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Abstract: Dams in their natural environment will gradually develop cracks and other forms of
damage. If not detected and repaired in time, the structural strength of the dam may be reduced,
and it may even collapse. Repairing cracks and defects in dams is very important to ensure their
normal operation. Traditional detection methods rely on manual inspection, which consumes a lot of
time and labor, while deep learning methods can greatly alleviate this problem. However, previous
studies have often focused on how to better detect crack defects, with the corresponding image
resolution not being particularly high. In this study, targeting the scenario of real-time detection by
drones, we propose an automatic detection method for dam crack targets directly on high-resolution
remote sensing images. First, for high-resolution remote sensing images, we designed a sliding
window processing method and proposed corresponding methods to eliminate redundant detection
frames. Then, we introduced a Gaussian distribution in the loss function to calculate the similarity of
predicted frames and incorporated a self-attention mechanism in the spatial pooling module to further
enhance the detection performance of crack targets at various scales. Finally, we proposed a pruning-
after-distillation scheme, using the compressed model as the student and the pre-compression model
as the teacher and proposed a joint distillation method that allows more efficient distillation under
this compression relationship between teacher and student models. Ultimately, a high-performance
target detection model can be deployed in a more lightweight form for field operations such as UAV
patrols. Experimental results show that our method achieves an mAP of 80.4%, with a parameter
count of only 0.725 M, providing strong support for future tasks such as UAV field inspections.

Keywords: dam crack inspection; object detection; lightweight model; knowledge distillation

1. Introduction

Dams are susceptible to various factors such as natural environments and water
scouring during their operation, which can more readily lead to the development of cracks
and other forms of damage [1]. If these cracks are not detected and remedied promptly, they
may progressively worsen, diminishing the structural integrity of the dam. Under extreme
weather conditions, these cracks can rapidly expand, potentially leading to catastrophic
dam failures [2]. Therefore, the detection of dam cracks is of significant importance for
ensuring the structural integrity and operational safety of the dam.

To address the aforementioned challenges, this paper proposes an intelligent detection
scheme integrated with unmanned aerial vehicle (UAV) inspections as an alternative to the
previously labor-intensive and inefficient manual inspection methods [3]. UAVs, with their
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compact size and maneuverability, can perform complex and hazardous tasks that would
otherwise require human intervention [4]. More importantly, their high degree of freedom and
portability allows them to navigate over various terrains, enabling a rapid response to diverse
inspection needs. To achieve the goal of automated inspection, this study also introduces a
lightweight crack detection method designed for automatic identification and target analysis.

Drones, as convenient aerial units, have long been applied in various industries
for inspection tasks [5], such as power infrastructure maintenance [6], assisting archae-
ology and cultural heritage [7], agriculture [8], and the energy sector [9]. Regarding
dam crack detection, some studies have designed algorithms for low-resolution defect
images [10,11], but they have not considered directly processing high-resolution remote
sensing images from drones, nor have they further focused on field operations under
limited computing resources.

In this study, deep neural networks are employed to implement dam surface crack
defect detection for high-definition images captured by UAVs. In order to construct a high-
performance and easily deployable crack defect detection algorithm, we first used a UAV
to collect a crack dataset from a key reservoir in the South-to-North Water Transfer Central
Project. A key challenge faced is that the resolution of the UAV images is high, reaching
6000 x 4000, while the crack defects account for a very small proportion, only ranging from
a dozen to several dozen pixels. In situations where the region of interest accounts for a
small proportion, it would be difficult for training to converge, and performance would
be poor if the original image is directly input into the network. Therefore, we design a
moving window to preserve the crack defect features while maintaining partial overlap.
Additionally, to ensure that the final defect detection on the original image does not result in
false positives, we propose a corresponding fusion method to eliminate redundant frames.

After obtaining data with appropriate resolution and sufficient quantity, we propose
a lightweight model using a distillation-after-pruning approach. First, we enhance the
performance of the object detection model as much as possible, then prune the high-
performance model, and finally restore accuracy through model distillation. Specifically,
we first improve the object detection model based on YOLO_v5. To address the issue of
varying image scales, we introduce a Gaussian distribution in the loss function to calculate
the similarity of prediction boxes, achieving the comprehensive detection of targets of
different sizes, while also making the regression boxes more accurate. In response to
situations where target features are weak and there is much interference from background
information, we introduce a self-attention mechanism into the spatial pooling module,
which better enables the recognition of diverse features. Then, we use layer-adaptive
pruning to reduce the number of parameters as much as possible to facilitate model
deployment. Finally, to enhance the performance of the compressed model, we propose a
joint distillation method to address the issue that models that have been overly compressed
are difficult to distill. In summary, the key contributions of this work can be encapsulated
as follows:

e This paper proposes an intelligent inspection process that combines UAV patrol with
object detection and constructs a dataset of UAV aerial photography images;

*  We propose a novel lightweight and high-performance object detection scheme tailored
to the characteristics of UAV inspection tasks.

*  We propose a joint distillation method to enhance the performance of compressed
models, alleviating the issue where traditional distillation methods struggle to adapt
to overly compressed models.

