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Abstract: Accurate information on the location, shape, and size of photovoltaic (PV) arrays is essential
for optimal power system planning and energy system development. In this study, we explore the
potential of deep convolutional neural networks (DCNNSs) for extracting PV arrays from high spatial
resolution remote sensing (HSRRS) images. While previous research has mainly focused on the
application of DCNN, little attention has been paid to investigating the influence of different DCNN
structures on the accuracy of PV array extraction. To address this gap, we compare the performance
of seven popular DCNNs—AlexNet, VGG16, ResNet50, ResNeXt50, Xception, DenseNet121, and
EfficientNetB6—based on a PV array dataset containing 2072 images of 1024 x 1024 size. We evaluate
their intersection over union (IoU) values and highlight four DCNNs (EfficientNetB6, Xception,
ResNeXt50, and VGG16) that consistently achieve IoU values above 94%. Furthermore, through
analyzing the difference in the structure and features of these four DCNNSs, we identify structural
factors that contribute to the extraction of low-level spatial features (LFs) and high-level semantic
features (HFs) of PV arrays. We find that the first feature extraction block without downsampling
enhances the LFs’ extraction capability of the DCNNS, resulting in an increase in IoU values of
approximately 0.25%. In addition, the use of separable convolution and attention mechanisms plays
a crucial role in improving the HFs’ extraction, resulting in a 0.7% and 0.4% increase in IoU values,
respectively. Overall, our study provides valuable insights into the impact of DCNN structures on
the extraction of PV arrays from HSRRS images. These findings have significant implications for
the selection of appropriate DCNNs and the design of robust DCNNs tailored for the accurate and
efficient extraction of PV arrays.

Keywords: high spatial resolution remote sensing images; photovoltaic array extraction; deep
convolutional neural networks; low- and high-level features

1. Introduction

The utilization of fossil fuel-based energy sources poses various challenges such as
resource depletion, carbon emissions, and environmental degradation [1]. In order to
achieve sustainable development and mitigate climate change, many countries are actively
promoting the adoption of clean energy sources. Among these alternatives, solar energy is
of great interest due to its significant environmental benefits [2]. Owing to the declining
costs of solar photovoltaic (PV) modules and government support, solar PV has experienced
rapid growth in recent decades [3], reaching a global installed capacity of approximately
1062 GW by the end of 2022 [4]. In this context, accurate information on the location, shape,
and size of PV arrays is meaningful and essential for optimizing power system planning [5],
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predicting the generation potential [6], and facilitating the overall development of energy
systems [7].

The PV array extraction from remote sensing images is an effective way to obtain
this type of information [8,9]. With the advancement of sensor technology, high spatial
resolution remote sensing (HSRRS) images have become a preferred choice for achieving
high-precision PV array extraction [10,11]. This type of extraction requires the effective
separation of the image into PV and non-PV arrays, which can be accomplished by three
main approaches: digital image processing methods [12,13], machine learning classification
methods [14,15], and deep learning segmentation methods [16,17].

Digital image processing methods use PV feature priors, edge segmentation, or tem-
plate matching techniques to extract PV arrays. For instance, Grimaccia et al. [13] utilized
a color space conversion from RGB to HSV and set thresholds based on PV color feature
priors to extract PV arrays. Carletti et al. [12] combined the Canny algorithm and the Hough
transform to detect the straight lines on which the edges of the PV panels are located. The
edges of each PV panel were then extracted from these straight lines according to the shape
priors of the PV panel. Although these methods can accurately extract PV panels from a
single scene containing only PV arrays by using the color and shape of the PV panels as
priors, their accuracy is limited in complex scenes due to the interference from analogous
objects such as vegetable patches and sheds [18].

Machine learning classification methods typically employ manually selected classi-
fication features to classify image pixels for PV array extraction. For example, Zhang
et al. [19] selected texture features calculated from SAR images, five raw spectral features,
and three normalized indicators as classification features for a random forest classifier to
automatically extract PV arrays. Chen et al. [20] constructed PV extraction indices based
on a thorough comparative analysis of the spectral features of PV arrays and other objects.
These indices are then combined with the original spectral features and terrain features as
classification features for XGBoost [21] to extract PV arrays. Since the better classification
features were manually selected, the machine learning classification methods can achieve
better PV array extraction with a small amount of training data. However, these features
are influenced by the lighting conditions, photographic angle, and geographical variations,
making such methods unsuitable for extracting PV arrays in large regions with complex
backgrounds [22].

