 5 and 7), are crucial for differentiating between clean and DCG. A summary of the spectral bands
and their applications is provided in Table A1 of Appendix A. The pre-processing pipeline involves
downloading images, upsampling thermal infrared bands, segmenting images into sub-images and
normalizing pixel values to prepare for the segmentation task.

2.3. Dataset Details

The processed dataset consists of images with dimensions of 512 x 512 x 15, including the
following channels:
e LE7 Bands: Bl (Blue), B2 (Green), B3 (Red), B4 (Near Infrared), B5 (Shortwave Infrared 1),
B6_VCID_1 (Low-gain Thermal Infrared), B6_VCID_2 (High-gain Thermal Infrared), B7 (Short-
wave Infrared 2) and B8 (Panchromatic).
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*  Quality Bitmask (BQA) to identify the quality and usability of each pixel.

®  Vegetation Index (NDVI), Snow Index (NDSI) and Water Index (NDWI) for specialized environ-
mental analyses.

*  SRTM 90 Elevation and Slope to provide topographical context which is crucial for understanding
glacier dynamics.

Binary masks are generated for clean and DCG segmentation, with the black pixel representing clean
ice pixels (value of 0) and the white pixel representing DCG pixels (value of 255).The sample images of
15 channels with the mask is shown in Figure 2.

Channel 0 Channel 1 Channel 2 Channel 3

Figure 2. Sample images of 15 channels with the Mask.

3. Swin-UNet Model Architecture

Transformer models, first introduced by Vaswani et al. [37], have revolutionized natural language
processing (NLP) and are increasingly applied in diverse domains. The architecture of Transformer
models, characterized by self-attention mechanisms, enables parallel processing of sequences and
effective handling of long-range dependencies [38]. In computer vision and image processing, the
adaptation of Transformer models has led to advancements. Vision Transformers (ViT) [39] treat images
as sequences of patches, allowing for comprehensive analysis of visual data. The Swin Transformer
[40], further refines this approach with a hierarchical structure and shifted window self-attention,
making it particularly adept at handling tasks like image segmentation. The Swin-UNet architecture
represents an innovative fusion of the Swin Transformer and the traditional U-Net framework, tailored
for biomedical image segmentation. This hybrid model leverages the hierarchical structure and the
shifted window self-attention mechanism of the Swin Transformer as its backbone, enhancing U-Net’s
feature extraction and localization capabilities.


https://doi.org/10.20944/preprints202503.0034.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 March 2025 d0i:10.20944/preprints202503.0034.v1

6 of 21

3.1. Integrating Swin Transformer as Backbone

The Swin Transformer processes input images in a hierarchical manner, allowing the Swin-UNet
to handle features at multiple scales effectively. The architecture of Swin-UNet can be described as
follows:

Swin-UNet(I) = U-Net(Swin Transformer(I)) 1)

where I denotes the input image, Swin Transformer(I) represents the hierarchical feature extrac-
tion performed by the Swin Transformer and U-Net(-) indicates the segmentation processing of U-Net
utilizing these features.

w H Patch Linear
I X Z x 48 Partition Projection X H X CICLSS
Input
Emltl;:de:zng Image Ex:::::ling X H X C(4 )()
W H Skip Connection W H
—X—xC —X—xC
4 4 1/4 4 4
Patch
Expanding
w H Skip Connection Swin W H
— X =% 2C Transformer — X —% 2C
8 8 1/8 Blockx2 8 8
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Expanding
Skip Connection Swin w H
v g Transformer  WEEEEVINSESVEY, ¥
16 <16 < % 1/16 ot 16 < 16
y Swin ] 7 Swin ] =
Encoder e R g Decoder
32732

Figure 3. Architecture of Swin-UNet.

3.2. Hierarchical Feature Representation

The Swin Transformer’s hierarchical design allows for efficient processing of high-resolution
images. It captures features at multiple scales, facilitating accurate segmentation. The hierarchical
feature representation enables Swin-UNet to understand both global context and fine details within
the image, crucial for precise segmentation.

3.3. Shifted Window Self-Attention

The Swin Transformer incorporates shifted window self-attention, which limits attention com-
putation to non-overlapping local windows. This mechanism significantly reduces computational
complexity and allows the model to focus on relevant features within each window. The Swin-UNet
benefits from this attention mechanism, enabling it to process large images efficiently while maintaining
segmentation accuracy.

