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Abstract: The accurate recognition of tree trunks is a prerequisite for precision orchard yield estima-
tion. Facing the practical problems of complex orchard environment and large data flow, the existing
object detection schemes suffer from key issues such as poor data quality, low timeliness and accuracy,
and weak generalization ability. In this paper, an improved YOLOVS is designed on the basis of
data flow screening and enhancement for lightweight jujube tree trunk accurate detection. Firstly,
the key frame extraction algorithm was proposed and utilized to efficiently screen the effective data.
Secondly, the CLAHE image data enhancement method was proposed and used to enhance the data
quality. Finally, the backbone of the YOLOv8 model was replaced with a GhostNetv2 structure for
lightweight transformation, also introducing the improved CA_H attention mechanism. Extensive
comparison and ablation results show that the average precision of the quality-enhanced dataset
over that of the original dataset increases from 81.2% to 90.1%, and the YOLOv8s-GhostNetv2-CA_H
model proposed in this paper reduces the model size by 19.5% compared to that of the YOLOv8s base
model, with precision increasing by 2.4% to 92.3%, recall increasing by 1.4%, mAP@0.5 increasing by
1.8%, and FPS being 17.1% faster.

Keywords: orchard trunk extraction; image enhancement; attention mechanism; keyframe extraction

1. Introduction

In recent years, technological advances in the fields of machine vision, data mining,
image processing, and computer communication have greatly promoted the development
of many applications and fields such as intelligent agriculture [1,2]. Agricultural object
detection and image acquisition is one of the important technical means to realize agri-
cultural intelligence and precision agriculture [3-5]. The forest and fruit industry plays
an important role in agriculture, which is not only vital to economic development but
also contributes to ecological protection and the rural economy. The development and
management of the jujube garden, as the main forest fruit industry in Xinjiang, is of strategic
significance and has a positive impact on improving yield and quality, resource conserva-
tion and environmental protection, and farmers’ income and economic benefits [6]. The
overall picture of jujube trees provides the necessary database for the digital monitoring
of the jujube garden [7,8]. The research site is located in the large-scale jujube garden of
224 regiments in South Xinjiang, and its planting area is as high as 103.3 km?, from which
the efficient and accurate collection of jujube tree pictures is the focus of this paper. In order
to realize the automatic identification and picture collection of the whole growth cycle of
jujube trees, it is found that only the trunk part of trees hardly changes morphologically
in different growth stages, so the target recognition object is selected as the trunk part of
jujube trees. This paper chooses March as the test period, when the tree crown is partly
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ungrown and the branches greatly interfere with the recognition of the trunk by the target
detection model, so as to fully verify the detection performance of the model algorithm.

In order to fully and efficiently acquire jujube garden data, this paper utilizes a UAV-
mounted panoramic camera to capture a video dataset of the jujube tree. It is worth noting
that we want to quickly get the overall picture of each tree, i.e., the key frames from the
video. In video sequences from field operations, there may exist a large amount of low-
quality, redundant information between consecutive frames in the video sequences, which
will surely challenge computer communication and algorithmic efficiency if we choose
to process all the information [9]. However, boosting computational resources is not a
preferred option for field computing platforms. In this paper, we start from the algorithm,
discarding the redundant information [10], adopting the key frame extraction technique
to quickly extract effective crop sample information, and combining it with a suitable
image quality enhancement technique to efficiently and accurately train an object detection
model [11-14]. By improving the efficiency of the computerized information transfer, we
can achieve refined management and assisted decision-making, ultimately improving the
efficiency and accuracy of agricultural production [15-17].

Target recognition models are categorized into two types: single-phase recognition and
dual-phase recognition, with YOLO and Faster R-CNN standing out as leading exemplars
within each category [18]. Faster R-CNN excels in accuracy due to its two-stage process and
can adeptly handle small or deformed targets, but it requires more computational resources.
In contrast, YOLO is faster and more efficient, achieving recognition with just a single
forward pass, making it highly suitable for real-time applications [19,20]. We conducted
comparative experiments using these two mainstream models. For this study, given the
large scale of the jujube garden, we aim to achieve rapid identification of jujube trees;
therefore, the YOLO recognition algorithm was chosen as the base model for improvement.

Due to the energy and space constraints of field equipment, it is often impossible to
provide high-performance computer communication capabilities. The larger workloads
and low data quality are a challenge to hardware resources; the jujube garden environment
information is complicated; the image size, resolution, and frame rate are high; and the
requirements for hardware resources are extremely high [21,22], so the object detection
model needs to undergo lightweight processing. Lightweight technology, which is used
in the field to reduce field equipment computing resource requirements at the same time,
can achieve fast detection in the face of large-scale planting detection tasks, and it can
have a higher operational efficiency for a moving object due to its fast detection ability
that effectively prevents the loss of an object [23,24]. However, lightweighting somewhat
reduces the accuracy and generalization of the object detection model, which can cause
considerable losses in real production activities, so we introduced and improved the
Channel Attention (CA) attention module to help the model capture spatial correlations
and focus more attention on the region where the trunk of the date palm tree appears to
achieve accurate detection [25-27].