Deep learning segmentation methods use semantic segmentation models to extract
PV arrays from images. Specifically, this kind of model first uses deep convolutional neural
networks (DCNNSs), known as the backbone of the models, to extract both low-level spatial
features (LFs) and the high-level semantic features (HFs) of PV arrays. These features
are then combined and upsampled using specific semantic segmentation architectures,
such as DeeplabV3_plus [23], for mapping back to the spatial scale of the original image.
Semantic classification is then applied to each pixel to identify PV arrays. For example,
Sizkouhi et al. [18] combined a VGG16 DCNN [24] with a Mask R-CNN architecture [25]
to automatically extract PV array boundaries. Wu et al. [16] used a ResNet DCNN [26]
with pre-trained weights to extract multilevel features and combined it with the U-Net
architecture [27] to extract distributed PV arrays. Jie et al. [22] integrated an EfficientNet
DCNN [28] and U-Net architecture for PV array extraction, while designing a gated fusion
module to improve the extraction accuracy for small-scale PV arrays.

Compared to the first two methods, deep learning segmentation methods have demon-
strated a superior performance in PV array extraction. This is mainly due to the advanced
feature extraction capabilities of DCNNSs [29]. Different DCNN structures have varying
feature extraction capabilities, resulting in diverse object extraction results [30]. However,
for extracting PV arrays from HSRRS images, previous research has mainly focused on the
application of DCNNSs, and little attention has been paid to investigate the influence of
DCNN structures on PV array feature extraction.

The primary motivation of this study is to explore the structural factors that favor the
extraction of PV array features. To this end, we first perform a comprehensive comparison
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of seven typical DCNNs—AlexNet [31], Xception [32], ResNet50, VGG16, DenseNet121 [33],
ResNeXt50 [34], and EfficientNetB6—for extracting PV arrays from HSRRS images. Then,
by analyzing the features and structural differences of the better performing DCNNs, we
identify the structural factors conducive to the extraction of different levels of PV array
features. To the best of our knowledge, exploring the beneficial structural factors for PV
array feature extraction through the comparison of different DCNNs in extracting PV arrays
from HSRRS images has been lacking so far.

The remainder of the paper is organized as follows: the dataset and its pre-processing
are detailed in Section 2; Section 3 describes the experimental methods; Section 4 provides a
detailed comparison of different DCNNs under the DeeplabV3_plus architecture; Section 5
analyzes the structural factor in favor of the PV array feature extraction; Section 6 presents
a discussion. Section 7 summarizes the conclusions.

2. Dataset

In this study, we use a PV array sample dataset with an image spatial resolution of 0.3 m.
This dataset is obtained from the multi-resolution PV dataset published by Jiang et al. [35].
The images are acquired through aerial photography conducted over Jiangsu Province, China.
Subsequently, a series of image processing procedures are applied to enhance their quality,
such as cloud cover removal, noise reduction, geometric correction, orthogonal correction,
and histogram equalization. PV array labels are obtained by manual annotation. The dataset
consists of 2072 PV array samples, each with a size of 1024 x 1024—comprising both the
image itself and its corresponding label. Figure 1 shows some PV array samples contained
within the dataset.

Image

Label

Figure 1. Samples of PV arrays from the dataset.

To perform the experiments, a pre-processing operation is applied to the dataset,
which includes the following steps: (1) mismatches between images and labels are manually
corrected to ensure the accuracy of all samples; (2) each image subtracts its own mean, and
divided by its standard deviation to allow for faster model convergence during training;
(3) labels are binarized so that each pixel has a value of either 1 (for PV array pixels) or 0 (for
non-PV array pixels); (4) each sample is cropped into four 512 x 512-sized samples; (4) 80%
of the samples are randomly selected as the training set (among which 20% were used
for validation) and 20% as the test set; (5) for data augmentation, various transformations
such as flipping, rotation, brightness and contrast adjustments and Gaussian blurring are
applied to the training set samples.

3. Methodology

Figure 2 depicts the overall experimental procedure of our study, which comprises the
following stages:

(1) A comprehensive comparison of seven DCNNs for extracting PV arrays from HSRRS
images (Figure 2a). These DCNNSs are used as the backbone of the DeeplabV3_plus
architecture to build seven semantic segmentation models. Then, these models are
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trained in the same way and compared on a unified dataset to gain insight into the
differences between DCNNE.