3.4. SVD-Based Optimization

Singular Value Decomposition (SVD) is a matrix factorization method that decomposes a matrix
into three separate matrices: a left singular matrix, a diagonal matrix of singular values and a right
singular matrix. In the context of neural networks, SVD can be used to compress model parameters by
approximating the weight matrices with lower-rank matrices, thus reducing the number of parameters
and model size while preserving important information.
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The SVD-based optimization is a crucial step in enhancing the efficiency of the Swin-UNet model,
particularly for deployment in environments with limited computational resources. By reducing
the size of the weight matrices while maintaining accuracy, this technique forms an integral part of
our overall segmentation strategy. With this optimization in place, we now present the proposed
segmentation scheme, which builds on this foundation through a structured, multi-phase approach
designed to improve the accuracy of debris-covered glacier (DCG) segmentation.

4. Proposed Segmentation Scheme

The proposed segmentation approach aims to improve DCG segmentation through a cascaded
Swin-UNet model enhanced by physics-informed inputs. The proposed cascaded Swin-UNet architec-
ture consists of two stages. The first Swin-UNet model generates an initial segmentation mask from
the input data. Then, the second Swin-UNet model refines this mask by incorporating thermal infrared
data, which provides additional physical insight into the temperature variations of debris-covered
glaciers. This dual-phase approach improves segmentation accuracy by progressively enhancing the
model’s understanding of the glaciological context. To enhance the segmentation of debris-covered
glaciers, we integrate thermal infrared data, which provides unique thermal signatures revealing the
insulating effects of the debris. This additional information is critical for distinguishing between clean
ice and debris-covered regions, improving the model’s ability to accurately segment glacial features
based on their distinct temperature profiles.

The methodology is structured into four sections. The first section discusses data pre-processing.
In the second section, the Swin-UNet model is trained using focal loss and selected channels from the
dataset. During the third phase, the trained model is optimized through singular value decomposition.
In the final phase, a cascaded Swin-UNet model incorporates a physics-informed thermal band from
the dataset to generate a predicted mask. This mask is subsequently compared with the actual mask to
evaluate the results.The overall block diagram of the proposed model is shown in Figure 4.

Data Preprocessing
_ / Pridicted Mask
Actual Image 128 x 128 % 2

128 % 128 X 15 Selected Channels Image Mask

128 x 128 % 3 128 x 128 x 2
‘/ Swin — Unet ‘

Identify Nan Patches /S with Focal Loss

Train Test '
‘ _ Concatination

§ 128 x128x 3
Swin — Unet
\ with Focal Los / ; _
PI Thermal Band Waaliila==1: 801
128 x 128 x 1 128 X128 x 2

SVD Based Weight Pruning
Optimized Swin

' — Unet Model

Extract Neighbour
Ng patches

Compute Neighbours
Mean

Replace Nan with Mean

Optimized Swin — Unet Model

Compute
Point — Biserial

m"re lation Coeff icien

- Selected Channels
SVD Based Pruning 128 x 128 X 3

Figure 4. Block diagram of the proposed segmentation scheme.

4.1. Data Pre-Processing

In this phase, the original dataset, which has already been divided into non-overlapping window
sizes of 128 x 128 x 15, is passed through multiple steps to enhance data representation and identify
the most significant channels in the dataset for DCG prediction. A detailed discussion of each step is
provided in the following subsections.


https://doi.org/10.20944/preprints202503.0034.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 March 2025 d0i:10.20944/preprints202503.0034.v1

8 of 21

4.1.1. Initial NaN Value Replacement

Firstly, images from the dataset, which contain multiple NaN values of various patch sizes across
the 15 channels, are processed to ensure data integrity. If a NaN patch is detected, the mean values of
the eight neighboring pixels (N8 neighbors) of the same patch size are computed and used to replace
the NaN values. This step ensures that no valuable spatial information is lost due to missing values.

1 N
replaced value = N Z value; (2)
i=1

where N is the number of neighboring pixels used in the computation.