2. Related Works
2.1. Crack Detection

Crack detection is a critical aspect of maintaining the integrity and safety of surfaces
in pavements and concrete structures [12]. The degradation of these surfaces due to
cracking can pose safety hazards and reduce the service life of the structures. Traditional
methods of assessing structural health, such as visual inspection, are costly, labor-intensive,
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economically inefficient, and inconsistent in terms of effectiveness. With the advancement
of deep learning technology, image-based computer vision techniques have emerged as a
promising solution for the automated detection of cracks [13-15].

Ref. [16] pioneered the application of deep learning to crack detection, identifying
five categories of cracks in concrete images. Ref. [17] compared crack detection methods
using handcrafted features with those using deep architectures, evaluating the performance
of various edge detectors such as Sobel, Canny, Prewitt, and Butterworth against the
application of deep learning frameworks. Kim et al. [18] conducted a comparative study on
the use of Hessian matrix and Haar wavelet-based accelerated robust feature methods and
the application of convolutional neural networks (CNNs) for automatic feature extraction
in crack detection tasks. Li et al. [19] designed a multi-scale defect region proposal network
(RPN) that extracts candidate boxes at different layers to improve detection accuracy. They
also used ultra-deep architectures and geographically tagged image databases for crack
geolocation. Ref. [20] improved the R-CNN and proposed CrackDN, which uses a pre-
trained CNN to extract deep features, along with a sensitivity detection network, achieving
a faster training process. They integrated two additional modules into the Faster R-CNN
architecture to reduce the false detection rate. The first module is a deep CNN responsible
for estimating the direction of the identified crack patches. The second module is a Bayesian
integration algorithm that uses local consistency and reduces the uncertainty of the detected
crack patches. Maeda et al. employed the SSD framework [21], using Inception V2 [22] and
MobileNet [23] as the main feature extraction modules in the SSD framework.

In addition to two-stage object detection algorithms, one-stage object detection al-
gorithms focus more on inference speed and are more suitable for fields that require
higher inference speeds. The representative method is the You Only Look Once (YOLO)
algorithm. YOLOV3 [24], capable of performing target detection tasks at a significantly
faster processing time with comparable accuracy to other methods, is a representative
algorithm of the YOLO family. Mandal et al. utilized YOLO for crack detection in various
datasets, including different types of cracks and defects [25]. Fan et al. [26] proposed a
modified version of the UNet, incorporating dilated convolution modules and hierarchical
feature learning modules to enhance the performance of crack detection. They introduced
a method known as CrackGAN, drawing on the concept of generative adversarial net-
works, and utilized an asymmetric U-Net network as the backbone architecture to process
images of arbitrary sizes. SegNet, an encoder-decoder architecture, employs VGG-16 to
form the encoder-decoder. During the decoding process, maximum pooling indices are
invoked for upsampling on the decoder module. This makes SegNet faster than UNet.
Chen et al. [27] proposed a road and bridge crack segmentation network inspired by the
SegNet [28] architecture, achieving end-to-end detection.

In addition to the crack detection methods from different scenarios mentioned in the
above literature [10,11] directly address the study of cracks in dams. Ref. [10] considers
the issue of precision and speed in crack detection, which is extremely important for the
problem of dam crack detection. Ref. [11] investigates the role of Vision Transformers in
dam crack detection. However, these studies are all based on cropped crack images and do
not consider the convenience and challenges of direct detection based on unmanned aerial
vehicle (UAV) remote sensing imagery.

2.2. Object Detection

The concept of object detection algorithms refers to the ability to not only delineate
the location of objects in an image with bounding boxes but also to classify those objects,
determining their categories [29]. This makes object detection algorithms highly suitable for
crack detection tasks. Object detection algorithms can generally be divided into one-stage
and two-stage algorithms. RCNN [30] is a classic two-stage object detection algorithm that
uses selective search methods to extract a large number of candidate boxes and uses a CNN
network to extract features from each candidate region in the corresponding image area. It
then employs an SVM classifier to detect whether an object exists in each region. Two-stage
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algorithms typically perform better but are slower in inference speed, even though some
research attempts to improve on this. Therefore, one-stage object detection algorithms are
more widely used in production environments that emphasize inference speed. One-stage
algorithms eliminate the candidate box generation and use a single network to achieve
feature extraction, object regression, and prediction. YOLO [31] is a single-stage object
detector designed to treat object detection as a regression problem. It uses a limited number
of candidate regions, widely uses features from the entire image, directly predicts the
coordinates of the object bounding boxes, and calculates the probabilities of belonging
to various categories. It has spawned a series of classic algorithms such as YOLOvV3,
YOLOVS5, and YOLOvS. SSD is a fast single-shot multi-box detector suitable for multi-
category detection [32]. It constructs a unified detection framework with detection speeds
comparable to YOLO and accuracy on par with Faster RCNN.