(2) An investigation of structural factors that favor the extraction of PV array features
(Figure 2b). Both LFs and HFs are important for the extraction of PV arrays [36]. In
this phase, we first analyze the differences between the better performing DCNNs in
terms of LFs and HFs through feature visualization and combination. Then, through
the structural analysis of the DCNNs with the best extraction of LFs and HFs, we
identify the structural factors that favor the extraction of LFs and HFs and confirm
their validity through ablation experiments.

Semantic Segmentation Architecture
Deeplabv3+
+
DCNN
| AlexNet || ResNeXt50 || ResNets0 || DemseNeti21 || VGG16 || Xeeption || EfficientNetBe

Inputs | Inputs
/ The training set The same settings /

Training

Trained DCNNs

| Comprehensive comparsion on the test set |

(a)
(b) I The better performing DCNNs I
Feature analysis
| Feature Visualization | | Feature Combination |
Optimal DCNN for LFs extraction | | Optimal DCNN for HFs extraction
Discussion of structural factors Discussion of structural factors favoring
favoring the LFs extraction the HFs extraction

J

| Ablation experiments for effective validation I

Figure 2. Experimental procedure of this study. (a) The comparative analysis of seven DCNNSs.
(b) The investigation of structural factors that favor the extraction of PV array features. LFs denote
low-level spatial features and HFs denote high-level semantic features.

3.1. Combination of the DCNNs and the DeeplabV3_Plus Architecture

Seven DCNNs—AlexNet, VGG16, ResNet50, ResNeXt50, DenseNet121, Xception, and
EfficientNetB6—are selected for experiments based on the development trend of DCNNs.
AlexNet is considered to be the cornerstone of the new generation of DCNNSs. After
AlexNet, VGG-Net, ResNet, and DenseNet are typical representatives that improve DCNN
performance by increasing the network depth. In addition to increasing the depth, the
effect of using multi-branch convolutional structures was also investigated. ResNeXt is
representative of this, using group convolution (i.e., multiple parallel convolutional layers)
instead of the normal convolution of ResNet to obtain richer features. Meanwhile, Xception
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uses a more extreme form of group convolution, known as separable convolution, for
effective feature extraction. More recently, the incorporation of attention mechanisms has
gained popularity to improve the feature extraction capabilities of DCNNSs. EfficientNet
is a notable example, which introduces the attention mechanism of SENet [37] to enable
DCNN:s to focus on the acquisition of useful information.

For the semantic segmentation architecture, DeeplabV3_plus is chosen due to its
robust performance in extracting PV arrays from HSRRS images [35]. DeeplabV3_plus uses
a standard encoder-decoder architecture (Figure 3). In the encoder, the final convolutional
layer of the DCNN extracts the HFs. These features are then passed to Atrous Spatial
Pyramid Pooling (ASPP) for the further extraction of multi-scale features. In the decoder,
one input is the LFs extracted by the DCNN, while the other input is the output features
of the ASPP after convolution and upsampling. In order to obtain features with the same
size as the original image, these two inputs are combined and subsequently processed by
convolution and upsampling operations. The features are then classified as PV or non-PV
on a pixel-by-pixel basis.

ASPP Encoder ™\

High-level

-

Low-level
features

1
features

i Predictions

-

i
. Decoder

Figure 3. DeeplabV3_plus architecture diagram.

For details on the combination of the DCNNs and the DeeplabV3_plus architecture,
the LFs input to the DeeplabV3_plus decoder is the last feature map with a spatial size
of one-quarter of the original image, extracted by DCNNs. The HFs’ input to the ASPP
are the output feature maps of the last convolutional layer of the DCNNSs. To satisfy the
ASPP’s requirement that the spatial size of the input feature maps is one-sixteenth of the
size of the original image, we remove the last downsampling operation of the convolutional
part of the DCNNSs (before removal, the spatial size of the output feature maps of the last
convolutional layer is one-thirty-second of the original image).

3.2. Training and Evaluation of DCNNs

In this study, we develop the DCNNs using the pytorch-1.10 machine learning library
in a Python environment. The training and evaluation processes are accelerated using the
CUDA Toolkit 11.3 and NVIDIA Tesla V100 GPUs.