4.1.2. Channel Selection Using Point-Biserial Correlation

For selecting the most relevant channels, the Point-Biserial Correlation Coefficient is employed
instead of the traditional Point-Biserial correlation coefficient. While Point-Biserial correlation is
effective for measuring the linear relationship between two continuous variables and is often used
for feature selection, it is not suitable for scenarios where the target variable is binary. In glacier
segmentation, our target variable is binary (glacier vs. non-glacier), necessitating an alternative
approach. The Point-Biserial Correlation Coefficient measures the strength and direction of the
association between a continuous variable and a binary variable, making it more appropriate for this

Xl - Xo ningp
T Ve ®

where X; and X are the means of the continuous variable for the binary categories, o’y is the standard

context:

deviation of the continuous variable and 1 and ng are the sample sizes for the two categories.

4.2. Swin-UNet Model Training

After selecting the most relevant channels—specifically, the top three channels that demonstrate
the highest correlation with changes in the masks—the entire dataset with selected channels is par-
titioned into training and testing datasets. Eighty percent of the data is designated for training the
model.

The Swin-UNet architecture, previously described, employs a hybrid Dice-Focal loss function
to effectively manage the imbalance prevalent in classes of the dataset. This combined loss function
integrates the Dice loss, which is crucial for optimizing the overlap between the predicted and actual
masks, with the focal loss, which is tailored to enhance focus on difficult, misclassified examples. The
focal component of the loss is mathematically defined as in Equation (4).

Lfocul(pt) = _at(l - Pt)vlog(lﬂt) (4)

where py is calculated by the Equation (5).

p=qf Vel 6
1-p ify=0

In these equations, p represents the probability of the class with label y = 1, a; is a class weighting
factor and 7 is a focusing parameter. The Dice component is calculated using the formula for the
Dice coefficient, enhancing the model’s ability to improve the prediction accuracy by maximizing the
overlap between the predicted and true segmentations.

Additionally, the incorporation of the Diace score further enhances the model’s capability to
handle class imbalance. The Diace score, similar to the Dice coefficient, measures the overlap between
the predicted and actual masks but includes a factor to adjust for class imbalances. The Diace score is
defined as follows:
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2PN T

Di =
1ace ‘P|—|—|T|+€

(6)

where P is the set of predicted positives, T is the set of true positives and € is a small constant to avoid
division by zero.
The combined Diace-Focal loss function, which integrates the Diace score into the focal loss, is

defined as:

Ldiuce?focul(pt) =—a(1- pt)’y log(pt) + ﬁ(l - Diace) )
where B is a balancing factor that regulates the influence of the Diace score within the focal loss
framework.

Training the model with this Diace-Focal loss function allows for an effective balance between
precision in class overlap and addressing class imbalance, focusing specifically on the challenges of
detecting and delineating DCG, a significantly under-represented class in the dataset. This approach
ensures that both common and rare classes are accurately modeled, enhancing overall predictive
accuracy. The model then progresses to the optimization phase, where further adjustments are made
to enhance its performance.

4.3. SVD-Based Model Weight Pruning

A fundamental component of transformer models is the Multi-Head Attention (MHA) mechanism,
which assigns attention scores to different segments of an image. This mechanism increases the size
of a model, which can slow down inference time(IT) and pose challenges for deployment on edge
devices where memory is limited. To address these issues, this work incorporates an SVD-based
weight pruning mechanism designed to evaluate the importance of the weights in the attention matrix
of the Swin Transformer blocks used in this network.

The attention mechanism in Swin Transformers can be represented by matrix A, which is derived
from the query (Q), key (K) and value (V) matrices to the shifted window strategy. The attention scores
in Swin Transformers are computed as follows:

T
A = softmax <?/I§>k + B> v (8)

where dy is the dimensionality of the keys and B is a relative position bias that is unique to each pair of
windows in Swin Transformers, enhancing the model’s ability to preserve local information across
different window configurations.

The SVD-based pruning process begins by decomposing the attention score matrix A for each
head in the MHA using Singular Value Decomposition, allowing for the expression of A as:

A=uzv’ 9)

where U and V are orthogonal matrices representing the left and right singular vectors and X is
a diagonal matrix containing the singular values. These singular values provide a measure of the
importance of the connections in the attention matrix.

By retaining only the top k singular values—and their corresponding vectors in U and V—the
complexity of A is reduced, focusing on the most significant interactions within the matrix. This
reduced form, Ay, is given by:

A = U vt (10)

where Uy, I and VI are the truncated versions of U, £ and V7, containing only the top k components.
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This pruning reduces the number of parameters and accelerates inference by focusing compu-
tational resources on the most impactful elements of the attention mechanism. This technique is
especially valuable in environments with strict memory constraints, such as edge computing devices.