In summary, this article makes the following contributions:

e  An automatic key frame extraction algorithm based on the object detection model is
designed, which eliminates a large amount of redundant data and realizes efficient
batch sample jujube acquisition from the front and side views of jujube trees in large-
scale gardens.

e  Focusing on the situation whereby the low quality of data collected in the jujube
garden environment with light affects model detection, the CLAHE method was
utilized to enhance the image quality of the dataset, which effectively improves the
problem of low data quality caused by the lack of light in a dark-side image and the
loss of details in a bright-side image’s overexposure.

e A new YOLOvVS network structure based on the GhostNetv2 module is incorporated,
which not only improves the speed of object detection for jujube tree trunks but also
achieves a better balance between accuracy and efficiency than other existing methods.
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e The CA attention mechanism is introduced and improved for the CA-H attention
mechanism, which is reasonably integrated into the YOLOvVS8 trunk network, which
helps the model to more accurately locate and identify the object detection region that
needs more attention and improves the detection accuracy.

2. Dataset Construction
2.1. Dataset Image Acquisition

This study was carried out in the jujube cultivation demonstration garden of the 224th
Regiment of Kunyu City, the 14th Division of the Xinjiang Production and Construction
Corps (37°12/-37°21" N, 79°15'-79°20' E), located in the southwestern part of the Tarim
Basin of the Hotan Region, which is part of the hinterland of the Taklamakan Desert, and
the topography of which is characterized by sand dunes, with a flat terrain throughout
the region. The experimental jujube garden adopts a large-scale “dwarf and close plant-
ing” pattern. Our team conducted research in August 2022, finding that the trees stand
approximately 1.7 m tall. They are arranged in groups of four rows, with a spacing of
2 m within each group, and a 4 m wide mechanized operation corridor between each
group. The arrangement of the jujube trees is uniform, exhibiting high levels of flatness
and straightness, which create advantageous conditions for the planning of drone flight
paths and data collection, as shown in Figure 1, the red line indicates the straightness of the
tree rows. The data collection time for the jujube tree recognition test was from 10:00 to
13:00 on 20 March 2023. The data from the local meteorological bureau indicated that the
sunshine time on that day was from 8:44 to 20:51, and the noon time was 14:47, with the
highest solar radiation amounting to 800 w/m? and the highest light intensity being more
than 18,000 Ix.

Figure 1. Schematic diagram of straightness of standardized jujube trees.

Jujube tree aerial survey data are collected by the UAV-mounted panoramic camera
along the route set up in the jujube garden. The UAV selects DJI's Mavic3 as the mount-
ing platform for the panoramic camera, which has a vertical and horizontal accuracy of
£0.5 m when working normally with satellite positioning; below the platform, Insta’s ONE
X2 panoramic camera is mounted as the jujube tree image acquisition equipment, which
weighs 149 g, has an aperture of F2.0, has an equivalent focal length of 7.2 mm, and has an
image setting of 30 fps 5.7 K. The height of the UAV route is set at 1.4 m above the center of
the jujube tree crown, and the path is set as a uniform linear flight along the center of the
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jujube tree rows, and the route as a whole becomes an “S” shape; the route plan is shown
in Figure 2.

Figure 2. Drone route planning schematic.

In the process of video data acquisition, the panoramic camera has its unique advan-
tages and characteristics, which can both capture a larger and more comprehensive image
of the environment and also simultaneously capture videos from all angles; this reduces
test errors and improves the reliability of the test for scientific research and also provides
more accurate and detailed data materials, which greatly improve the efficiency of the
work. However, the amount of raw data collected is huge and there is too much redundant
and useless information.

A polar coordinate mapping model is used to remap the image into a form free of
aberrations since the fisheye lens that captures the image inevitably produces aberrations
in physical imaging, which distort the position and shape of the object in space, causing
the image to appear convex and distorted, which can lead to failure in object detection [28].
In polar coordinate mapping, the center point of the image is the origin in the coordinate
system. A line extending outward from the center point intersects a circle, and the individ-
ual arcs can be divided into small blocks, each corresponding to an uncorrected pixel point.
By calculating the distance from the uncorrected pixel point to the center point, the pixel
value at the correct position can be calculated, and thus correction can be achieved.

The initial data of the jujube tree aerial survey is a panoramic image, and the image
pre-processing process is as follows: Firstly, the panoramic image is divided into two
180° wide-angle fisheye images according to the direction perpendicular to the rows of
jujube trees; then, the polar coordinate mapping is used to correct the distortion of the two
segments of the image, and the deformed and stretched parts of the surrounding area are
cropped. Finally, the image scale is set to 4:3 and the field of view is adjusted so that the
height of the screen can completely accommodate the standardized jujube tree, and the
front and side view image data of jujube tree are obtained, and the whole data acquisition
process is shown in Figure 3.
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Figure 3. Data acquisition process.