During the training, the DCNNS are trained from scratch using the training set without
pre-trained weights. The batch size and the training epochs are set to 8 and 60, respectively.
The Adam optimizer [38] is used to adjust the parameters of the DCNNs. The learning
rate is given an initial value of 1 x 1073, and subsequently reduced according to the
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conventional cosine recession strategy (Equation (1)). The loss function is a binary cross-
entropy. To acquire an optimal generalization ability on the validation set, we store the
DCNNS that have the minimum validation loss.

(1 —i—cos(”é—f)@))

LR(A) = 1e ® + (1le™> — 1e7%) x 5

@)
where 0 presents the current epoch and LR stands for the learning rate.

In the evaluation, we use the test set to assess the DCNNs and compare their PV
array extraction performance. Four common metrics in image segmentation tasks are
employed to evaluate the performance of DCNN [39]: intersection over union (IoU), f1
score, recall, and precision. Precision indicates the proportion of actual PV array pixels
among those identified as PV array pixels by the model (Equation (2)). Recall describes
the percentage of PV array pixels correctly predicted by the model out of the actual PV
array pixels (Equation (3)). The F1 score is the harmonic mean of precision and recall
(Equation (4)). IoU is the intersection over the union ratio between the PV array pixels
predicted by the model and the actual PV array pixels (Equation (5)).

TP
Precision = ————— 2
recision TP+ FP 2)
TP
Recall = ————
T TP+ EN ®)

2 * Precision * Recall
F1 = 4
score Precision + Recall @

- TP

- TP+FN+FP
where TP (true positive) signifies that the PV pixels were correctly identified by the model;
FN (false negative) signifies that the PV pixels were misclassified as non-PV pixels by the
model; FP (false positive) denotes non-PV pixels that are mistakenly classified as PV by
the model.

IoU ®)

3.3. Feature Visualization

To analyze the differences in the LFs and HFs extracted by DCNNSs, we use Layer-
CAM [40] to create their class activation maps, while analyzing their attention regions of
PV arrays on the images by visualizing the class activation maps.

LayerCAM is an effective method that generates class activation maps for different
levels of features extracted by DCNNS. Specifically, for the kth feature map (Ai-‘]-) in the given

level features (4;;), LayerCAM retains the positive gradient and eliminates the negative

gradient in its backward gradient (gf.‘].), using it as the weight of A;‘j

following equation:

(wffj), as shown in the

wl = ReLU (gF) ©)

where ReLU stands for rectified linear unit, which preserves positive values and sets
negative values to 0.

To obtain the class activation map M;; of A;, LayerCAM calculates a weighted acti-
k
ij’
and then sums these values along the channels and eliminates negative values by ReLU, as
shown in the following equation:

vation value of each position in Ai-‘]- by multiplying it with its corresponding weight w

Mjj = ReLU(Y ", (Af; = wf))) @)
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This method assigns weights to each position of the features based on the gradient.
Therefore, the resulting class activation maps can effectively highlight the attentional
regions of PV arrays within the features.

3.4. Feature Combination

In order to further explore the differences in the LFs and HFs extracted by different
DCNNSs, we construct new models by combining different levels of features extracted by
different DCNNSs, and compare their performance with the corresponding DCNNSs.

To compare the differences between the features extracted by AlexNet and VGG16, we
construct a new model, A_H_V_L, by feeding the LFs extracted by the trained VGG16 into
the decoder of DeeplabV3_Plus and the HFs extracted by the trained AlexNet into the ASPP
of DeeplabV3_Plus (Figure 4). Here, A and V denote AlexNet and VGGI16, respectively, and
L and H denote the LFs and HFs, respectively. Other new models constructed by feature
combination are similarly named. Note that the parameters of VGG16 and AlexNet in
A_H_V_L are fixed, meaning that the LFs used in A_H_V_L are identical to those used in
the trained VGG16, and the LFs used in A_H_V_L are identical to those used in the trained
AlexNet.

;- AH VL --------mmmmmmmm o "
: High-level !
Images I features The ASPP of The ! predictions

% 1

| Alexilet B a !
: of ——>

Low-level Deeplab 1

! features cepa d

! VGG16 V3 plus .

1 1

1

by AlexNet and low-level spatial features extracted by VGG16.

