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Abstract: High-resolution remote sensing of turbidity in the coastal environment with unmanned
aerial vehicles (UAVs) can be adversely affected by the presence of obstructions of vessels and marine
objects in images, which can introduce significant errors in turbidity modeling and predictions.
This study evaluates the use of two deep-learning-based inpainting methods, namely, Decoupled
Spatial-Temporal Transformer (DSTT) and Deep Image Prior (DIP), to recover the obstructed infor-
mation. Aerial images of turbidity plumes in the coastal environment were first acquired using a
UAV system with a multispectral sensor that included obstructions on the water surface at various
obstruction percentages. The performance of the two inpainting models was then assessed through
both qualitative and quantitative analyses of the inpainted data, focusing on the accuracy of turbidity
retrieval. The results show that the DIP model performs well across a wide range of obstruction
percentages from 10 to 70%. In comparison, the DSTT model produces good accuracy only with low
percentages of less than 20% and performs poorly when the obstruction percentage increases.

Keywords: remote sensing; UAV; coastal monitoring; turbidity; image inpainting

1. Introduction

The regulatory monitoring of coastal water turbidity is crucial to safeguard shoreline
and marine ecology during construction activities, especially in the context of climate
change. Remote sensing, with its expansive spatial coverage, can significantly aid the
monitoring in this endeavor [1]. In recent years, the increasing utilization of UAV imagery
has brought unique advantages such as high flexibility and on-demand deployment to
further expand the monitoring capabilities [2]. UAV imagery can achieve configurable
resolutions down to centimeters, contingent on flight altitude [3,4]. However, an emerging
challenge associated with the high-resolution remote sensing is the presence of obstructions,
such as vessels and marine objects in the imagery of the coastal environment, particularly
in bustling port areas. Such obstructions impede data completeness by concealing valuable
information beneath the obstructions [5,6]. In particular, for the monitoring of coastal
turbidity plumes, these obstructions in images can introduce significant errors to turbidity
predictions. Thus, the proper handling of obstructed information due to vessels and marine
objects in imagery can be crucial in high-resolution remote sensing applications for the
coastal environment.

In the field of computer vision, the techniques used to restore occluded regions caused
by the obstruction of specific objects in the imagery are termed “image inpainting”, which
have seen extensive development over recent decades [7]. Image inpainting methods
aim to reconstruct the missing or damaged regions while maintaining visual plausibility.
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They vary in terms of data types, input formats, referencing methods, and processing
systems. Recent advancements in deep learning methods have also revolutionized this
domain [8]. State-of-the-art image inpainting techniques can now be primarily categorized
into two groups: (1) non-generative methods, which utilize “copy and paste” techniques,
drawing information from the neighboring pixels within the image [9,10]; and (2) generative
methods, which employ generative data-driven models to produce realistic and content-
aware completion for occluded regions [11,12]. Noteworthy generative methods include
the Context Encoder [13], Partial Convolutional [14], and DeepFill v2 [15], each designed to
address specific issues such as blurriness, overall and local consistency, realism, etc. Table 1
presents an overview of the loss functions utilized in these different generative inpainting
methods, along with their descriptions.

Video inpainting techniques have also advanced significantly in recent years by consid-
ering the temporal dimension with the spatial structure and motion coherence, addressing
the additional complexities of handling image sequences. Examples of video inpainting
models include the “copy and paste” techniques that rely on the optical flow approach
for pixel tracking and the Video Inpainting Network (VINet) techniques that prioritize
temporal consistency through recurrent feedback, flow guidance, and a temporal memory
layer [16]. To better capture the relationship between frames and, several inpainting models,
including DSTT [17] and Fuse Former [18], further incorporate either 3D convolutional
neural networks (CNNs) or self-attention-based vision transformers. Ulyanov et al. [19]
introduced another alternative, the Deep Image Prior (DIP) model, which initializes a deep
neural network with random noise and optimizes it to achieve the desired properties. In
doing so, the DIP model offers a novel approach to address the challenges of intricate
textures, dynamic backgrounds, and computational resource constraints while eliminating
the necessity for model training.