2.2. Design of Automatic Key Frame Extraction Algorithm

Object detection technology cannot be separated from much high-quality dataset
training; in order to efficiently realize the construction of a dataset in the field, the efficient
and accurate extraction of the required key frame information from large-scale video
sequences under limited computational resources is an urgent problem to be solved. There
is unequal spacing of the jujube trees in the jujube tree orchard, and, at the same time,
the UAV cannot realize the complete fixed speed during the image acquisition process, so
it cannot use the conventional extraction strategies, such as the Fixed Frame Rate, Time
Interval method, etc. [29]. It is necessary to use the object detection model as the core of
automatic key frame extraction, and the extraction of the dataset can be constructed to
continue to train the object detection model with high accuracy so as to realize a benign
closed loop. The specific program of the automatic extraction algorithm for the key frames
of jujube tree front and side views designed in this paper is as follows:

e Initial environment configuration: build the algorithm development environment
based on the Pytorch11.0 framework; then, import the toolkits numpy, tqdm, and
supervision, etc., in order to realize the functions of data analysis, image processing,
and data visualization, etc., of which the supervision toolkit is used as a keyframe that
identifies the jujube tree reaching the centerline of the field of view and implements
the cross-line extraction function.

e Install the object detection model: the first object detection model needs to utilize the
traditional training method, i.e., by manually obtaining a certain amount of jujube tree
trunk pictures, labeling, and training an object detection model to have initial trunk
detection capability.

e  Frame-by-frame detection: Design the path of the video to be detected, and utilize the
pre-trained object detection model to detect the trunk. Encapsulate the frame-by-frame
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detection process into the “Peocess_frame” function, and output the visualized and
configured image.

Cross-line counting: run the frame-by-frame detection function on the video, use
supervision to parse the prediction results, traverse all the objects on the screen, and
draw the visualization effect of object detection, which is combined with the detection
line in the center of the screen, to determine whether the object is over the line and to
count the number of objects to be displayed in the visualization.

Key frame extraction: Firstly, when the trunk object is detected in the image data, use
the bounding box function to obtain the position information of the trunk, and then
calculate the coordinates of the center point of the area where the trunk is located.
Secondly, set up the trigger conditions, and when the coordinates of the center of the
trunk are detected to have passed through the vertical line of the screen, then intercept
the front and side view of the jujube tree. The key frame image is also labeled with the
corresponding counting number and the size of image is cropped in order to make the
image complete retention of the corresponding jujube tree at the same time to prevent
excessive interference with the information, with the size of the cropped image being
1:1, as shown in Figure 4.

| Detected Image Fragments |

treell.jpg ‘ ‘ treel2.jpg ’ ‘ treel3.jpg

Figure 4. Extract keyframe images.

The whole process can be carried out directly in the code, which realizes the automated

extraction algorithm. It can be seen that the key frame images with small data volume are
mined from the panoramic image data with huge data volume, which greatly improves the
dataset’s construction efficiency and training quality.
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2.3. Dataset Image Enhancement

Due to the high light intensity of the environment in the area where the jujube garden
is located, the collected image data of the bright side and the dark side of the jujube trees
have the problem of large differences in contrast, brightness, and texture detail information.
Excessively low data quality will lead to the subsequent object detection model having
difficulty in adequately learning the object features during the training process and thus
will create difficulties for detection accuracy, so image data enhancement is an important
aspect [30]. In this paper, according to the characteristics of the problems existing in the
actual task, the Contrast Limited Adaptive Histogram Equalization (CLAHE) method is
used to enhance the image data, and its core idea is to equalize the local histogram of the
image and limit the change of the contrast so as to enhance the contrast of the image and
protect the details of the image information [31]. The specific operation steps are as follows:

e Image division: First divide the image into small, non-overlapping rectangular regions;
the size of these sub-regions is usually 8 x 8, 16 x 16, etc. The larger the number of
pixels, the more obvious the enhancement effect is, but more information about the
corresponding image details is lost. In OpenCV, the default tile size is 8 x 8.

e Local histogram equalization: Convert the RGB color space to grayscale HSV space,
which is more suitable for brightness and contrast processing, for each small block;
then, calculate its grayscale histogram, calculate the mapping function with this
histogram, and apply this function to each region. And further calculate the cumulative
distribution function (CDF) of the histogram.

e  Contrast limitation: In order to prevent over-enhancement (resulting in noise being
amplified) caused by too many values of certain pixels, the frequency of pixels exceed-
ing a predetermined threshold T (contrast limiting parameter) in the original block
histogram Figure 5a is “truncated” and the “truncated” portion is evenly distributed
among other pixels to obtain the modified histogram, as shown in Figure 5b, where A
denotes the pixels equally distributed in each gray level and M denotes the gray value.
The principle process is shown in Figure 5.

e  Pixel mapping: using the mapping relationship between the image pixels and the
transformation function of the gray level of the partitioned region, an interpola-
tion operation is applied to solve the gray level value of the corresponding pixel
in order to eliminate the “blocky” image according to the number of neighboring
points; the change function is 4, so bilinear interpolation is carried out between the
partitioned sub-regions.