2.3. Knowledge Distillation

Knowledge distillation is a process that involves using a large network to guide the
training of a smaller network, abstracting knowledge from the larger model to impart it
to the smaller one, thereby enabling the smaller model to approach or even surpass the
performance of the larger model. This method does not alter the original structure of the
network, effectively achieving model compression indirectly. Wang et al. pointed out that
due to the inconsistency in optimization objectives, there is a significant difference between
the predictions of the teacher and student models, leading to contradictory supervisory
information during the imitation process by the student model [33]. To address this, the
intermediate features of the student model’s detection head are passed to the teacher’s
detection head, and the cross-head predictions are then forced to mimic the teacher’s
predictions. This prevents the student from receiving contradictory information from both
the true labels and the teacher’s predictions, thereby significantly enhancing the detection
performance of the student model. Ref. [34] proposed decoupled knowledge distillation,
reconstructing the classical knowledge distillation loss into two parts: target category
knowledge distillation and non-target category knowledge distillation. This is because the
logical information of non-target categories contains important “dark knowledge”, whereas
in traditional logical distillation, the importance of these two types of losses is coupled.

Knowledge distillation has transitioned from logical distillation to feature distillation.
Shu C. et al. proposed channel-level knowledge distillation, which, unlike previous meth-
ods that aligned feature maps in the spatial domain, this method normalizes the feature
maps of each channel to obtain soft probability maps. By calculating the KL divergence
between the channel probability maps of the two networks, the differences between the
two networks are measured, focusing on the most significant areas in each channel through
the minimization of KL divergence, achieving knowledge transfer, which is suitable for
dense detection tasks [35]. Ref. [36] proposed a simple and effective distillation strategy.
Directly aligning the feature maps of the teacher and student models may impose too
strict constraints on the student model, leading to a decline in performance. The authors
found that aligning the feature maps of the teacher and student models along the channel
dimension is equally effective in solving the problem of feature mismatch, using a multi-
layer perceptron (MLP) to align the features of the student and teacher models. Ref. [37]
proposed an attention-guided feature distillation method for semantic segmentation tasks.
Drawing on the idea of the CBAM convolution block attention module, it is divided into
CAM and SAM two modules, which, respectively, refine key information on the feature
map from the spatial and channel dimensions while maintaining computational efficiency
and suppressing the interference of background noise.

3. Methods
3.1. Overall Scheme

In this paper, we have established a set of automatic defect detection methods for
dam cracks that can be combined with unmanned aerial vehicles (UAVs). The overall
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research plan of this paper is shown in the Figure 1. First, we collected a sufficient amount
of UAV aerial photography data at the target dam using UAVs. Then, the object detection
model was trained and optimized on the server. Next, we proposed a pruning-first and
then distillation scheme to compress the already optimized model while maintaining
comparable performance. Finally, our lightweight model can be deployed online or offline
for subsequent field inspection operations. The following sections of this paper will
introduce the corresponding key technologies in order. Sections 3.2 and 3.3 introduce the
details of data collection and construction, Section 3.4 explains in detail how to optimize
the object detection model, Section 3.5 shows the network pruning method used, and
Section 3.6 explains in detail the knowledge distillation technology proposed.

lightweight model
image collection ST >,
’ - =% 5 model |
= — ‘ purning ;
__________ Server ; ;
......... deployment : [knowledge | !
/ ) i | distillation |
ONNX || ; i
i | inference - ;
N : TensorRT | | : L. '
! : ' quantization | :

Figure 1. Flowchart of the overall scheme of this work.

3.2. Data Collection and Dataset Construction

The dam crack dataset, collected by unmanned aerial vehicle (UAV) aerial photography,
primarily focuses on a specific area of the South-to-North Water Diversion Project. It is a dataset
that includes various images of surface cracks. Due to the characteristics of the ultra-high-
definition camera on the UAV, the aerial photographs are high-resolution images. As shown in
Figure 2, the size of the original data for each image is 6000 x 4000 RGB color images saved in
JPG format. The dataset contains comprehensive, rich, and clear high-definition crack samples.

Figure 2. Remote sensing images captured by unmanned aerial vehicles.
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3.3. Preprocessing of Remote Sensing Images

The images directly captured by drones have a size of 6000 x 4000, while the crack
areas that need to be detected are generally ten or even tens of pixels, indicating that
the objects of interest are very small and scattered, and the targets occupy a very small
proportion in the image. Directly inputting images into the network results in poor training
results and an unstable convergence process. However, if downsampling methods are used,
a lot of detail will be lost, affecting the accuracy of the detection results. Therefore, a sliding
window method is used to cut and map the original image.

First, a window of a specified size is set. During the process of sliding and cutting the
high-resolution image, small targets may be chopped, as shown in Figure 3. Therefore, an
overlap rate can be set to make adjacent sub-graphs have overlapping parts, which can
better solve the problem of small targets being divided. However, due to the characteristics
of the cracks, there may still be situations where the target box on the cut sub-graph is not
complete. A specified IOU value is set, and when the IOU value of the new target box and
the target box on the original image is greater than a certain value, the sub-graph target
box information is saved; if it is less than the value, it is removed. When there is no target
box object on the sub-graph label, the graph is directly removed from the dataset.