Table 1. Existing loss functions in generative inpainting models.

Loss Terms Description References
Reconstruction Loss Compute thfe PlXGl-Wlse distance be.tween [13,20,21]
network prediction and ground truth images.
Adversarial Loss Encourage closer data .chstrllbuhons between [17,18,22]
the real and filled images.
Penalize the feature-wise dissimilarity
between the reconstructed images from
Perceptual Loss pre-trained Visual Geometry Group (VGG) [25-251
network and ground-truth images.
Markov Random Fields Loss Compute the distance between each patch in [26,27]

missing regions and the nearest neighbor.

Compute the difference between adjacent

Total Variation Loss pixels in the missing regions. Ensures the [28-30]
smoothness of the completed image.

Existing general inpainting models based on conventional image and video formats
can be potentially further refined for remote sensing applications to address the obstruc-
tion issue. A recent study by [31] employed the DIP model to remove traces of sensitive
objects from synthetic-aperture radar (SAR) images across various land surface classi-
fications, which featured an abundance of distinctive characteristics. Long et al. [32]
proposed a bishift network (BSN) model with multiscale feature connectivity, including
shift connections and depth-wise separable convolution, to remove and reconstruct missing
information obstructed by thick clouds from Sentinel-2 images. Park et al. [33] proposed
a deep-learning-based image segmentation and inpainting method to remove unwanted
vehicles on road UAV-generated orthomosaics. However, retrieving the water surface
information obstructed by vessels and marine objects is more challenging. Firstly, the water
surface is typically homogeneous, providing less information for the generative model to
use in reconstruction [34,35]. Secondly, the dynamic nature of the coastal environment can
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introduce spatial and temporal noise into the inpainting process [36]. This effect is particu-
larly noticeable in UAV data, where images are captured sequentially along a specific flight
path. During this period, variations in the water surface and the movement of marine ob-
jects can introduce inconsistent information, complicating reconstruction for the inpainting
model. In addition, the evaluation of model performance in removing obstructions from
coastal remote sensing images requires a comprehensive assessment beyond individual
image-wise evaluations. Therefore, as far as we are aware, inpainting models have not
been implemented for reconstructing water surfaces in UAV imagery, highlighting a gap in
the current literature.

In this study, state-of-the-art deep-learning-based inpainting models, namely, the
DSTT and DIP models, are investigated to recover missing information obstructed by
vessels and marine objects in the sequential UAV multispectral imagery of the coastal
environment. Their performances are examined qualitatively and quantitatively using a
dataset of UAV multispectral images acquired during this study for monitoring turbidity
plumes in the coastal environment. In the following section, we will first describe the UAV
survey before presenting the two models and discussing the results obtained.

2. Materials and Methods
2.1. UAV Imagery

A UAV survey for aerial image acquisition was conducted on 19 August 2022 at a
coastal area of Singapore where intensive engineering operations of dredging and dumping
activities for land reclamation were ongoing, creating turbidity plumes that were visible
on the water surface. The integrated UAV-borne multispectral imagery system is shown
in Figure 1, as reported in [37]. The system consisted of a DJI Matrice 300 RTK UAV (SZ
DJI Technology Co., Ltd., Shenzhen, China), carrying a MicaSense RedEdge-MX Dual
multispectral camera (MicaSense, Inc., Seattle, WA, USA). The camera had ten discrete
light bands within the visible-to-near-infrared (VIS-NIR) spectrum. A Downwelling Light
Sensor (DLS) was mounted onboard the UAV system to capture the light intensity variation
during the UAV flight.

o

(b) LR

Figure 1. (a) The UAV-borne multispectral imagery system for water turbidity image acquisition and
its components of (b) DJI M300 RTK UAV and (c) MicaSense RedEdge-MX Dual Camera. Reprinted
with permission from [37].