e Interpolation Smoothing: Since images are divided into multiple small sub-regions for
processing, the direct application of histogram equalization may produce significant
boundary effects between adjacent sub-regions [32]. To solve this problem, we use
CLAHE with bilinear interpolation to smoothen the transition between neighboring
subregions to ensure the continuity and smoothness of the image.

e  Merging results: all the processed sub-regions are recombined into a complete image,
the processed image is converted back to the RGB color space to complete the image
data enhancement process, and finally the effect after enhancement by the CLAHE
method is shown in Figure 6.
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Figure 5. CLAHE truncated distribution principle ((a) denotes the original block histogram,
(b) denotes the modified block histogram).

e
/ CLAHE Processing \

| Left Front Side View Image |
» Dark Side Detail

Left Front Side View Image |

Dark Side Detail

| Right Front Side View Image Right Front Side View Image |

Bright Side Detail X Y Bright Side Detail

Figure 6. Comparison of CLAHE enhancement effects.

3. Methods
3.1. YOLOuS Algorithm Structure

YOLOVS8 is an efficient and accurate object detection model, which combines advanced
techniques such as feature extraction networks, multi-scale fusion, and attention mecha-
nisms. This enables YOLOVS to achieve fast and accurate object detection while dealing
with a large number of objects [33]. For this study, efficiency is the core consideration, and
the model with the minimum depth and width of the network based on YOLOv8s is chosen
in this paper.

3.2. YOLOuS Improvement of Backbone Network GhostNetv2

The traditional convolutional neural network has the problems of redundancy of
feature information, large model parameters, and expensive training computation cost,
etc. The backbone network of YOLOVS is based on the CSPDarknet53 network structure,
which employs a large number of convolutional layers for extracting features from the
input image. Although this structure has a strong ability to extract features, the image size,
resolution, and frame rate are high in the practical application of the jujube garden, and, at
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the same time, because of the limitation of the equipment, the traditional network structure
often can only run at a very low batch size in the practical application and the speed cannot
meet the requirements.

The feature maps in traditional deep neural networks usually contain rich or even
redundant information, while they reduce the computational complexity of deep neural
networks by introducing the Ghost module to generate more features using fewer param-
eters [34]. The ordinary convolution and Ghost module convolution process are shown
in Figure 7, and the specific operation of the Ghost module is to divide the original con-
volution layer into two parts: the first part consists of ordinary convolution, the second
part generates more feature maps from the first part by cheap linear transformation repre-
sented as “¢” in the figure, and, when finally spliced, the parameters and computational
complexity are thus reduced without changing the size of the output feature maps.

Conv Conv o
_— —_—
[

input

input output
output

Figure 7. Ordinary convolution process and Ghost module convolution process.

There are problems in the lightweight network structure of GhostNet, for example,
although the Ghost module achieves a reduction in computational cost, the representation
capability is also necessarily reduced. GhostNetv2 overall uses the Ghost module and the
DEFC attention module and extracts the information from different viewpoints in parallel.
The Ghost module reduces the computation by decreasing the size of the features [35],
while the DFC attention module reduces the computation by decreasing the size of the
features, as shown in Figure 8.

[ DFC J: —)[Downsample]—){ Conv ]—)[ Horizontal FC ]—)[ Vertical FC ]—)[ Sigmoid ]—)

Figure 8. DFC attention module.

The GhostNetv2 bottleneck structure is shown in Figure 9, which is composed of a
Ghost module and a DFC attention module. The DFC attention module is used to augment
the output features of the Ghost module to capture the long-range dependencies between
pixels in different spaces. Compared with the Self-Attention model [36], the computation
process of the DFC attention module is more intuitive and simpler, in which the FC layer
directly generates the attention graph and is computed as follows:

Apw = Zh’,w’ Fhw,h’w’ @ Ly, 1)

where F is the learnable weights in the FC layer and ( is the elemental multiplication.
Given the feature Z € R*W*C it can be seen as HW tokens Z; € R€. {ay1,a12,..., a1, } as
in the generated attention map.

The DFC attention module significantly improves the expressive power of GhostNet
by decomposing the fully connected layer into horizontal and vertical fully connected
layers, i.e., the input features are aggregated along the horizontal and vertical directions,
respectively, in order to capture the long-range dependencies along these two directions.
The characteristic expressions for the horizontal direction F and vertical direction FVV in
the calculation process of DFC attention are as follows:

H
By =Y i Flv O 2w, h=1,2,...,H w=12,...,W, @)
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o = Yoo EN Oty h=1,2,..,H w=1,2,...,W, 3)

w'=1

In this paper, the network structure of YOLOVS is improved through replacement. In
the fully connected layer, each pixel has a direct connection to all other pixels, resulting in
a computational complexity of O(H?W?), which is very high on high-resolution images. In
contrast, DFC attention decomposes the fully connected layer into horizontal and vertical
fully connected layers, which reduces the computational complexity to O(H?W + HW?)
and greatly reduces the computational effort, and, finally, the features are up-sampled
by average pooling and bilinear interpolation to recover the original size of the features.
This design allows GhostNetv2 to have a larger sensory field, which better captures the
long-distance dependencies between different locations in the image and improves the
expressive power of the model.