Figure 3. Schematic diagram of overlapping sliding window cutting.

During the inference phase, the process commences with the prediction of sub-images,
followed by the employment of post-processing algorithms to stitch and restore the original
image. For object detection results obtained from the sub-images, the coordinates are
mapped back to the entire image. Subsequently, overlapping bounding boxes for the
detected objects will appear in the overlapping regions. Non-maximum suppression (NMS)
is then applied to eliminate redundant bounding boxes.

3.4. Improved YOLO_v5 Algorithm
3.4.1. Backbone

YOLOVS5 is a widely used object detection model [31], which we use as the base model,
and the network structure is shown in Figure 4. The network structure mainly includes
the backbone network, prediction head, and neck network. The backbone, implemented
by stacking multiple layers of the same module, can be used to extract features from the
input dam images. The neck network is responsible for fusing the multi-scale features
extracted by the backbone and passing these features to the prediction layer. The prediction
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head is responsible for the final regression prediction, outputting the category information,
location information, and confidence information of the cracks.

4.Prediction

2.backbone

-
Focus | cBL| CSF Femp CBL

CBL = SPPF (, Si’ CBL

il 12

R e

3.Neck | ﬂ w

B

Figure 4. The network composition of YOLO_vb5.

The feature extraction network structure in YOLO_v5 is modularly designed, and
these networks are relatively lightweight, ensuring high detection accuracy while minimiz-
ing computational load and memory usage. The feature extraction network of YOLO_v5
consists of a total of 50 layers, and the overall network structure mainly includes the back-
bone network, prediction head, and neck network. The backbone, which is implemented
by stacking multiple layers of the same module, can be used to extract features from the
input dam images. The neck network is responsible for fusing the multi-scale features
extracted by the backbone and passing these features to the prediction layer. The prediction
head is responsible for the final regression prediction, outputting the category information,
location information, and confidence level of the cracks. Figure 5 shows the structure of the
feature extraction backbone.

[ CBS I CBS I CSP1-1 I CBS I CSP1-2 ]—b[ CBS I CSP1-3 ]—b[ CBS I CSP1-4 H SPPF ]

Figure 5. The structure of the feature extraction backbone in YOLO_v5.

3.4.2. Gaussian Distribution Loss Function

The dam’s cracks vary in size, and the differences can be enormous, as shown in
Figure 6. To address this challenge, we analyzed the impact of this issue on object detection
algorithms. The Intersection over Union (IoU) is commonly used to assess the similarity
between two bounding boxes. Compared to larger objects, smaller objects, which occupy
only a small fraction of the image space in terms of size and pixel area, are more susceptible
to interference from adjacent objects or background noise. This leads to a reduction in the
accuracy of similarity calculations, as illustrated in Figure 7.

Figure 6. Dam cracks vary widely in shape and size.
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C

Figure 7. Targets of different sizes are inconsistently sensitive to IOU calculations.

We introduce the Wasserstein distance [38] as a new metric to replace the tradi-
tional intersection—parity ratio metric. The core idea is to model bounding boxes as
two-dimensional Gaussian distributions. Even if the bounding boxes do not overlap
or overlap very little in pixel space, their distributions may still have some similarity,
which can be calculated by the Wasserstein distance. In these bounding boxes, foreground
and background pixels are concentrated at the center and boundary of the bounding box,
respectively. In order to better describe the weights of different pixels in the bounding
boxes, especially those of tiny objects, they are modeled as 2D Gaussian distributions. The
normalized Wasserstein distance (NWD) measures the similarity of these derived Gaussian
distributions. Bounding boxes with no or very small overlap can be handled. Formally,
let N, and Nj, be the two Gaussian distributions corresponding with two bounding boxes
R(cxa, CYa, Wa, hy) and R(cxy, cyy, wy, hy); then, the Wasserstein distance between N, and
Nb is

W3 (Na, Ny) = (116, Y wa, ™, Texar i, g, b T &)

Thus, the loss representation for fitting the bounding box based on Gaussian distribution is
Lywp =1—NWD(N,, Np), )

W2(Ny.N, .
ﬁz(”—b), and C is a constant.

where NWD(N,, Np) = —

3.4.3. Improved Feature Fusion Module

To enhance the feature detection capability of the target detection model for small
targets, we propose an improved feature fusion module called LSKA-SPFF. First, we in-
troduce the large kernel attention module (LKA) into the feature fusion layer to address
the limitations of the traditional convolution in capturing the long-range relationships by
integrating the strengths of the self-attention mechanism and the large kernel convolution.
It employs a decomposition strategy to decompose a large convolution kernel into multiple
smaller convolution operations focusing on different spatial scales and channel dimensions
while capturing local structural information, long dependencies, and inter-channel corre-
lations. Specifically, as shown in Figure 8, a large convolution kernel can be decomposed
into three parts: spatial local convolution (deep convolution), which is responsible for
extracting the local structural information of the image; spatial remote convolution (deep
extended convolution), where a larger sensory field captures remote spatial dependencies;
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and channel convolution (1 x 1 convolution), which focuses on inter-channel correlations
to allow the network to integrate the information in the channel dimension.
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Figure 8. Decomposition of LKA convolutional structures.