The UAV survey captured the aerial images following a lawn-mowing scanning
pattern as described in [38] with ten parallel scanning lines. Hence, the imagery covered
the dredging vessel and generated turbidity plume. The flight was conducted at an altitude
of 60 m above mean sea level (AMSL) with a cruising speed of 3.5 m/s to achieve a frontal
overlap ratio of 85% and a ground resolution of 3.5 cm/pixel. A sequence of 791 images
(each having a dimension of 1245 x 900 pixels) was captured during the UAV flight.
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During the UAV survey, in situ field measurements of water turbidity were carried
out synchronously using a turbidity probe with Global Positioning System (GPS) capability,
namely YSI ProDSS Multiparameter Digital Water Quality (Xylem Inc., Washington, DC,
USA). The probe was mounted at a depth of approximately 0.5 m below the water surface
and on one side near the front of the sampling vessel to minimize potential turbulence
caused by the vessel’s motion [38]. It automatically logged the turbidity measurement
(in Formazin Nephelometric Units, FNU) and its corresponding location coordinates at
one-second intervals as the vessel traversed the survey area. A total of 744 in situ sampling
data points were recorded during the UAV flight.

2.2. Data Pre-Processing

Since the sizes of vessels and marine objects vary between images, the obstruction
percentage is introduced and calculated for each image as the percentage of non-water
pixels relative to the total number of pixels. Based on these obstruction percentages, images
from Line 1 and Line 10 of the UAV flight were chosen for the present analysis. Table 2
summarizes the obstruction percentages for both datasets.

Table 2. Obstruction percentage of UAV datasets.

Obstruction Percentage (%) Line 1 Line 10
Min 415 0.91
Max 20.1 73.9
Average 11.6 33.2

Figure 2 shows sample images from the two datasets. The Line 1 dataset contains
small obstructions, averaging 11.6%, in 24 out of 34 images, mainly featuring boats or
floating pipes, whereas the Line 10 dataset has a large obstruction, averaging 33.2%, in 23
out of 34 images due to the dredging vessel. This difference in obstruction size between
Line 1 and Line 10 enables the comparative evaluation on the performance of the inpainting
models with respect to varying obstruction percentages.

10m 15m 20m 25m (a) om 5m 10m 15m 20m 25m (b)
— — —

Figure 2. Sample images captured at (a) Line 1 and (b) Line 10 of the UAV flight. The vessel and
marine objects are masked in red for confidentiality.

Adjustments in image alignment were first performed among the band images for
both Lines 1 and 10 using the motion homography transform method [39]. Subsequently,
the aligned images were calibrated using the light intensity information from the DLS to
generate normalized reflectance images with pixel values ranging from 0 to 1. The red,
green, and blue channels of the multispectral images were extracted and assembled into an
RGB format to meet the input specifications of the inpainting models. The normalized im-
ages required cropping and resizing to satisfy the torch size requirements of the inpainting
models. For the DSTT model, images were cropped to 1245 x 692 pixels and then resized
to the stipulated dimension of 432 x 240 pixels. For the DIP model, a dimension divisible
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by 64 was required by the model architecture. Hence, images were cropped and resized to
a final dimension of 1216 x 896 pixels. Figure 3 shows the image cropping and resizing of
the two models.

DSTT

1245 x 692 pixels
Further resized to 432 x 240 pixels

DIP

1245 x 900 pixels

1216 x 896 pixels
(div. by 64)

Figure 3. Image resizing for the two models.

In the next step, image annotation was conducted to identify the obstructing objects in
the images, as shown in Figure 4. The precise annotation mask of the objects was created
by manipulating the luminance values in specific color channels to selectively control the
visibility of the pixels. Tailored thresholds were then established for each image to ensure
accurate vessel delineation from the background, and undesired background elements were
removed based on their brightness levels. In addition, to augment the data for evaluation,
the mask was enlarged to include the surrounding pixels, creating synthetic object areas
with ground-truth information about the water surface surrounding the object, which can
be used to evaluate the inpainting model performance.