Figure 4. The new model (A_H_V_L) constructed by combining high-level semantic features extracted

the LFs extracted by VGG16 for PV array extraction. Therefore, if A_H_V_L exhibits a
performance improvement over AlexNet, it indicates that the LFs obtained by VGG16
are superior to those obtained by AlexNet in terms of PV array extraction performance.
Similarly, if A_H_V_L shows an improvement over VGG16, it implies that the HFs extracted
by AlexNet have a better performance for PV extraction than the HFs extracted by VGGI1eé.

In this case, the main difference of A_H_V_L compared to AlexNet is that it uses

4. Comparison of Different DCNNs

Figure 5 illustrates the loss curves of the DCNNs in the DeeplabV3_plus architecture.
As shown in Figure 5a, EfficientNetB6 has the lowest ultimate training loss among the DC-
NNs, with a value of approximately 0.03. The final training losses of Xception, ResNeXt50,
and VGG16 are almost indistinguishable and slightly higher than that of EfficientNetBé.
In contrast, ResNet50, DenseNet121, and AlexNet have successively larger final training
losses, all of which are significantly higher than those of the other four DCNNs. Regarding
the validation loss (Figure 5b), all DCNNs show noticeable fluctuations in the first 50 epochs
resulting from the reduced batch size, but they generally show a decreasing trend. The
relative performance of the DCNNSs in the final validation loss is comparable to that in
the final training loss. In addition, due to the data augmentation operation, none of the
DCNN s show an increasing trend in validation loss, indicating that there is no overfitting.

Table 1 lists the performance of each DCNN in the DeeplabV3_plus architecture.
Overall, EfficientNetB6 outperforms the other DCNNSs, achieving the highest values for
recall, f1 score, and IoU. ResNeXt50, VGG16, and Xception perform similarly and have
lower IoU and f1 scores than EfficientNetB6. However, VGG16 achieves the highest
precision values. The remaining DCNNs exhibit poor performance across all metrics, with
IoU values at least 1.4% lower than EfficientNetB6. It is noteworthy that ResNet50 does
not perform well, despite having a deeper network structure and more parameters than
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Training Loss
=3
S

VGG16. This suggests that the network depth and number of parameters are not the main
factors influencing the performance of DCNNSs in the PV array identification from HSRRS
images.

0.225
—— AlexNet —— AlexNet
DenseNet121 0.200 DenseNet121
ResNet50 0.175 1 —— ResNet50
ResNeXt50 —— ResNeXt50
VGG16 2 0.150 4 — VGGI16
: S — E
chelnou = 0125 che}lon
EfficientNetB6 2 EfficientNetB6
= 0.100
S
0.075
0.050
0.025 ¥ x
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(a) (b)

Figure 5. Loss curves of training (a) and validation (b) for DCNNs in the DeeplabV3_plus architecture.

Table 1. Performance of each DCNN in the DeeplabV3_plus architecture.

Precision Recall F1 score IoU

DCNN %) (%) %) %)
AlexNet 95.69 96.45 96.07 92.44
DenseNet121 95.85 96.76 96.30 92.86
ResNet50 96.01 97.03 96.52 93.28
ResNeXt50 96.21 97.74 96.97 94.11
VGG16 96.59 97.30 96.94 94.06
Xception 96.28 97.79 97.03 94.23
EfficientNetB6 96.47 98.12 97.29 94.72

Figure 6 presents the PV arrays extracted by different DCNNs under the DeeplabV3_plus
architecture. EfficientNetB6 exhibits the highest overall performance, demonstrating the
complete extraction of high-tilt PV arrays (Figure 6a,b) without being affected by the PV
rack interference (Figure 6e). Xception and ResNeXt50 display a slightly less accurate
performance than EfficientNetB6, mainly owing to their incomplete extraction of high-tilt
PV arrays (Figure 6a,b). In grassy areas, VGG16 fails to detect high-tilt PV arrays (Figure 6b).
However, it excels at capturing the edges of PV arrays (Figure 6¢,d). On the other hand,
ResNet50, Dense-Net121, and AlexNet exhibit overall insufficient extraction. In particular,
only DenseNet121 and AlexNet incorrectly identify the roadside guardrail (Figure 6¢) and
the PV racks (Figure 6e)as PV arrays.