4.3.1. Proof of Optimality of Weights Extracted by SVD

The optimality of the truncated Singular Value Decomposition (SVD) in the context of model
weight pruning can be demonstrated using the Eckart-Young-Mirsky theorem. This theorem provides
a foundational understanding that the best rank-k approximation to a matrix, in terms of the least
squares error, is given by its SVD truncated to the first k singular values.

The theorem states:

r

min ||[A—B|2=||A—- A% = o? 11
i A= BIE = 4= At = ) o n
where:
¢ |l.||F denotes the Frobenius norm.

o A= UkaVkT is the approximation of A using the top k singular values.
®  0; are the singular values of A.
e ristherank of A.
Derivation: The Frobenius norm of the difference between A and its rank-k approximation Ay
can be expanded as follows:

|A — Agl|} = trace((A — Ap)"(A — Ay))
= trace(ATA — ATA, — AT A+ AT Ay)
= trace(AT A) — 2trace( AT Ay) + trace( Al Ay).

Since Ay is formed by keeping only the top k singular values (and corresponding singular vectors),
it holds that ATA; = A,{Ak and thus:

|A — Ag||% = trace(ATA) — trace( Al Ay)

r

k
Y-y
i=1 i=1
r

= Zal-z.

i=k+1

This derivation shows that Ay is indeed the optimal rank-k approximation of A under the Frobe-
nius norm criterion, thereby justifying the use of SVD-based pruning to maintain model performance
while reducing computational requirements.

4.4. Cascaded Swin-UNet Model

In this work the existing data is given to the already trained and optimized swin-unet model let’s
denote the output from the Swin-UNet model as O, which consists of two channels:

0= [Oclean/ Odebris] (12)

where O ean represents the channel for clean ice and Ogepyis represents the channel for DCG. Each
channel is a two-dimensional matrix corresponding to the spatial dimensions of the input images.

The thermal band, denoted as T, is a single-channel image of the same spatial dimensions as
O. This thermal band is selected for its capability to reflect thermal variations indicative of different
material properties on the ice surface, particularly highlighting areas with debris due to their typically
higher temperatures from lower albedo.
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The concatenation operation integrates the model outputs with the thermal data and is mathe-
matically represented as:
new image = concatenate(O, T) (13)

This operation merges the spatial and contextual information provided by the Swin-UNet with the
thermal insights from the physics-informed thermal band. The resulting image, now enriched with
both visual and thermal cues, significantly enhances the model’s ability to generalize across different
conditions and datasets. This composite image serves as the input for subsequent processing stages
aimed at refining and enhancing the segmentation accuracy further. Algorithm 1.

Algorithm 1 Proposed Model for Debris Ice Segmentation

Input: Dataset D with images I having 15 channels, each with NaN values
Output: Segmentation masks M for clean and DCG
procedure PREPROCESSDATA(D)
for each image I € D do
for each channel Cy in I do
if NaN patches in C then
Cy < mean(N8 neighbors)
end if
end for
end for
end procedure
procedure SELECTCHANNELS(D)
for each image I € D do
ok < corr(Cy, M) > Point-Biserial correlation
Select Ciop3 with highest py
end for
end procedure
procedure INITIALSEGMENTATION(Ciop3)
O « Swin-UNet(Ciop3) > 2 channel output
end procedure
procedure INTEGRATETHERMALBAND(O)
Nhew ¢ concat(O, thermal band)
end procedure
procedure REFINESEGMENTATION(Npew)
M <+ Swin-UNet(Npew)
end procedure

The newly formed images from Equation (13) serve as input to another Swin-UNet model. This
second model is specifically trained on these images, learning to refine the segmentation masks further.
The combination of the thermal band with outputs from the first model substantively improves
segmentation accuracy, as it provides additional contextual information relevant to the physical
properties of the ice.The pseudo code of proposed scheme is shown in Table 1.

refined output = Swin-UNet(new image) (14)

Table 1. Distribution of the dataset into training, testing and validation sets.

Data Split Number of Images
Training 564,823

Testing 105,942

Validation 35,314
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5. Experiment

This section details the results of the proposed segmentation scheme. Initially, the comparison
metrics are defined. Then the results of the first phase of the proposed scheme are then explored,
followed by the results of the proposed cascaded Swin-UNet model are presented. Then the results of
the proposed scheme are compared with other models.