Meanwhile, to solve the problem of memory increase caused by LKA, depth-separable
convolution, LSKA [39], is introduced based on LKA. As shown in Figure 9, the two-
dimensional weight kernel of the deep convolution is first decomposed into two cascaded
one-dimensional separable convolution kernels:

=C
Z"= Y Wi 1y * (Z WK (24-1) *FC>‘ ®)
HW HW

Then, the two-dimensional weight kernel is decomposed into two cascaded one-
dimensional separable convolution kernels as

€= Y W [ TwE , +Z). 4
PRI (% (4] @
Next, we can obtain the attention map as

AC = Wy x ZE, 5)
F€ = A @ FC. (6)

DW-Conv DW-Conv
1x(2d-1) (d-1)x1

Figure 9. The convolutional structure of LSKA.

Finally, we obtain the improved SPPF structure by fusing this module with the SPPF
module, as shown in Figure 10, which focuses more on the shape features of the target and
excludes the interference of texture information in the background.

3.5. Network Slimming Based on Scaling Factors in BN Layers

For the trained target detection model, we apply a distillation-after-pruning strategy
to adapt to the scenario of UAVs with limited computational resources. Specifically, we will
first prune the improved model obtained in Section 3.4 and then use the high-performance
model as the teacher model and the pruned model as the student model for model distil-
lation. We employ a pruning method [40] that utilizes scaling factors derived from Batch
Normalization (BN) layers. Given that BN layers constitute a fundamental component
in many classical neural network architectures, the characteristics of BN layers can be
leveraged to gauge the significance of channels. During the training process, the Batch
Normalization (BN) layer first computes the mean and variance of the mini-batch data.
Subsequently, the data are normalized using these mean and variance values as:

N X—HU
=B 7
g Vo2 +e @)
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Then, two parameters are introduced, scaling factor y and bias B. After normal-
ization, the data are transformed by applying a scale factor and a bias, resulting in the
following transformation:

Y6 — 4026 4 k), ®)

When training the BN layer in the network, the automatically learned scale scaling
factor -y is optimized according to the input data, and the trained loss function in the
different channels contains information to evaluate its own importance. Initially, the
original model is trained normally to establish a baseline. Subsequently, L1 regularization
is employed by adding the sum of the scaling factors of the weights as a penalty term to the
loss function. This encourages the scaling factors of the Batch Normalization (BN) layers
within the network to approach zero. As a result, a sparsely weighted network is obtained.
After training is completed, to determine which channels can be safely removed, the
distribution of the scaling factors is analyzed, and a global pruning threshold is established.
This threshold is typically determined based on a specific percentile of the values of the
scaling factors. Channels with scaling factors below the threshold are eliminated, and
the corresponding weights are removed, along with all input and output connections
involved in the convolutional computations. After the removal of a substantial number
of parameters, a compact model is obtained. This model is then fine-tuned to compensate
for any potential accuracy loss due to pruning. The aforementioned process is repeated
iteratively to gradually compress the model size, thereby achieving a model that meets the
pre-set compression ratio.

[Z”’l:(zd-l)*FC] ZC:ZWH : *(ZW}.*Z"J AC =W *Z° FC=A®F°
d]

k
o o |q [t \Ewr ™

DW-Conv DW-Conv 1
i) (2d-1) X 1

1X (2d —

SPPF —_—

——— = = ——
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e e e e

e e e e e e e e e Em e e e e e R e e e e e Em e e e Em e e e e e m e e e e e

Figure 10. Feature fusion module with the incorporation of LSKA module.

3.6. Joint Feature Distillation Algorithm

In this section, we propose the joint feature distillation method, which consists of two
parts, output information-based knowledge distillation and feature graph-based knowledge
distillation. As shown in Figure 11, the first part extracts direct information from the output
results, which includes object loss and iou loss. Since the object detection model’s output
includes the target category, target confidence, and target location, this task has only one
category, and the role of category probability is not considered. The student network is
encouraged to learn the output information distribution of the teacher network. The other
part considers extracting solutions to the imbalance between the background pixels and
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foreground pixels in the image from the feature map and designs knowledge distillation
that separates the foreground from the background. The attention map loss is used to
encourage the student network to learn the attention weight distribution of the teacher
network while obtaining the attention-based mask matrix loss, which is used to encourage
the student network to learn the output feature distribution of the teacher network.

backbone
" feature head
Teacher Detector v v v
i feature loss object loss iou loss
$ 'y A A
Student Detector —’
N - - head
feature
backbone

Figure 11. The overall framework of the joint feature knowledge distillation algorithm.