Table 2 shows the number of parameters, depth, inference time, and memory usage of
each DCNN under the DeeplabV3_plus architecture. AlexNet, VGG16, Xception, ResNet50,
ResNext50, DenseNet121, and EfficientNetB6 in order of increasing depth. With the excep-
tion of DenseNet121, the number of parameters and the inference time of DCNNSs tend to
increase with their depth. In addition, AlexNet has the lowest memory usage, requiring
less than 0.2 GB. ResNet50, Xception, DenseNet121, VGG16, and ResNeXt50 consume
progressively more memory, but all being below 1 GB. In contrast, EfficientNetB6 requires
over 2 GB of memory.

We also compare the PV array extraction performance of different DCNNSs in the
U-Net architecture. As shown in Table 3, EfficientNetB6 is still the best performer, with
the highest values for recall, f1 score, and IoU. Xception and ResNeXt50 perform slightly
worse than EfficientNetB6, but their IoU values are still above 94%. In comparison, VGG16
has an IoU value of 93.91%, higher than AlexNet, ResNet50, and DenseNet121. Replacing
the architecture of DeeplabV3_plus with U-Net does not alter the better performance of
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EfficientNetB6, Xception, ResNeXt50, and VGG16 than the other DCNNS, indicating that

the performance difference of DCNNSs is not affected by the architectures.

(a) (b) (c) (d (e)

Image

Label

AlexNet

DenseNet121

ResNet50

ResNeXt50

VGG16

Xception

EfficientNetB6

Figure 6. High-tilt PV arrays (a,b), panelized PV arrays (c,d), and PV racks (e) extracted by different

DCNNS.
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Table 2. The number of parameters, depths, inference time, and memory usage of DCNNSs in the
DeeplabV3_plus architecture.

Number of Parameters Inference Time Memory Usage

DCNN (Millions) Depth (ms) B
AlexNet 7.2 10 2.43 0.19
DenseNet121 16.2 125 9.60 0.71
ResNet50 40.4 54 8.08 0.65
ResNeXt50 38.9 54 9.52 0.99
VGG16 20.2 18 3.41 0.97
Xception 37.7 41 5.97 0.75
EfficientNetB6 59.5 141 19.95 247

The memory usage and the inference time refer to the memory and amount of time consumed by DCNNs during
the inference process of a single image, respectively.

Table 3. Performance of different DCNNSs in the U-Net architecture.

Precision Recall F1 Score IoU

DCNN (%) (%) (%) (%)
AlexNet 95.87 96.13 95.99 92.27
DenseNet121 96.09 96.41 96.25 92.77
ResNet50 96.19 96.68 96.43 93.09
ResNeXt50 96.40 97.42 96.91 94.01
VGG16 96.75 96.98 96.86 93.91
Xception 96.49 97.41 96.95 94.07
EfficicentNetB6 96.59 97.84 97.22 94.59

5. Structural Factors Favoring the PV Array Feature Extraction

To improve the accuracy of PV array extraction from HSRRS images using DCNNs, we
investigate the structural factors that contribute to PV array feature extraction by analyzing
the differences in features and structures among the better performing DCNNs.

As shown in Table 2, VGG16, Xception, ResNeXt50, and EfficientNetB6 outperform
the other three DCNNSs. Therefore, we first analyze the feature differences of these four
DCNN s based on feature combinations. Specifically, we develop twelve new models by
combining different levels of features extracted by these four DCNNs. We then compare
them with VGG16, Xception, ResNeXt50, and EfficientNetB6 on the test set (Figure 7). The
following information can be derived from Figure 7:

(1) VGGI16 performs best in extracting the LFs of the PV array, as the IoU value of VGG16
is higher than those of R_.L_V_H, X_L_V_H_and E_L_V_H (Figure 7a).

(2) There is no significant difference in the HFs extracted by ResNeXt50 and Xception,
but ResNeXt50 shows a weaker ability to extract LFs compared to Xception. This is
because X_L_R_H has similar IoU values to Xception (Figure 7b) and is superior to
ResNeXt50 (Figure 7c).

(3) EfficientNetB6 shows the best ability in extracting the HFs of PV arrays, as it outper-

forms the new models using the HFs extracted by the other DCNNs (Figure 7d).

To understand the optimal performance of VGG16 for LF extraction and efficientNetB6
for HFs extraction, we generate class activation maps for LFs and HFs extracted by VGG16,
Xception, ResNeXt50, and EfficientNetB6 using the LayerCAM method (Figures 8 and 9).