5.1. Comparison Metrics

The performance of the segmentation model is evaluated using several metrics designed to
provide a comprehensive assessment of its effectiveness. These metrics include Accuracy, F1 Score,
Precision, Recall, Intersection over Union (IoU) and Area Under the Curve (AUC). Below, each metric
is defined and explained:

(1)  Accuracy: This metric measures the proportion of true results (both true positives and true
negatives) among the total number of cases examined. It is defined as:

TP+ TN
TP+TN+FP+FN

Accuracy = (15)
(2)  F1 Score: The harmonic mean of Precision and Recall, the F1 Score provides a balance between
them, particularly useful when dealing with an uneven class distribution. It is defined as:
Precision - Recall

F1 =2. 16
Score Precision + Recall (16)

(38)  Precision: Also known as positive predictive value, Precision measures the accuracy of positive
predictions made by the model. It is computed as:
... TP
Precision = TP L EP (17)
(4)  Recall: Also known as sensitivity, Recall indicates the ability of the model to identify all relevant

instances. It is calculated as:
TP

Recall - m

(18)
(5) Intersection over Union (IoU): Also known as the Jaccard index, IoU measures the overlap
between the predicted segmentation and the ground truth. It is defined as:

TP

U= 7p TP EN

(19)

(6) Area Under the Curve (AUC): Refers to the area under the Receiver Operating Characteristic
(ROC) curve. It quantifies the overall ability of the model to discriminate between the classes
across all thresholds. A higher AUC value indicates better model performance.

5.2. Experimental Setup

A sliding window operation augments the dataset by generating overlapping sub-images of size
128 x 128 by shifting the window by 12 rows or columns for each step, resulting in a total of 1089
sub-images. The dataset is divided into training, testing and validation sets with distributions of 80%,
15% and 5%, respectively.

This setup ensures effective training and evaluation, utilizing Landsat 7’s spectral capabilities and
segmentation techniques. With this foundation in place, next section disscuss focus to the Transformer
models that drive our segmentation approach.
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5.3. Pre-Processing Results

In the implemented scheme, the dataset initially contains NaN values. These are addressed by
replacing them with the mean of adjacent pixels. Subsequently, a correlation test is conducted to deter-
mine the most significant channels within the dataset for debris ice segmentation. The analysis identi-
fies key channels that notably impact glacier segmentation: NDWI (water index), NDSI(Normalized
Difference Snow Index) and LE7 B1 (Blue) channels. These channels are then chosen for constructing
the input images for the model, effectively reducing the input dimensionality to 128 x 128 x 3. The
results of the correlation tests are depicted in Figure 5.

Average Point-Biserial Correlation of Image Channels (Sorted by Absolute Value)
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Figure 5. Point-Biserial Correlation Matrix

5.4. Results of Proposed Model

This section presents the performance results of the PICSw-UNet model, highlighting its effective-
ness in debris ice segmentation tasks. The model’s metrics are visualized in a radar chart shown in
Figure 7, which allows for an immediate and intuitive comparison across various critical performance
measures.

The model’s Accuracy (95.67%) indicates a high level of overall correctness across all classes,
which is essential for reliable predictions in real-world applications. High accuracy signifies that the
model is capable of correctly classifying most of the pixels in the input images, whether they belong
to DCG or clean ice. This is particularly important in environmental monitoring, where accurate
segmentation can inform critical decisions and interventions.

The F1 Score (95.37%) balances precision and recall, providing a comprehensive view of the
model’s ability to accurately classify debris without mis classifying clean ice. The F1 score is crucial in
scenarios where both false positives (mis classifying clean ice as debris) and false negatives (missing
actual debris) can have significant implications. A high F1 score demonstrates that the model maintains
a good balance between precision and recall, effectively minimizing both types of errors.

Precision (94.23%) highlights the model’s capability to correctly label actual debris, which is
crucial in scenarios where false positives are costly. Precision is particularly important in environmental
monitoring and disaster response, where incorrectly identifying clean ice as debris could lead to
unnecessary actions or missed opportunities for intervention. High precision ensures that when the
model identifies debris, it is likely to be correct.

Recall (96.53%) demonstrates the model’s effectiveness in identifying all actual debris instances,
vital for environmental monitoring to ensure no DCG is missed. Recall is critical in ensuring that all
areas of concern are accurately detected. High recall indicates that the model successfully identifies
most, if not all, of the DCG areas, which is essential for comprehensive monitoring and analysis.