Ghostconv

I

[ GhostBottleneck ]:

DWConv ]—)[Ghostconv]—‘

Y

Figure 9. GhostNetv2 bottleneck structure.

Part of the Conv module is replaced with GhostConv; Conv and Bottleneck in C2f are
replaced with GhostConv and GhostBottleneck, and the improved C2fGhost structure is
shown in Figure 10. Not changing the size of the output feature map reduces the parameters
and computational complexity improves the detection speed.

[

= %[Ghostconv Split ]—)[ GhostBottleneck ]—>

GhostBottleneck

Conv l—)

n

Y j l Y VY
\ Concat/

Figure 10. Improved C2fGhost structure.
3.3. YOLOuS Improvement of the CA_H Attention Mechanism

In this paper, the object detection area of interest is the trunk area of jujube trees,
and we tried to keep the height and speed of the UAV as stable as possible during the
process of the image acquisition of the trunks, so in the acquired images, the object area
is characterized by the following: the position of the object area in the image is the lower
area and more fixed at the same time, and, secondly, the object keeps the uniform speed
movement in the image. From the above considerations, it is necessary to increase the
attention mechanism in conjunction with the characteristics and to suppress the accuracy
degradation caused by lightweighting.

The base attention mechanism chosen in this paper is coordinate attention (CA), and
the most significant feature is that it embeds the position information in the design of the
mobile network. The core algorithm of the CA attention mechanism is divided into two
steps: coordinate information embedding and coordinate information embedding. The core
algorithm of the CA attention mechanism is divided into two steps: coordinate information
embedding and coordinate attention generation.

Coordinate information embedding comprises the X Avg Pool and Y Avg Pool opera-
tions. The specific operation is as follows: first of all, the input feature maps are subjected
to two one-dimensional global pooling operations, which require the use of pooling kernels
with dimensions of (1,1) and (1,w) to aggregate the features along the vertical and horizon-
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tal directions to obtain the two directionally aware feature maps, and the computational
formulae are as follows, respectively:

Z]g(h) = %ZOS:(W xC<h/ i)/ 4)
1 .
) = STy 3l ), ®

where given the input x, ¢ denotes the channel, z/' denotes the output of the cth channel at
height /1, and z¥ denotes the output of the cth channel at width w.

Coordinate attention generation is the remaining process in the structure picture, and
the specific operation is as follows: firstly, the two feature maps inputted from the Concat
segment are transformed using a shared 1 x 1 convolution to reduce the dimensions to
the original C/r and to generate the feature maps Fj, and Fy,, where r denotes the under-
sampling ratio [37]; secondly, the intermediate feature maps generated after convolution
are sliced, normalized with other operations, and the feature maps F are passed through
the nonlinear activation function ¢ to obtain the intermediate feature maps f with spatial
information in the horizontal and vertical directions, which are calculated as follows:

f=o(m([=])) ®

Then, the intermediate feature map f is convolved to generate a feature map with the
same channel as the input F. The CA module finally uses the Sigmoid activation function,
which is improved in this paper by adopting the H-Sigmoid activation function to replace
and form a new attention mechanism CA_H, and the structure is shown in Figure 10; the
computation using the new improved method is performed to obtain the attentional weight
¢" in the height direction and the attentional weight ¢ in the width direction of the feature

map as follows:
" =o(F (1)), )

8" = o(Fu(f*)), (®)

Finally, the output y. with the weights of the attention mechanism in the height and
width directions is obtained by multiplicative weighting with the following equation:

veli, ) = xe(i ) x g2 (i) x g2 (j) ©)

This attention mechanism decomposes the channel attention into two one-dimensional
features encoding processes that aggregate features along the horizontal and vertical direc-
tions as shown in Figure 11. This captures long-range dependencies and simultaneously
preserves precise positional information. This helps the model to more accurately localize
and identify object detection regions that require more attention.

CxHx1 CxHx1 CxHx1

C/rx1x(W+H) Clrx1x(W+H)
Conv2d
Concat BatchNorm o
+Conv2d > iReLU > Cxtby
Conv2d
Cx1xW Cx1xW Cx1xW \ 4

Figure 11. Improved CA_H structure.

The position information is embedded into the channel attention, taking both spatial
and channel attention into account, and the improved CA_H attention mechanism is added
to the end of the Neck part of the YOLOvVS8 network architecture, i.e., the intermediate
position after the Concat segment of each up-sampling and before the Head detection layer
after the multi-scale feature fusion of the three effective feature layers of the FPN and the
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PAN, and so the overall network structure of the trunk detection model based on improved
yolov8 is shown in Figure 12. This attentional embedding design can filter and analyze
a large amount of input feature information in both channel and spatial dimensions to
enhance the impact of important features and obtain performance gains [38].