(a) (b) ()

Figure 4. (a) Original UAV image, (b) precise annotation mask, (c) synthetic annotation mask, and (d)
the difference between (b) and (c). The yellow area was used as ground-truth information for model
evaluation.

From the calibrated reflectance image, we employed a GPS-based stitching algo-
rithm [35] to generate the mosaic image for each flight line. The mosaic image was then
georeferenced using the GPS information embedded in the raw images. Subsequently,
spectral information was obtained by extracting the red, green, and blue values from the
pixel corresponding to the coordinates of in situ turbidity measurements. Cross-referencing
against known sampling locations and ground-truth measurements was conducted to
enhance the credibility of the results obtained.
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2.3. Vessel Remouval Method

As discussed earlier, two deep inpainting models, namely, DSTT and DIP, were in-
vestigated to retrieve the obstructed information from the aerial images. The DSTT model
separates spatial-temporal attention learning into two distinct sub-tasks. It utilizes tem-
porally decoupled Transformer blocks for object movements across frames and spatially
decoupled Transformer blocks for similar background textures within frames [17]. The
combination of these two blocks enables precise attention to background textures and
moving objects, facilitating visually plausible and temporally coherent inpainting appear-
ances. Furthermore, the DSTT model also incorporates a hierarchical encoder for robust
feature learning, maintaining a multi-level local spatial structure. This innovative design
yields a more efficient spatial-temporal attention scheme. As highlighted earlier, the DSTT
model has not been examined for coastal remote sensing as far as we are aware. Hence,
its adoption necessitates an assessment of its suitability with various considerations for
coastal applications. The parameters of the DSTT model adopted in this study are shown
in Table 3.

Table 3. Parameters of DSTT model.

Parameter Value
Dimension of outputs 432 x 240
Output format mp4

No. of reference frames to be selected —1 (all possible frames)
Output video fps 5

Neighbor stride 5

Comparatively, the DIP model leverages the inherent structure of a randomly ini-
tialized neural network for image processing [19]. Unlike traditional methods that rely
on labeled training data, the DIP model initializes a neural network with random noise
and iteratively refines its parameters to enhance or reconstruct the input images. The
architecture of the network serves as a prior component, capturing essential fundamental
features of the natural images. Through optimization, the DIP model achieves tasks such
as denoising or inpainting without the need for explicit training. To elaborate further on
the prior component and randomization used in the DIP model, the initial weight matrix
6 is first randomly generated and iteratively updated to minimize the data term. At every
iteration ¢, the weight matrix 6 is mapped to an image x = fy (z), where z is a fixed tensor,
and the mapping f is a neural network. The mapped image x is then used to compute the
task-dependent loss E(x, x(). The gradient of the loss with respect to 6 is used to update the
parameters. The success of the DIP model depends on the careful choice of architecture,
hyperparameters, and loss functions tailored to the specific image processing task. In
this study, the hyperparameters of the DIP model were refined through a trial-and-error
approach to determine the optimal hyperparameter set, as shown in Table 4.

Table 4. Parameters of DIP model.

Parameter Value
Dimension of outputs 432 x 240
Output format mp4

No. of iteration 30,000
Network architecture skip_depth_6
Learning rate 0.01

2.4. Evaluation Metrics
2.4.1. Assessment with Ground-Truth Information

The concept of “synthetic area” introduced in [40] was adopted. Following vessel
annotation, we expanded the border of the mask to encompass the surrounding pixels of
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the vessel region, ensuring that the inpainting models reconstruct pixels with ground-truth
information. Subsequently, the inpainted pixels were compared with the original pixels
from the synthetic areas to evaluate the model performance. The evaluated metrics include
the mean absolute error (MAE) and the coefficient of determination (R?) as shown in the
following equations:

Y (0 - i)

RZ =1— lml(y :z)z (1)
L1 (vi — )
m . — /-

MAE:W (2)

where §J; and y; are the inpainted and ground-truth values of pixel i, respectively, ¥ is
the mean pixel value of the ground-truth image, and m is the number of pixels in the
synthetic area.