The IoU (Intersection over Union) (91.65%) represents the accuracy of overlap between predicted
and actual debris regions, which is important for precise segmentation. IoU is a measure of the
model’s ability to predict the exact boundaries of debris-covered areas. A high IoU indicates that the
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predicted segmentation closely matches the ground truth, which is vital for applications requiring
precise delineation of DCG.

AUC (Area Under the Curve) (96.4%) shows the model’s discriminative power, indicative of
robustness against varying operational thresholds. A high AUC value indicates that the model is
capable of distinguishing between DCG and clean ice across a range of threshold settings. This
robustness is important for adapting the model to different operational conditions and ensuring
consistent performance.

Lastly, the IT (0.2795 seconds) is critical for evaluating the model’s efficiency, particularly in
time-sensitive applications. Low IT ensures that the model can process and analyze images quickly,
which is crucial for real-time monitoring and decision-making scenarios. Efficient IT allows the model
to be deployed in operational environments where timely information is essential.

The visual results of the proposed scheme are shown in Figure 6, providing a clear representation
of the model’s segmentation capabilities. These visualizations help in understanding how well the
model performs in distinguishing between debris-covered and clean ice.

Image Actual Mask Predicted Mask  TPIFPITNIFN

== Clean Ice I TP (True Positive) Bl FP (False Positive)
B Debris Ice [0 FN (False Negative) mmm TN (True Negative)

Figure 6. Overview of the SPSW-UNet(SPSW-UNet) results. Each row, from top to bottom, showcases the input
image, the original mask, the prediction by SPSW-UNet and the analysis of correct classifications.
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Performance Metrics of Physics-Informed Cascaded Swin-Unet
Precision

AUC

Figure 7. Radar Chart of the PICSw-UNet Performance Metrics

The visual results shown in Figure 6 illustrate the practical effectiveness of the PICSw-UNet
model. Each row, from top to bottom, showcases the input image, the original mask, the prediction by
the model and the analysis of correct classifications. The clear separation between debris-covered and
clean ice regions demonstrates the model’s high precision and recall. The legend helps in interpreting
the different classifications, providing a comprehensive view of the model’s performance in real-world
scenarios.In some instances, false positives (FP) occurred in regions where debris features closely
resembled clean ice, particularly in areas with light haze or shadow. Similarly, false negatives (FN)
were observed in regions with sparse debris coverage or minimal thermal contrast, where the model
struggled to distinguish between clean ice and small debris patches. These errors highlight the need for
further refinement in model sensitivity to subtle environmental features. In summary, the PICSw-UNet
model demonstrates significant improvements in segmentation accuracy and efficiency. The high
values of accuracy, F1 score, precision, recall, IoU and AUC, combined with a low IT, highlight the
model’s effectiveness and practicality for real-world applications. These results underscore the model’s
potential to enhance DCG segmentation, providing more accurate and reliable data for environmental
monitoring and analysis.

6. Results and Discussion

The performance of the PICSw-UNet is compared against three other models: Swin-UNet, svd-
pruned swin-unet (SPSW-UNet) and UNet-ResNet34, as shown in Table 2. This comparative analysis
aims to highlight the enhancements achieved by integrating physics-informed strategies into the
cascaded model. The PICSw-UNet model demonstrates substantial improvements across several key
performance metrics when compared to conventional models such as Swin-UNet, SPSW-UNet and
UNet-ResNet34.

The model’s accuracy of 95.67% is a significant improvement over the Swin-UNet (94.12%), SPSW-
UNet (92.34%) and UNet-ResNet34 (89.9%). This high level of accuracy indicates that the PICSw-UNet
model can correctly classify a large proportion of the pixels in the input images, reducing the overall
error rate. High accuracy is crucial in environmental monitoring where precise data interpretation is
necessary for effective decision-making.
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The F1 score of 95.37% for the PICSw-UNet surpasses that of the Swin-UNet (93.65%), SPSW-
UNet (93.35%) and UNet-ResNet34 (92.05%). The F1 score balances precision and recall, making it a
reliable metric for assessing the model’s performance, especially in scenarios with imbalanced class
distributions. This high F1 score demonstrates that the proposed model can accurately identify DCG
while minimizing both false positives and false negatives.