3.6.1. Knowledge Distillation Based on Outputs

For the first part of our method, as shown in Figure 12, there are two components. The
first one is about the knowledge distillation of confidence. In the field of target detection,
traditional classification distillation methods may not be suitable for dense detection tasks
because they are usually designed for class-balanced scenarios. The softmax function
is suitable for calculating the relationships between classes and is commonly used in
the calculation of classification distillation. However, in target detection tasks, due to
the extreme imbalance between foreground and background classes, directly applying
the distillation loss from image classification may not bring the optimal classification
performance of the student model in dense target detection, especially when the foreground
class is extremely imbalanced. Therefore, the classification logits from both the teacher
and student models are mapped into multiple binary classification mappings, and a binary
classification distillation loss is applied to each mapping. Here, the distillation based
on classification is directly transferred to the confidence levels, treating the confidence
mappings as multiple binary mappings during the distillation process. Formally, the
confidence loss is

L (iiovty) = = (1= p;) -los (1= p;) + vl -1og(vi)) ) ©)

where p!" = sigmoid(l;) and p* = sigmoid (). In addition, in order to enhance the focus
on key regions, a loss weighting strategy is used to focus on extracting important samples.
The importance weight w for sample x is calculated as w = [p" — p¥|.

Therefore, the equation of the confidence loss equation in our work is

di by
Li) = Y ) wis- Lace (5 ply)- "
i=1j=1

The other one is localization distillation [41], which transforms the bounding boxes
into probability distributions for distillation. However, this requires the use of a specific
discrete detection head, which most models do not have and would require specialized
training. To address this issue, the most basic positional relationship between two bounding
boxes is directly utilized to transfer the location information from the teacher model to
the student model. Specifically, localization results are obtained from both the teacher
and student models, and the corresponding localization predictions from the teacher and
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student models for the given input sample x at the i-th location are denoted as o and
0j, respectively. Then, by using the position of the anchor boxes and the localization
predictions, the bounding boxes b! and b: for x are obtained, where A; represents the i-th
anchor box.

# Object loss  IOU loss

sigmoid

Figure 12. Distillation strategy based on output information.

The formula for calculating distillation loss based on location information is
di -
Lige(x) = } (1 — ), 11)

where u; = IoU (b}, b?). In summary, the overall loss function for the first part is

Loutput = L‘fgﬁ + thgf,?-, (12)

3.6.2. Knowledge Distillation Based on Feature Maps

For the second part of our method, as shown in Figure 13, we considered two types of
features, foreground features and attention features [42]. Introducing the feature loss function
Lfoca from [42] can further help our lightweight model to focus on the features of the target.

Binary mas

Feature loss

...... 1

Scale mas

Attentlon loss

Binary mas

< @

teacher

Figure 13. Distillation strategy based on feature maps.

By considering the above two types of information together, we obtain the final joint
loss function:

L]'oint = Loutput + ﬁLfacal- (13)
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4. Results
4.1. Dataset and Experimental Setup

In accordance with the methodologies outlined in Sections 3.1 and 3.2, we prepared
a dataset consisting of aerial photographs of dam cracks captured by unmanned aerial
vehicles (UAVs). The dataset comprises a total of 3157 images, which are categorized
into three distinct sets: a training set with 2336 images, a validation set with 406 images,
and a test set with 415 images. Each image in the dataset has a uniform resolution of
640 x 640 pixels.

In our experiments, the learning rate for the dataset was uniformly set to 0.001, with a
batch size of 32. We employed the stochastic gradient descent (SGD) algorithm for iterative
optimization. To facilitate faster convergence of the network, we configured the momentum
weight to 0.937, which accelerates the gradient updates in the direction of the relevant axes.
All algorithms were developed using the PyTorch deep learning framework, leveraging the
computational capabilities of an A6000 GPU. The experiments were conducted on a server
running Python 3.8, with the environment configured for PyTorch version 2.0.1, CUDA
11.7. The hyperparameter settings for the experiments are summarized in Table 1.

Table 1. The setting of hyperparameters in our experiments.

Hyperparameter Value
Input size 640 x 640
Iterations 250

Learning rate 0.01
Batchsize 32

4.2. Evaluate Metric

To assess the efficacy of the methodologies proposed in this paper, we have employed
a suite of standard metrics to evaluate the experimental outcomes. Firstly, the formulas for
calculating recall and precision are as follows:

TP
Precision = ———— 14
recision TP+ FD’ (14)
TP
Recall = TP+ EN’ (15)

where TP, FP and FN denote true positive, false positive, and false negative, respectively.
Mean Average Precision (mAP) is used to comprehensively evaluate the performance of
the object detection model, which means the average value of the average precision (AP)
of each category. The mean precision (AP) refers to the average value of the detection
accuracy under different detection rates, and its value is equal to the area under the PR
curve. Formally, AP and mAP are computed as

1
AP = /0 P(r)dr, (16)
M AP(j
mAP = Zf_lM U ), (17)

where M is the total number of categories.

Additionally, we use the model’s parameter count (Params) and the number of opera-
tions to reflect the size of the model. One GFLOPs is equivalent to one billion floating-point
operations per second.