2.4.2. Temporal Consistency

The images were captured sequentially at fixed time intervals as the UAV executed
its flight pattern, resulting in obstructions appearing in adjacent images. Therefore, it is
essential that the inpainting model can ensure the consistency of the obstructions among
adjacent images when processing the entire image sequence. To assess the temporal
consistency, corresponding regions among adjacent images were compared. Given that the
overlap ratio of 85% was configured during the UAV flight, each image shares 85% of its
covered region with the preceding and succeeding images (Figure 5). These overlapping
regions were extracted and utilized to calculate the variance score using Equation (3)

as follows:
1

Variance = N (yi —7)* 3)

M=

1

where ¥ is the mean value of pixel location i across the two frames, and N is the total
number of pixels of a flattened frame. A lower variance among the sequential frames
implies better inpainting performance as the overlapping regions in adjacent images have
lesser variation from each other.

85%---

Frame 1 Frame 2 Frame 3

l ! l

0 100 200 300 400 0 100 200 300 400

Figure 5. Illustration to compare variance among frames.

2.4.3. Assessment of Turbidity Retrieval Performance

Expanding beyond the visual impact assessment, we further examined the accuracy
of the inpainted information in determining the turbidity on the water surface. The
assessment procedures are illustrated in Figure 6. From the retrieved turbidity and RGB
information, a filter is applied to remove the data points with a time gap between imaging
and sampling that exceeded 5 min. Subsequently, the inpainted RGB information is used to
calculate the percentage difference from the original values. A histogram of the percentage
difference is then plotted, and a threshold is determined based on the majority of the values.
Data points exceeding this threshold would imply a significant percentage difference
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and are then labeled as inpainted data; otherwise, they are labeled as background data.
Background data, characterized by similar original and inpainted RGB values along with
their corresponding turbidity values, are then utilized to establish a turbidity retrieval
function though multivariate linear regression. Contrarily, the inpainted data are used as
input in the multivariate linear regression model to predict its corresponding turbidity
values.

1. Retrieve turbidity and RGB data

]

2. Refine sampling data with time gap of sampling
(< 5 mins)
!
3. Compare Original Image RGB to Inpainted RGB ‘

4. Set a threshold (percentage difference) based on

< threshold histogram > threshold
5. Similar RGB Values I 6. Different RGB Values
(Background Data) !
7. Extract RGB values of Inpainted
Image dataset to represent the
inpainted area and use it as an
input for the model
8. Formation of multivariate 1
linear regression model for 9. Prediction of turbidity through
prediction of turbidity model
(using RGB values) l

10. Comparison of predicted turbidity with
turbidity from inpainted RGB
(R%, MAE)

Figure 6. Procedures for evaluating model performance for turbidity retrieval.

We adopted the optimal band ratio analysis (OBRA) approach [41,42] to determine
the predictors of the regression function. The OBRA approach evaluates reflectance ratios,
Xij = R(Aj)/R(A}), where R(A;) and R(A;) present reflectance values from different band
combinations and determines the most suitable function for predicting the target parameter
(i.e., turbidity). From the dataset, the possible predictors are R(A;), R(Ag), and R(Ay),
representing the reflectance value of the red, green, and blue channels, respectively. In
addition, OBRA also generates three reflectance ratio combinations of Xy, = R(A;)/R(Ag),
X = R(Ar)/R(Ap), and Xgpp = R(Ag)/R(Ap). Multivariate regression functions are established
for these three combinations of predictors. Comparison of the predictor combinations in
Table 5 indicates that using the three bands, namely, R(A,), R(Ag), and R(Ap), yields a high
adjusted R? score and the lowest root mean square error (RMSE) among three combinations.
Hence, this combination was used for the assessment of turbidity retrieval in the following
analysis.