Upsample

Concat

Upsample

Figure 12. Overall network structure of trunk detection model.

4. Experiment Results with Relevant Analysis
4.1. Experimental Settings

In this paper, a series of algorithms formed by improvements are built under the
PyTorch framework, and the hardware configuration used for the experiment is GPU
NVIDIA RTX 2080Ti, and the environment configuration comprises CUDA10.2, Python
3.8, and PyTorch 1.8. Hyper-parameters are set to a batch size of eight, the training period
(epochs) is 300, and the initial learning rate is 0.01.

The key frame data samples are obtained by batch screening using the key frame
automatic extraction algorithm, and after the image data enhancement process, the effect of
illumination is significantly eliminated to improve data quality, which in turn increases the
model training efficiency and effectiveness. Since each image contains only a small number
of objects due to the limitation of the viewing angle, in order to help the model learn and
generalize better, it is necessary to ensure the quality and diversity of the samples, so it
is necessary to extract as many key frames as possible. In this experiment, 16,000 front
and side views of jujube trees were extracted, and the dataset was divided into a training
set, validation set, and test set according to the ratio of 8:1:1, which were used for model
training, validating, and adjusting the model hyper-parameters as well as testing the model
performance, respectively.

4.2. Qualitative Evaluation

In order to quantitatively evaluate the effectiveness of the method in this paper, the
evaluation metrics in this paper in the experiments are precision (P), recall (R), Intersection
and Union Ratio (IoU), mean average precision (mAP), FPS, and model size.

4.3. Data Enhancement Comparison Test

In the actual application scenario, the data collection time of the jujube tree recognition
test was from 10:00 to 13:00 on 20 March 2023, and the highest light intensity in the
southern border region reached more than 18,000 Ix during that time period. The strong
light intensity led to a great difference in light between the sunny side and the shady side
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of the jujube trees, which led to a sharp decrease in data quality and interfered with the
training and detection of the model. Therefore, we selected the CLAHE method for data
enhancement and processed the original dataset according to the actual characteristics,
as shown in Figure 13. In order to verify the effect of data enhancement on the model,
this paper designed an experiment to choose the YOLOv8s base model using the original
dataset and the data-enhanced dataset for training, respectively, and the test results are
shown in Table 1.

| Original Data | | Original Data |

Enhanced Data Enhanced Data

Dark Side Bright Side

Figure 13. Image enhancement before and after comparison.

Table 1. Algorithm performance analysis for image enhancement.

Precision (%) mAP@0.5 (%)
Dataset Dark Side  Bright Side = Average Dark Side  Bright Side  Average
Original 83.9 78.5 81.2 83.9 79.1 81.5
Enhanced 91.3 88.9 90.1 91.3 89.1 90.2

From the experimental results, it can be seen that the quality of the dataset is too low
due to ambient light when using the original dataset, which is not conducive to the effective
training of the model, resulting in the lower detection accuracy of the algorithmic model
and a higher missing rate of detecting date palms, which is not in line with the needs of
practical applications.

After data enhancement on dark side and bright side datasets, the base model perfor-
mance was greatly improved in all aspects, according to which precision was improved by
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8.8% and 13.2%, respectively; the average accuracy was improved by 10.9% from 81.2% to
90.1%; and the average mAP@0.5 was improved by 10.6%. From this, it can be concluded
that the data enhancement method used in this paper has a greater impact on the object
detection accuracy enhancement, and the degree of enhancement on the bright side is more
obvious. Therefore, all subsequent experiments use the enhanced dataset.

Discussion

The main reasons for the significant improvement in data quality using the CLAHE
method are as follows:

e Improving contrast: Due to the high light intensity in the Xinjiang jujube garden, there
are cases of overexposure on the sunny side and underexposure on the shady side of
the image, which lead to insufficient contrast of the image and have an impact on the
accuracy of object detection. CLAHE is precisely the kind of enhancement method
needed to address the situation, which is able to improve the contrast of the local area
and make the image information more complete.

e Noise reduction: The CLAHE method is processed in chunks of the image, and
histogram equalization can greatly reduce the phenomenon of excessive local contrast
caused by noise or rapid changes in brightness. In addition, by limiting the contrast
(contrast limiting), CLAHE amplifies the noise much less than the global histogram
equalization method [39].

e  Protection of details: The CLAHE method performs histogram equalization indepen-
dently for each local region of the image and also ensures that the details are not
over-amplified as the contrast limiting mechanism prevents too much concentration
of a particular luminance value, thus protecting the details of the image as much as
possible. This is especially important for object detection, such as the shape of tree
trunks, texture, and other detailed features.

e  Reducing the impact of brightness variation: Since the UAV is constantly traveling
during the acquisition process, there are light variations. The CLAHE method for
localized regions ensures that the contrast of local sub-regions is enhanced while not
being affected by the brightness distribution of other regions, reducing the impact of
uneven illumination on image characteristics. The accuracy and robustness of model
detection is improved by the CLAHE method.