4.3. Comparison Experiment

In this section, we will compare the performance of the proposed object detection
model and the lightweight version. Meanwhile, we will also compare the performance of
our proposed distillation method with the state-of-the-art method.
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4.3.1. Comparative Analysis of Object Detection Models

In order to substantiate the efficacy of the methodologies proposed in this paper, a
comprehensive set of baseline approaches has been selected for comparative analysis. The
comparison encompasses not only the detection performance but also the efficacy of model
lightweighting. The methodologies selected include various variants of the YOLOVS5 series,
as well as the state-of-the-art (SOTA) approaches YOLOv7 and YOLOVS. It is noteworthy
that the primary focus of this comparison is on models such as the YOLO series, which are
well suited for offline tasks.

According to the experimental results in Table 2, we found that on specific tasks,
the YOLOVS series is not necessarily superior to the earlier YOLOVS series. From the
perspective of the number of parameters alone, as the number of parameters increases,
the model’s performance tends to get better. However, this increase is not sustainable.
This phenomenon also provides a basis for us to make trade-offs between precision and
lightweight design. As indicated in Table 2, the improved YOLO method, referred to as
yolov5_ns, which we have proposed, achieves optimal performance in terms of mean
Average Precision (mAP), surpassing the YOLOVS5 series as well as YOLOv8n by 4.9%.
Moreover, the parameter count is approximately two-thirds that of YOLOv8n. When
compared with the YOLOVS series, our method has a parameter count close to YOLOv5n
but outperforms it by 3%.

Table 2. Performance comparison of object detection models.

Model mAPs mAPsp.100 Pecision Recall Params Gflops
Yolov5l 0.81 0.441 0.798 0.797 46,108,278 107.6
Yolov5s 0.81 0.441 0.798 0.797 46,108,278 107.6
Yolov5n 0.785 0.409 0.784 0.776 1,760,518 4.1
Yolov7 0.795 0.42 0.771 0.79 36,481,772 103.2
Yolov7_tiny 0.658 0.298 0.64 0.705 6,007,596 13
Yolov8s 0.766 0.422 0.794 0.782 11,125,971 28.4
Yolov8n 0.765 0417 0.78 0.783 3,005,843 8.1
Yolov5_ns(ours) 0.815 0.435 0.809 0.782 2,033,414 43
drone-Yolov5(ours) 0.804 0.410 0.800 0.770 725,248 2.1

Furthermore, focusing on the lightweight version of our proposed model, drone-
YOLOVS5, the parameter count is reduced to 35.7% of the original yolov5_ns, with only
a 1.1% decrease in performance. When compared with other models, drone-YOLOv5
demonstrates superior performance with a notably lower parameter count. For instance,
the parameter count is less than a quarter of YOLOVS8n, yet the performance is 3.9% higher.

In summary, the lightweighting approach proposed in this paper exhibits its superior-
ity by maintaining high performance while significantly reducing the parameter count to
one-third or even less.

4.3.2. Comparative Analysis of Knowledge Distillation

In the experimental setup of knowledge distillation, the well-optimized model yolov5_ns
was selected as the teacher model, while the model post-pruning was designated as the
student model. Comparative analysis of the results presented in Table 3 reveals that our
proposed distillation method outperforms the state-of-the-art (SOTA) knowledge distillation
methods across multiple metrics.

We can observe that traditional distillation methods have overly focused on knowledge
distillation of feature regions. In our architecture, the student model is obtained by pruning
the teacher model; thus, the effect of feature distillation is limited, and if not handled
properly, it could even yield opposite effects. In response to this, we propose a joint
distillation method that combines feature distillation with output information distillation,
enriching the diversity of information sources and effectively enhancing the efficiency of
knowledge distillation. In the end, we developed the Drone-YOLO model with a parameter
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count of less than 0.73 M, which achieved a 1.8% improvement over the original student
model, and its performance is close to that of a model with a parameter count as high
as 46 M.

Table 3. Performance comparison of knowledge distillation methods.

Method mAPs mAPsp.100 Pecision Recall

teacher 0.815 0.435 0.809 0.782

student 0.786 0.394 0.763 0.801

CWD [35] 0.796 0.405 0.782 0.775
FGD [42] 0.791 0.397 0.775 0.776
MGD [43] 0.794 0.4 0.78 0.775
AMD [44] 0.785 0.394 0.76 0.787
ours 0.804 0.41 0.8 0.77

4.4. Ablation Experiment

In the ablation study, we aim to assess the contribution of various modules within
an object detection model by systematically removing or modifying them. This approach
allows us to verify the role and significance of each module in the model.

According to the data analysis from Table 4, after improving the loss function, the model’s
detection capability for small objects has been enhanced, with the mAP increasing from 78.5%
to 80.3%, while the model complexity remained unchanged. Following the improvement
of the feature joint module, the model’s detection capability for targets with complex shape
features has been strengthened, with the mAP rising from 78.5% to 79.6%, and the model
complexity increased slightly. These two improvement strategies achieved increases of 1.8%
and 1.1%, respectively, and finally, applying both improvement strategies simultaneously, the
mAP achieved a 3% increase. The number of parameters and the amount of floating-point
operations increased from the original 176,051 to 2,033,414 and from 4.1 Gflops to 4.3 Gflops,
respectively. This shows that while the model’s performance was enhanced, the computational
cost did not increase significantly.