Table 5. Comparison of regression models using different combinations of predictors.

Predictor Combination Adjusted R? RMSE (FNU)
R(Ar), R(Ag), R(Ap) 0.786 0.192
Xrg, Xrpr Xgb 0.345 0.361
R(Ar), R(Ag), R(Ap), Xig, Xib, Xep 0.793 0.410

The selection of model output to formulate the dataset for the turbidity retrieval func-
tion was carefully considered based on the specific features in the inpainting mechanism of
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the two models. While the DSTT model selectively fills in the masked areas only, leaving
the other regions unchanged, the DIP model restores the entire image and thus introduces
uncertainties in the non-masked regions at the same time. Therefore, for the enhanced
accuracy of ground-truth data, the filtered data (both original and inpainted) from the
DSTT model are used to establish the turbidity retrieval function.

3. Results
3.1. Qualitative Evaluation

A notable discrepancy occurs in the output resolution during the inpainting process.
The DSTT model, constrained by the torch size limitation, reduces the output resolution to
432 x 240 pixels. The resolution reduction leads to compromised image fidelity, as shown
in Figure 7, where the surface waves in the inpainted image can be seen to be smoothened
compared to the original image.

(a) Original Image (b)DSTT Inpainted Image (c) DIP Inpainted Image

Figure 7. (a) Original images and inpainted images from the (b) DSTT and (c) DIP models. The water
regions near the vessel are enlarged for comparison.

The DIP model outperforms the DSTT model in retaining the high-resolution output,
again as evidenced by the fidelity of the surface waves in the inpainted image. However, the
performance of the DIP model in reconstructing the detailed features is highly contingent
on its hyperparameters, particularly the number of iterations. Figure 8 indicates the model
performance across different numbers of iterations. It is evident that, at lower numbers (e.g.,
3000, 5000, and 6000), the image shows large black areas which are indicative of incomplete
inpainting performance. Satisfactory results can only be achieved at higher numbers of
iterations (e.g., 20,000, 25,000, and 30,000).

3000 iterations 5000 iterations 6000 iterations
20,000 iterations 25,000 iterations 30,000 iterations

Figure 8. Effect of number of iterations on DIP model performance.
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Although the DIP model can generate high-resolution images with commendable
inpainting quality, there are instances where certain areas are inaccurately inpainted due
to model randomization (Figure 9). Multiple reruns of the DIP model with the same
settings and inputs can result in varying outputs, each potentially exhibiting improved
or diminished performance. On the other hand, the DSTT model consistently maintains
high-quality visual inpainting irrespective of the model reruns despite yielding lower
resolution outputs, which can be attributed to its nature of referencing the images both
before and after the frame to retrieve the data.

1 Model Run 27 Model Run 3 Model Run
Figure 9. Inconsistency of DIP model results.

The output images from both the DSTT and DIP models were stitched together to
assess the model performance across the entire flight line. Figure 10 shows the stitched
images from the original, DSTT, and DIP inpainted images for both Line 1 and Line 10 data.
For Line 1 data with relatively low obstruction percentages, both models perform relatively
well in restoring the areas obstructed by the objects. There are, however, discrepancies
in the stitched output of the DSTT model, which can be attributed to its mechanism that
exclusively processes only the annotated pixels. In contrast, the DIP model operates on
the whole image and thus can attempt to refine the discrepancies during the inpainting
process.

Line 1 Line 10

Original

Om 10m 20m 30m 40m 50m
] _
»

Figure 10. Mosaic images of Line 1 and Line 10 stitched from original, DSTT, and DIP inpainted

DSTT

DIP

images. The vessel and marine object are masked with blue color due to confidentiality.