For the high-tilt PV array on grass (red square area in Figure 8), EfficientNetB6 has
the optimal extraction (Figure 8a), because its HFs provide a stronger and more complete
perception than those extracted by other DCNNSs (Figure 8b). In addition, although VGG16
cannot detect the high-tilt PV arrays, its LFs are sensitive to the edges of this part of the PV
arrays (Figure 8c).
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Figure 7. Comparison of IoU values between VGG16 and its corresponding new models (a), Xception
and its corresponding new models (b), ResNeXt50 and its corresponding new models (c), Efficient-
NetB6 its corresponding new models (d) on the test set. X_H_R_L represents the new model that
combines HFs extracted by Xception with LFs extracted by ResNeXt50, and other abbreviations have

similar meanings.
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Figure 8. High-tilt PV arrays extracted by the DCNNs (a) and the class activation maps of LFs (b) and

HFs (c).
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ResNext50 VGG16 Xception EfficientNetB6

Image

Figure 9. PV arrays extracted by the DCNNs on saline land (a) and the class activation maps of LFs
(b) and HFs (c).

For PV arrays on saline land (Figure 9), the HFs extracted by all DCNNSs pay attention
to them, while the attention of the HFs extracted by EfficientNetB6 is significantly stronger
(Figure 9b). In addition, the LFs extracted by VGG16, which accurately detect the edges of
the PV arrays, perform the best (Figure 9c).

The extraction capability of VGG16 on the LFs of PV arrays may be due to its first fea-
ture extraction block without downsampling. Since there is no downsampling undertaken,
this type of block has a small receptive field when extracting features from the original
image. As a result, it can perceive spatial features, such as textures and edges, in a more
detailed manner, thus improving the fine extraction of object contours [41].

The extraction capability of EfficientNetB6 on the HFs of PV arrays may be due to
its use of separable convolution (group convolution) and the SENet attention mechanism.
Group convolution is more effective in extracting diverse features and may lead to the
better extraction of HFs [34], as evidenced by the superior performance of ResNeXt50 over
ResNet50 (Table 2). In addition, the attention mechanism allows the DCNN to focus on
effective features and reduce the interference of redundant information, which improves
the performance of the DCNN for object extraction [42].

To verify the above conjecture, we perform additional ablation experiments to investi-
gate the effect of the first feature extraction block without downsampling on LFs’ extraction,
and the effect of the separable convolution and attention mechanism on HFs’ extraction.
The ablation experiments consist of the following steps:

(1) Construction of three DCNNs: VGG16 with downsampling in the first feature extrac-
tion block (VD), EfficientNetB6 without separable convolution (EW /OS), Efficient-
NetB6 without attention mechanism (EW/OA). Note that VD is constructed by setting
the stride of the first convolutional layer of VGG16 to 2, while eliminating the first
Maxpooling layer of VGG16

(2) Integrate these three DCNNSs into the DeeplabV3_plus architecture, and training them
using the training set and settings described in Section 3.2.

(3) Construction of V_H_VD_L by combining the HFs extracted by the trained VGG16
and the LFs extracted by the trained VD; EW/OS_H_E_L by combining the HFs
extracted by the trained EW/OS and the LFs extracted by the trained EfficientNetB6.
EW/OA_H_E_L by combining the HFs extracted by the trained EW/OA and the LFs
extracted by the trained EfficientNetBé.

(4) Performance comparison between V_H_VD_L, VGG16, EW/OS_H_E_L,EW/OA_H_E_L,
and EfficientNetB6.
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As shown in Table 4, VGG16 outperforms V_H_VD_L in all metrics, indicating that the
first feature extraction block without downsampling helps in extracting the LFs of the PV
arrays. Furthermore, the inferior performance of EW/OS_H_E L and EW/OA_H_E L as
compared to EfficientNetB6 confirms the importance of separable convolution and attention
mechanisms in extracting the HFs of PV arrays.

Table 4. Performance of V_H_VD_L, VGG16, EW/OS_H_E_L, EW/OA_H_E_L, and EfficientNetB6
in the DeeplabV3_plus architecture.