Precision measures the model’s ability to correctly identify debris without misclassifying clean
ice. The PICSw-UNet achieves a precision of 94.23%, which is higher than the Swin-UNet (93.09%),
SPSW-UNet (92.92%) and UNet-ResNet34 (92.2%). High precision is essential in applications where
false positives can lead to unnecessary interventions or actions and this improvement underscores the
model’s capability to make accurate predictions regarding DCG.

Recall for the PICSw-UNet is 96.53%, outperforming the Swin-UNet (94.21%), SPSW-UNet
(93.80%) and UNet-ResNet34 (91.91%). Recall is crucial for ensuring that the model detects as many
true positive instances of DCG as possible. High recall indicates that the model is effective in identifying
all relevant instances, reducing the risk of overlooking areas that require monitoring or intervention.

Intersection over Union (IoU) is a metric used to evaluate the accuracy of segmentation by
measuring the overlap between the predicted and actual debris regions. The PICSw-UNet achieves
an IoU of 91.65%, significantly higher than the Swin-UNet (86.73%), SPSW-UNet (84.89%) and UNet-
ResNet34 (81.24%). A higher IoU indicates better segmentation accuracy, which is crucial for precise
delineation of DCG.

The Area Under the Curve (AUC) of the PICSw-UNet is 96.4%, higher than the Swin-UNet
(93.93%), SPSW-UNet (91.20%) and UNet-ResNet34 (87.6%). A higher AUC indicates better discrimi-
native power of the model across various threshold settings. This robustness is important for adapting
the model to different operational conditions and ensuring consistent performance.

The IT for the PICSw-UNet is 0.2795 seconds, which is slower compared to Swin-UNet (0.1865
seconds) and SPSW-UNet (0.1247 seconds) but faster than UNet-ResNet34 (0.3059 seconds). While
the increased IT is a drawback, it is a reasonable trade-off given the substantial improvements in
other performance metrics. The slight increase in IT is justified by the model’s enhanced accuracy and
robustness, making it suitable for applications where precision is more critical than speed.

Table 2. Comparative Analysis of the Cascaded Model Performance.

Model Acc. F1 Pre. Rec. IoU AUC IT (s)

Swin-UNet 94.12% 93.65% 93.09% 94.21% 86.73% 93.93% 0.1865
SPSW-UNet 92.34% 93.35% 92.92% 93.80% 84.89% 91.20% 0.1247
UNet-ResNet34 89.9% 92.05% 92.2% 9191% 81.24% 87.6% 0.3059
PICSw-UNet 95.67% 95.37% 94.23% 96.53% 91.65% 96.4%  0.2795

The PICSw-UNet model exhibits significant improvements over traditional and SVD-pruned
models. From the Swin-UNet, there is an improvement of +1.65% in accuracy, +1.84% in F1 score,
+1.2% in precision, +2.46% in recall, +5.67% in IoU, +2.63% in AUC and a slower inference by 49.87%.
Comparatively, against the SPSW-UNet, it shows +3.61% better accuracy, +2.16% in F1 score, +1.41% in
precision, +2.91% in recall, +7.96% in IoU, +5.70% in AUC and a significant increase in IT by 124.14%.
Moreover, improvements over the UNet-ResNet34 are even more pronounced with +6.42% in accuracy,
+3.61% in F1 score, +2.20% in precision, +5.03% in recall, +12.81% in IoU, +10.05% in AUC and a
reduction in IT by 8.63%, indicating a notable enhancement in both performance and efficiency. The
inclusion of the thermal infrared channel significantly contributed to these improvements, as it allows
the model to better capture the distinct thermal signatures of debris-covered glaciers (DCG). This
thermal information helped the model distinguish between clean ice and debris-covered regions with
greater accuracy. For instance, the model’s Intersection over Union (IoU) improved by 5.67%, and
Area Under the Curve (AUC) increased by 2.63%, highlighting the contribution of the thermal data
to the enhanced segmentation precision. These results indicate that incorporating thermal data as
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a physics-informed feature plays a critical role in refining the model’s predictions, particularly in
environments where temperature variations are key to class differentiation.

The advancements underscore the model’s robustness and the efficacy of incorporating physics-
informed insights to substantially elevate segmentation accuracy and operational efficiency. The
pronounced improvements in key performance metrics such as Intersection over Union (IoU) and Area
Under the Curve (AUC) specifically illustrate the model’s enhanced ability to distinguish between
different classes more distinctly and handle complex segmentation tasks with greater precision. This
indicates a significant step forward in the model’s design, where the integration of physical principles
directly contributes to its computational intelligence, enabling more nuanced and accurate predictions.