4.4. Lightweighting and Attention Mechanism Improvement Ablation Trial

The YOLOv8s-GhostNetv2-CA_H model proposed in this paper is trained on the
homemade augmented jujube tree trunk detection dataset and its convergence performance
is verified. The loss curves of the model in terms of class loss, confidence loss, and
localization loss on both the training and test sets are shown in Figure 14. In addition, the
precision, recall, and mAP@0.5 metrics of convergence are shown in Figure 15. As can be
seen from Figure 14, the model’s loss on the training and validation sets rapidly decreases to
a lower level and then overall tends to flatten out and oscillate in a small range, indicating
that the model has a good fitting ability for the task under study, with no overfitting or
underfitting. As known from Figure 15, the model’s performance is demonstrated by the
fact that all of the model’s metrics increase rapidly to higher values and then stabilize with
a small amplitude.

In order to verify the effectiveness of the lightweighting and attention mechanism im-
provement scheme proposed in this paper, three sets of ablation experiments are designed
according to each improvement module, namely, the YOLOvS8s base model, the model for
lightweight improvement using GhostNetv2, and the YOLOv8s-GhostNetv2-CA_H model
with the addition of the CA_H attention mechanism, and the experiments are conducted
using the same equipment and dataset for training and testing to ensure comparability. The
experimental results are shown in Table 2.
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Figure 14. Loss variation curve.
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Table 2. Ablation test results.

mAP@0.5 Model Size

0, o,
Model P ( /o) R ( /o) FPS (°/o) (M)
YOLOvS8s 90.1 88.7 153.5 90.2 21.5
YOLOVS8s + GhostNetv2 87.6 85.8 186.3 87.9 16.9
YOLOvS8s + GhostNetv2 + CA_H 92.3 89.9 179.8 91.8 17.3

Discussion

The main reasons for improving the model to enhance the detection performance are

as follows:

Lightweight improvement: In this paper, we use the Ghost bottleneck structure instead
of the original structure on YOLOvSs to form the main part of the backbone, and
we replace the standard convolution module with larger parameter counts in the
neck and head with the Ghost bottleneck structure and depth-separable convolution,
to generate the new lightweight network model YOLOv8s-GhostNetv2, which has
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a 21.1% compression in the model size with a 3% reduction in recall and a 21.5%
acceleration in computation. Precision and mAP@0.5 are only reduced by 2.8% and
2.5%, respectively, and recall is reduced by 3.3%, the model size is compressed by
21.3%, FPS is improved from 153.5 to 186.3, and computation is accelerated by 21.4%. It
is proven that the improved network architecture based on the Ghost module proposed
in this paper strongly helps to reduce the number of parameters and the complexity of
the model, and the cost of losing precision and recall is exchanged for the speedup. In
summary, YOLOv8s-GhostNetv2 maintains relatively efficient detection performance
while having a lightweight framework.

Introducing the attention mechanism: the lightweight improvement reduces the size
of the algorithm model to a large extent, but in order to make up for the reduced detec-
tion performance caused by the lack of effective feature extraction brought about by
the lightweight improvement, the CA_H channel attention is embedded in the Ghost
bottleneck structure to generate the YOLOv8s-GhostNetv2-CA_H model, which is
the same as the lightweight model. Compared with YOLOv8s-GhostNetv2, precision,
recall, and mAP@0.5 are improved by 5.4%, 4.8%, and 4.4%, respectively, while the
model size is increased by 2.4%, and the detection speed FPS is slowed down by 6.5
with a loss of 3.5%, which hardly brings too much computational consumption, which
is attributed to the fact that the coordinate attention mechanism captures both the
cross channel relationship and captures both orientation-aware and position-sensitive
information. Compared with the YOLOvS8s base model, the introduction of the CA_H
attention mechanism mainly has the effect of improving the precision and recall, with
the precision improved to 92.3%, recall improved to 89.9%, and mAP@0.5 improved to
91.8%. For the experiments in this paper, the addition of the attention mechanism can
filter out the feature regions of important value from a large amount of irrelevant in-
formation, helping the model to process the information efficiently and thus obtaining
performance gains without losing too much computational performance.

4.5. Comparative Experiments with Classical Algorithms

In order to objectively evaluate the detection effect of the improved model and verify

the improvement of the improved algorithm in terms of accuracy and detection speed, the
experiments compare the classical object detection algorithms Faster R-CNN, YOLOv5s,
and YOLOvVS8s and the improved algorithms models YOLOv8s-GhostNetv2 and YOLOv8s-
GhostNetv2-CA_H, and the results of the comparison tests are shown in Table 3.