Both models indicate a notable decline in performance when processing data with high
obstruction percentages, as shown in the output results for Line 10. While the DIP model
introduces minor errors in its outputs, the DSTT model fails to predict the background
water surface beneath the large vessel, resulting in inaccurate reconstructions across the
entire annotated region. This poor performance can be attributed directly to the insufficient
information from the adjacent frames for reconstruction. In addition to its capability to
utilize information from surrounding pixels, another notable feature of the DSTT model is
its ability to track object movement and exploit information from adjacent images to recover
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the obstructed region. We note that the dredging vessel remained stationary throughout
the UAV flight in this study. Hence, the information about the obstruction region is not
available in subsequent images, leading to the failure of inpainting.

3.2. Quantitative Evaluation
3.2.1. Ground-Truth Assessment

The assessment of inpainting accuracy with respect to ground truths is not possible
for remote sensing data as the underlying background information is naturally obstructed
and cannot be retrieved. Therefore, in the literature, the inpainting algorithms are typically
validated by using the synthetic approach whereby the object is artificially created on clear
images of which the background information is already known. Subsequently, one can
then assess the model performance in reconstructing the obstructed regions of the image.

Table 6 and Figure 11 show the R? scores and MAE values of the DSTT and DIP models
in reconstructing the reflectance values at synthetic vessel areas in Line 1 and Line 10. Both
models exhibit high R? scores, indicating strong reconstruction performance. Overall, the
DIP model outperforms the DSTT model, achieving a higher R? value but a lower MAE
score. However, for input images with a low obstruction percentage (i.e., Line 1), the DSTT
model achieves a better R? score than the DIP model.

Table 6. Comparison of overall R?> and MAE of the DSTT and DIP models.

Line 1 Line 10 Overall
Model DSTT DIP DSTT DIP DSTT DIP
R2 score 0.872 0.866 0.761 0.795 0.82 0.831
MAE 122.4 106 131.5 70.04 126.5 88.4

R2 Score - DSTT vs DIP
1
1

0.95 Line 1 Line 10
0.90
2 g

—_

1
0.75 i
g .7 1
0701 —— DSTT 1
0,65 == Avg-DSTT 1
— pIP 1
0601 ---- Avg-DIP 1
0 10 20 30 40
Image Index
MAE - DSTT vs DIP
1
180 Line 1 1 Line 10

160
140

120

m
§ 100

1
1
1) A
==== Avg-DSTT
60
— DIP
401 -=== Avg-DIP 1

0 10 20 30 40
Image Index

Figure 11. R? and MAE of the DSTT and DIP models with ground truth information. The images are
indexed sequentially flowing the flight path of Lines 1 and 10.

3.2.2. Temporal Consistency

To quantitatively assess the temporal consistency of the inpainting performance, the
variance score between the corresponding regions of adjacent inpainted images is calculated
as shown in Figure 12. From the figure, the DSTT model exhibits better temporal consistency
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in Line 1, characterized by consistently lower variance scores across frames compared to
the DIP model. However, in Line 10, the variance scores of the DSTT model are significantly
higher, indicating a notable inconsistency in the inpainted images. This observation is
consistent with the qualitative assessment of Line 10, highlighting the poor performance of
the DSTT model on images with substantial obstruction percentages.

Line 1 Variance (DSTT vs DIP)

Line 10 Variance (DSTT vs DIP)

0.0200{ —— DSTT DSTT
— DIP 0.08 — DIP
00175
00150 0.06
[ [
g e
§ ooz E
- -
= S 0.04
S 00100 S
0.0075
0.02
0.0050
0.0025 L — y ; : : 0001 : : ; :
0 5 10 15 20 0 5 10 15 20

Image Index Image Index

Figure 12. Variance in the inpainted image with previous and next frames for DSTT and DIP. The
images are indexed sequentially flowing the flight paths of Lines 1 and 10.