Table 4. Ablation experiment of improved YOLOVS5.

Method mAPs mAPsp.100 Pecision Recall
Yolov5n 0.785 0.409 0.784 0.776
Yolovbn+nwd 0.803 0.41 0.803 0.768
Yolov5n+lska_spff 0.796 0.418 0.787 0.775
Yolov5_ns(ours) 0.815 0.435 0.809 0.782

Selecting the pruned model as the student model, the overall parameter count is 35.7%
of the improved model, and the floating-point operations are 50% of the original. The
teacher model’s mAPs5) value is 2.9% higher than that of the student model. According
to the data analysis from Table 5, when output information-based distillation acts alone,
the student model’s mAP5( increases by 0.8%. When the feature distillation acts alone, the
student model’s mAP5; also increases by 0.8%. When multiple strategies are integrated
into knowledge distillation, the student model’s m A P5 increases by 1.8%.

Table 5. Ablation experiment of our knowledge distillation method.

Method mAPs mAPsp.100 Pecision Recall

teacher 0.815 0.435 0.809 0.782

student 0.786 0.394 0.763 0.801
with Loytput 0.794 0.405 0.774 0.782
with L 0.794 0.401 0.784 0.775

with Loutput + Lfocal 0.804 0.41 0.8 0.77
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4.5. Visual Analysis

As shown in Figure 14, we present the final detection results. By cutting a 6000 x 4000
aerial image captured by a drone into several 640 x 640 sub-images, we have achieved dam
crack target detection under remote sensing conditions. It can be observed that even the
tiny crack area in the upper right corner can be detected by our method. Additionally, the
post-processing algorithm we designed is capable of eliminating the overlap of target area
boxes that occurs during the merging of sub-images.

Figure 14. Detection results of original images of dam cracks.

As depicted in Figure 15, we present a comparison between the YOLOv5n model
and our optimized YOLOv5_ns model. Figure 15a represents the original image, while
Figure 15b illustrates the detection results of the pre-improved YOLOv5n model. Figure 15c
displays the detection outcomes of the YOLOv5_ns model. It is evident that after the en-
hancement, smaller targets that were previously undetected are now identified, indicating
an improved model adaptability to targets of varying scales.

@ o ©

Figure 15. Comparison of detection results for cracks in dams. (a) Original image; (b) results of
Yolov5n; (c) results of Yolov5n_ns.
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To investigate the effectiveness of the proposed method, we use the GradCAM [45]
technique to interpret the model, which involves generating a heatmap. The highlighted
areas in the heatmap represent the parts that the network focuses on; the more red the
color, the more attention the network pays to that area, while the darker the color, the
less attention it receives. As shown in Figures 16 and 17, our proposed joint distillation
method enhances the model’s ability to recognize small target areas, giving more attention
to targets that are relatively shallow and easily submerged by noise.

() (b) (c)

Figure 16. Comparison of results and heatmap from different distillation methods. (a) represents
the model after pruning; (b) represents the model after local distillation based on feature maps;
(c) represents the model with knowledge distillation based on output information; and (d) represents
the model with multi-strategy joint distillation algorithm.

-

(c)

Figure 17. Comparison of results and heatmap from different distillation methods on another image.
(a) represents the model after pruning; (b) represents the model after local distillation based on
feature maps; (c) represents the model with knowledge distillation based on output information; and
(d) represents the model with multi-strategy joint distillation algorithm.

5. Discussion

In this work, we propose a lightweight object detection algorithm that can directly pro-
cess high-resolution images. Our scheme mainly addresses two key issues, high resolution
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and light weight, which provide a strong algorithmic guarantee for the future implementa-
tion of field inspections using drones. The first major challenge faced by field inspections is
the limitation of computational resources; hence, the lightweight performance of the model
is crucial. Additionally, the ability to directly process high-resolution input images is also
related to the time consumption of the entire inspection process. The proposed method
can also be applied to similar scenarios, such as a bridge defect detection and power line
inspection. However, the current research is still in its infancy, and future deployment
practices will need to be coordinated with issues such as drone path planning and drone
hardware design.

6. Conclusions

In this work, we propose an automatic dam inspection method for unmanned aerial
vehicles (UAVs) suitable for field operations. We have implemented the entire process from
UAV image collection to training and introduced optimization ideas for object detection
models. On this basis, we have proposed a lightweight method more suitable for field
operations. Compared to other dam crack inspection methods that only work at low
resolutions, our algorithm can be directly applied to high-resolution remote sensing image
inspection. More importantly, our method can effectively maintain the performance of the
original model while significantly reducing the number of model parameters. On our own
collected actual dataset, our final model has only 35.7% of the parameter volume before
pruning, and the performance has only decreased by 1.1%. Compared with other SOTA
models, our overall solution has achieved a minimal parameter volume while maintaining
comparable performance. In the future, we will further consider the direct deployment of
intelligent detection algorithms on hardware.
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