The PICSw-UNet model significantly surpasses both traditional and SPSW-UNet models across all
evaluated metrics, with notable advancements in IoU and AUC, metrics that are critical for assessing
the precision and efficacy of segmentation tasks. These improvements are crucial for applications that
rely on the accurate categorization and segmentation of images, such as environmental monitoring and
glaciological studies, where precision in interpreting satellite imagery can directly impact the quality
of subsequent analyses and decisions. The model demonstrates remarkable gains in accuracy, which
reflects the overall correctness of the model across all test scenarios. The F1 score, which balances
the precision and recall, underscores the model’s ability to correctly classify and recall instances of
debris and clean ice without significant errors, providing a more reliable and consistent performance.
These metrics highlight not only the model’s accuracy but also its practical effectiveness in real-world
applications.

While the increase in IT, compared to both the original and the SVD-pruned models, is noticeable,
it is reasonable given the substantial enhancements in model performance. This trade-off is considered
acceptable in many advanced applications where the stakes of decision-making and the cost of
errors are high. Furthermore, the PICSw-UNet model shows improved IT compared to the UNet-
ResNet34 model, indicating its enhanced efficiency in processing despite the higher complexity. This is
particularly advantageous in resource-limited scenarios where computational efficiency is as critical as
accuracy.

This detailed comparative analysis confirms the benefits of integrating physics-informed mod-
ifications into deep learning frameworks. It highlights the model’s potential to transform the field
of environmental monitoring. By incorporating physical laws into the training process, the model
gains an intrinsic understanding of natural phenomena, enabling it to perform with high reliability
under varied and challenging conditions. This approach is essential in the field of remote sensing,
where accurate data interpretation is pivotal for environmental conservation and disaster management
strategies.

In short, these enhancements contribute to a robust, reliable and efficient model capable of
performing complex segmentation tasks crucial for scientific research and practical applications in
various fields, particularly those involving environmental studies and climate monitoring. The PICSw-
UNet model represents a significant advancement in the use of machine learning to address and
interpret natural phenomena, setting a new benchmark for future developments in the field.
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Comparative Analysis of the Cascaded Model Performance
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Figure 8. Graphical Representation of Comparative Analysis

7. Conclusions

The presented study introduces the PICSw-UNet model, advancing glacier segmentation tech-
niques. By integrating domain-specific physical knowledge with a deep learning framework, our
model achieves better performance metrics in segmenting DCG from satellite imagery. The evalua-
tion of our model against traditional segmentation methods, such as Swin-UNet, SPSW-UNet and
UNet-ResNet34, shows its effectiveness and robustness. Key performance metrics, including accuracy
(95.67%), F1 score (95.37%), precision (94.23%), recall (96.53%), Intersection over Union (91.65%) and
Area Under the Curve (96.4%), show improvements over the baseline models. Specifically, the PICSw-
UNet shows an IoU and AUC, indicating its ability to delineate and accurately classify DCG. Although
the model incurs a slightly higher IT (0.2795 seconds), this is a reasonable trade-off considering the
gains in segmentation precision and accuracy. This study has many contributions, advancing glacier
segmentation and offering a scalable solution for environmental monitoring and glaciological studies.
The precision and reliability of the PICSw-UNet model provide insights into glacier dynamics, crucial
for understanding climate change impacts and informing mitigation strategies. In conclusion, this
study shows the potential of integrating physics-informed modeling with deep learning architectures
to achieve improvements in complex environmental segmentation tasks. The findings highlight the
importance of interdisciplinary approaches in enhancing the accuracy and efficiency of remote sensing
applications, paving the way for future research and development in this area.
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Appendix A

Table Al. Spectral Bands of Landsat 7 and Their Applications in Glacier Segmentation

Band Wavelength (um) Resolution (m) Primary Use
1 0.45-0.52 30 Visible (Blue)
2 0.52-0.60 30 Visible (Green)
3 0.63 - 0.69 30 Visible (Red)
4 0.76 - 0.90 30 Near-Infrared
5 1.55-1.75 30 Shortwave Infrared 1
7 2.08-2.35 30 Shortwave Infrared 2
6 10.40 - 12.50 60 Thermal Infrared
8 0.52-0.90 15 Panchromatic
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