The obstruction percentage of the images in both Lines 1 and 10 are calculated and
plotted in accordance with the variance scores of the DSTT and DIP models in Figure 13.
The average obstruction percentages in Line 1 and Line 10 are approximately 11.5% and
33.4%, respectively. Notably, the variance score of the DSTT model demonstrates a high
sensitivity to the obstruction percentage, as evidenced by a strong linear correlation with
a coefficient of 0.913. Conversely, the DIP model shows a remarkably lower correlation
coefficient of 0.219, indicating that its inpainting quality remains similar regardless of
obstruction percentages due to its randomized learning approach. These results highlight
the suitability of the DSTT model for images with smaller objects while reaffirming the
superiority of the DIP model for images with high obstruction percentages.
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Figure 13. Correlation plot of variance and obstacle coverage percentage.

3.2.3. Applicability in Turbidity Retrieval Function

Table 7 illustrates the R? score and MAE of the turbidity retrieval function using
the inpainted image from the DSTT and DIP models as inputs. From the table, the use
of inpainted images from the DSTT model in Line 1 results in relatively more accurate
predictions of water turbidity, surpassing those from the DIP model. However, the turbidity
predictions based on the inpainted image from the DSTT model in Line 10 exhibit large
errors in both R? score and MAE, which can be attributed again to the inaccurate inpainting
performance. In contrast, the inpainted image from the DIP model consistently yields
high-quality predictions for turbidity retrieval in both Lines 1 and 10. Once again, these
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findings highlight the superiority of the DIP model over the DSTT model for inpainting
removal in coastal remote sensing applications.

Table 7. Comparison of inpainted images from the DSTT and DIP models for turbidity retrieval.

Line 1 Line 10
Model DSTT DIP DSTT DIP
R2 score 0.872 0.866 0.761 0.795
MAE 122.4 106 131.5 70.04

4. Discussion and Conclusions

The qualitative and quantitative evaluations presented above reveal the strengths and
weaknesses of the DSTT and DIP models for the inpainting removal of obstructions to
improve UAV multispectral imagery for water turbidity retrieval as follows:

(@) The DSTT model excels at generating high-quality visual inpainting with low ob-
struction percentages, but encounters resolution constraints, reducing the output
resolution by approximately threefold. This limitation can significantly affect the
utility of the retrieved data, particularly for detailed environmental monitoring. Fur-
ther improvements in the model architecture or specific transfer learning approaches
will be necessary to address this limitation in the future. Moreover, the DSTT model
struggles to effectively reconstruct areas with higher obstruction percentages due to
its inability to leverage surrounding information for restoring extensively obstructed
regions. As a result, its efficacy rapidly diminishes as obstruction percentages in-
crease due to its reliance on adjacent frame data. This may result in incomplete or
imprecise data restoration, potentially mispresenting environmental changes in areas
with substantial obstructions. Hence, it is essential to identify a threshold obstruction
percentage beyond which the DSTT model should not be considered at all.

(b) The DIP model demonstrates remarkable consistency in inpainting quality across
different obstruction percentages. This attribute, coupled with its superior overall
R? and lower MAE scores, underscores its robustness and versatility. The DIP model
also offers high adaptability with its flexible resolutions, but introduces variability in
image quality due to its reliance on hyperparameters and network architecture. This
inconsistency poses a challenge for tasks requiring high precision, such as sensitive
environmental assessments that require high texture and consistency.

Comparing the two models, the DIP model outperforms in inpainting removal over a
wider range of obstruction percentages in terms of temporal consistency. At the same time,
the data processing time from the DIP model is approximately 92.95 h in this study using a
single Intel Xeon Gold 6258R processor (Intel Corp., Santa Clara, CA, USA), which is much
longer than the DSTT model with approximately 4.69 min only. The prolonged processing
time emphasizes a crucial trade-off between processing speed and output quality, which
may impede the DIP model’s adoption for remote sensing applications where timely data
retrieval is essential. Hence, future research should focus on optimization strategies, such
as algorithmic developments and hardware upgrades, to further reduce processing time
and enhance the model’s applicability for specific remote sensing tasks.
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