Precision Recall F1 Score IoU

DCNN (%) (%) (%) (%)
V_H_VD_L 96.44 96.25 96.82 93.83
VGG16 96.59 97.30 96.94 94.06
EW/OS_H_E_L 96.30 97.54 96.92 94.02
EW/OA_H_E_L 96.32 97.86 97.08 94.33
EfficientNetB6 96.47 98.12 97.29 94.72

V_H_VD_L represents the model constructed by combining the HFs extracted by VGG16 with the LFs extracted
by VD, and other abbreviations have similar meanings.

6. Discussion

In this study, we compare the performance of seven DCNNS in extracting PV arrays
from HSRRS images. Our results demonstrate that EfficientNetB6, VGG16, ResNeXt50,
and Xception outperform AlexNet, ResNet50, and DenseNet121. Similar to our work,
Costa et al. [43] also reported the superior PV array extraction performance of EfficientNet
over ResNet in a comparative experiment. This provides additional evidence of perfor-
mance differences between different DCNNSs and highlights the need for comparisons.
However, their analysis was limited to ResNet and EfficientNet, and was performed only
on medium-resolution Sentinel-2 images. The performance of PV array extraction is sig-
nificantly affected by the spatial resolution of the image [44]. Therefore, a comparison
on HSRRS images could broaden the understanding of PV array extraction using deep
learning approaches.

In addition, this study identifies three structural elements that facilitate PV array
feature extraction: the first feature extraction block without downsampling, separable
convolution, and attention mechanisms. Previous studies have also tentatively investigated
the impact of attention mechanisms on PV array extraction. For instance, Zhu et al. [45]
demonstrated the beneficial effect of the dual attention mechanism [46] on PV array extrac-
tion. Jie et al. [22] improved the accuracy of PV array extraction by using their self-designed
spatial attention mechanism. Their study supports our findings regarding the effectiveness
of the attention mechanism. However, unlike them, we argue that the attention mecha-
nism enhances the ability of DCNNS to extract the HFs of PV arrays, thus improving the
performance. Moreover, we emphasize the importance of the first feature extraction block
without downsampling for obtaining the LFs of PV arrays and the significance of separable
convolution for extracting the HFs of PV arrays.

Recently, Tan et al. [28] improved the accuracy of PV array extraction by integrating
the color features and geometric structural features of PV arrays as priors into the DCNN.
In essence, this approach is similar to the current study in that it seeks to improve the
performance of the DCNN by enhancing its ability to extract PV array features. The
difference lies in our exploration of the structural factors conducive to PV feature extraction,
rather than the fusion methods of a priori features. Compared with their study, our research
provides a direction for designing a DCNN structure capable of accurately extracting
PV arrays.

In summary, previous research has confirmed the validity of certain findings in the cur-
rent study, while the differences observed highlight the unique insights of the present study.
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7. Conclusions

In this study, we conduct a comprehensive comparison of seven representative DCNNs-
AlexNet, VGG16, ResNet50, ResNeXt50, DenseNet121, Xception, and Efficient-NetB6-in the
task of extracting PV arrays from HSRRS images. The results show that the EfficientNetB6,
VGG16, Xception, and ResNeXt50 outperform other DCNNSs, achieving IoU values above
94%. Furthermore, EfficientNetB6 exhibits the best performance among these four DCNN,
but also the highest model complexity. In contrast, VGG16, Xception, and ResNeXt50
achieve a better balance between performance and complexity.

In addition, by examining the differences in features and structure of the better per-
forming DCNNSs, we explore the structural factors that contribute to the extraction of
PV array features. Our findings indicate that the first feature extraction block without
downsampling improves the ability of the DCNN to extract the LFs of PV arrays, resulting
in an approximately 0.25% increase in IoU values. In addition, the separable convolution
and attention mechanisms play a key role in improving the HFs” extraction of DCNN,
resulting in a 0.7% and 0.4% increase in IoU values, respectively.

Our study provides valuable insights into the impact of DCNN structures on the
extraction of PV arrays from HSRRS images. These findings have significant implications
for the selection of appropriate DCNNs and the design of robust DCNN s tailored for the
accurate and efficient extraction of PV arrays. In future research, we plan to integrate
favorable structural factors to construct robust DCNNSs for the extraction of PV arrays
from HSRRS images. In addition, we noticed that transfer learning is an effective method
for improving the performance of DCNNs. Therefore, we will further explore how to
improve the performance of extracting PV arrays from HSRRS images using excellent
transfer learning methods such as PADM [47].
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