Table 3. Comparative test results.

mAP@0.5 Model Size

0, o,
Model P ( /o) R ( /o) FPS (0/0) (M)
Faster R-CNN 81.9 85.1 8 80.7 121.4
YOLOvV5s 89.3 89.1 137.7 88.9 14.5
YOLOvVS8s 90.1 88.7 153.5 90.2 21.5
YOLOv8s-GhostNetv2 87.6 85.8 186.3 87.9 16.9
YOLOv8s-GhostNetv2-CA_H 92.3 89.9 179.8 91.8 17.3

Comparing the experimental results of different algorithm models in the table, the

following can be seen:

When the YOLOvVS8s base model is compared with the classical object detection algo-
rithm Faster R-CNN, only recall is slightly lower than that of the YOLOv5s model by
0.4%, and the rest of the various aspects of the performance are achieved comprehen-
sively beyond that.

Compared with the YOLOvS8s base model, the YOLOv8s-GhostNetv2-CA_H model
proposed in this paper reduces the model size by 19.5%, improves the precision by
2.4% to0 92.3%, the recall by 1.4%, mAP@0.5 by 1.8%, and FPS by 17.1%.
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In addition, in order to better verify the feasibility of the improved model and evaluate
it more intuitively, this paper selects the detection models YOLOv8s-GhostNetv2-CA_H
and YOLOVSs before and after the improvement and conducts a comparison test for the
special samples in the jujube tree trunk dataset, and the effect of the comparison test is
shown in Figure 16.

Detail

Original Image YOLOVSs YOLOV8s-GhostNetv2-CA_H

Figure 16. Comparison test effect ((a—g) for special sample cases).

Among the special sample cases are the following;:

Figure 16a is a strong interference object with confusing features of the upper end
branches of the trunk. The base model mistakenly detects the upper end branches of the
trunk, and there is a problem of repeated detection, which can be correctly detected by the
improved model.

Figure 16b is the detection of a dense occlusion object, where the trunk part has
multiple trunks together, forming a partial occlusion between each other. The base model
shows missed detection, while the improved model can detect the occluded object.

Figure 16c is a special tree type of jujube tree, and the trunk part is a single main root
but has multiple trunk textures, which are highly interfering; the base model mistakenly
detects the branch above, and the improved model with strong generalization can detect it.
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Figure 16d,f are a small object detection where the trunk part is excessively buried in
the soil resulting in a small object. The base model suffers from false and missed detections,
while the improved model still detects and localizes accurately for small objects.

Figure 16e is a special tree type of jujube tree; the very fine texture of the trunk region is
not clear enough and the lack of generalization of the base model leads to missed detection,
while the improved model successfully detects it.

Figure 16g is a cross dense object with intersecting tree trunks. The base model
has missed detections, while the improved model can detect the object but with
average accuracy.

Discussion

Currently, the mainstream target recognition algorithms mainly contain Faster R-CNN,
a representative of two-stage recognition, and the YOLO series, a representative of single-
stage recognition, among which YOLOVS5 is the most widely used. From the detection result
comparison graph in Figure 16 and the detection accuracy shown in Table 3, it can be con-
cluded that the improved model YOLOv8s-GhostNetv2-CA_H shows better performance
compared with the mainstream target recognition model. The basic model performs poorly
in complex and diverse real-world detection scenarios and misses and misdetects in the
presence of strong interference, small targets, and cross dense targets, while the improved
model has good robustness, generalization ability, and higher localization accuracy. The
specific reasons are as follows:

e Compared to Faster R-CNN, which first uses a region proposal network (RPN) to
generate candidate object regions and then performs classification and bounding
box regression for each region, the YOLO series predicts the bounding box and
category probabilities directly in a single neural network, and this one-step ap-
proach is more effective in real-world application scenarios with large amounts of
jujube tree garden data because it reduces the steps in the inference process and the
computational complexity.

e Inaddition, YOLO employs more advanced feature fusion mechanisms, such as cross-
scale feature fusion, which can help the model better capture trunk targets of different
sizes. In contrast, although Faster R-CNN can also handle multi-scale inputs, its feature
fusion ability is weak, and its recognition effect is poor when facing the influence of
tree branches with more disturbances.

5. Conclusions and Outlook

This study addresses two major difficulties encountered in the actual jujube garden
detection process in a natural orchard environment: an excessive amount of collected
redundant data and low data quality. Using data mining (key frame extraction, image
processing), data enhancement, machine vision (lightweighting, attention mechanism
improvement), and other techniques can propose a solution. A target recognition model of
jujube tree trunks with good performance in a complex environment is constructed to realize
the fast recognition of each tree in a large-scale jujube tree garden. And a combination with
the key frame extraction algorithm to extract key frames containing the overall picture
of jujube trees from redundant video data provides the basis for later jujube tree garden
digitization to be carried out.

In our future work, we will focus on utilizing this improved object detection model
in conjunction with key frame detection algorithms to realize the deployment of next-
generation Al IoT systems in embedded devices. For example, this may be achieved
by automatically extracting multi-view views of jujube trees and constructing spatial 3D
models of jujube trees based on them [40], as well as pioneering applications for more
efficient and diverse agricultural information data collection in the context of
smart agriculture.
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