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Abstract: Fish vaccination plays a vital role in the prevention of fish diseases. Inappropriate injection
positions will cause a low immunization rate and even death. Currently, traditional visual algorithms
have poor robustness and low accuracy due to the specificity of the placement of turbot fins in the
application of automatic vaccination machines. To address this problem, we propose a new method
for estimating the injection position of the turbot based on semantic segmentation. Many semantic
segmentation networks were used to extract the background, fish body, pectoral fin, and caudal fin.
In the subsequent step, the segmentations obtained from the best network were used for calculating
body length (BL) and body width (BW). These parameters were employed for estimating the injection
position. The proposed Atten-Deeplabv3+ achieved the best segmentation results for intersection
over union (IoU) on the test set, with 99.3, 96.5, 85.8, and 91.7 percent for background, fish body,
pectoral fin, and caudal fin, respectively. On this basis, the estimation error of the injection position
was 0.2 mm—4.4 mm, which is almost within the allowable injection area. In conclusion, the devised
method was able to correctly differentiate the fish body from the background and fins, meaning that
the extracted area could be successfully used for the estimation of injection position.

Keywords: turbot; vaccination; deeplabv3+; attention mechanism; measurement; aquaculture

1. Introduction

Fish products are rich sources of protein, vitamins, minerals, and unsaturated fats
that benefit human health [1]. Additionally, the consumer demand for fish products has
increased annually. In addition, fish products have a lower feed conversion ratio and higher
edible ratio than chicken, pork, and beef products [2], which means that the aquaculture
industry is more environmentally friendly than animal husbandry.

According to the Food and Agriculture Organization (FAO) of the United Nations [3],
China has the largest production of flatfish in the world. In 2021, aquaculture production of
flatfish in China was more than 122,000 tons, which was higher than that in 2020 [4]. Turbot
(Scophthalmus maximus), a commercially valuable flatfish, is one of the most important
aquaculture species in China due to its delicious flavor. In addition, the turbot is also an
important aquaculture product around the globe.

Despite the gradual development of the turbot farming industry, the problem of fish
diseases has largely limited its growth. Likewise, antibiotics used to solve the problem
of fish diseases can cause quality problems in fish products [5]. To deal with these issues,
there is a need for aquaculture companies to prevent and control fish diseases through
immunization. Immunization mainly includes oral, immersion, and injection immuniza-
tion [6,7]. Injection immunization has a better immune effect and a longer immune period,
meaning that it is widely used in farming processes [8]. There are two types of injection
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immunization: manual and mechanical [9]. However, there is no valid and efficient vac-
cination machine in China, where manual injection immunization is currently the main
vaccination method [10]. It is laborious and time-consuming and incurs a high risk of self-
injection, which is dangerous [11,12]. The injection position is the key point for designing a
vaccination machine. A low immunization rate and even death could result if the injection
position is incorrectly estimated [13].

Previous research on vaccination machines is mostly aimed at roundfishes, with less
consideration for flatfishes. Many companies have developed related automatic vaccina-
tion machines for roundfishes, some of which can reach a maximum injection speed of
40,000 per hour [14,15] (Skala Inc., Norway, 2022; Lumic Inc., Norway, 2022). Computer
vision was used to predict the appropriate injection position of roundfishes. However,
owing to the different traits between flatfishes and roundfishes, the injection position of
flatfishes is more difficult to locate. Rossi Denmark Inc. [16] designed a semi-automatic
vaccination machine for flatfishes, but it requires the vaccinator to adjust the injection
position manually each time. In order to improve the degree of automation, Lee et al. [17]
developed a vaccination machine for olive flounder (Paralichthys olivaceus), a flatfish, which
used a vision system with a darkroom and backlight to reduce the effect of fins on injec-
tion position estimation. However, implementing a vision system within a darkroom is
complicated and highly dependent on the environment. Further, relevant experiments
were conducted to validate the feasibility of this method for turbot, but the results were
not good.

Compared with classic machine-learning methods, deep-learning methods have better
performance in image segmentation [18]. Therefore, we proposed using semantic segmen-
tation with a deep learning network (DLN) to analyze the shape of the turbot and estimate
the injection position, which would be more robust and valid than the darkroom method.
Some studies have been completed to segment other kinds of fish images. Fernandes
et al. [19] developed an algorithm based on SegNet to extract fish body measurements
and predict body weight. Liu et al. [20] processed fish images using semantic segmenta-
tion to identify fish body posture. Additionally, Li et al. [21] proposed a measurement
method of dynamic fish dimensions based on the mask region convolution neural network
(Mask-RCNN), which had a low error in the measurement of body length and body width.
Therefore, it is demonstrated that a DLN to achieve segmentation of the fish image would
be a useful development.

This research aimed to devise a new method for estimating the injection position of
turbot based on semantic segmentation and attention mechanism. This work is organized
as follows: Section 2 mainly describes the design of the software algorithm to segment
turbot images and estimate the injection position. The results and discussion for turbot
segmentation, traits measurement, and injection position estimation are presented in
Section 3, and the conclusion is presented in Section 4. The proposed method has two main
contributions as follows:

e Inorder to accurately recognize the fish body, pectoral fin, and caudal fin of turbot, the
classic Deeplabv3+ network was improved by using attention modules. Moreover, the
proposed Atten-Deeplabv3+ was successfully executed to calculate the BL and BW;

e Using semantic segmentation, a method for estimating the injection position of the
turbot was proposed. The experiments compared the errors of the injection position to
prove the efficacy of the proposed approach, which would benefit the development of
turbot vaccination machines.

2. Materials and Methods

Turbots weighing 50 to 100 g were purchased from a commercial fish farm (Tianyuan,
Weihai, Shandong, China). The maintenance, handling, and experiments conducted on
fish during this study were carried out in strict accordance with the guidelines of the
Experimental Animal Welfare Ethics Committee of Zhejiang University (no. ZJU20190079).
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2.1. Image Acquisition and Datasets

A self-built device collected image data after the fish were anesthetized. To obtain
stable and clear images, the device, including a Mindvision camera (Mindvision Technology
Co., Shenzhen, China), a mounting bracket, and a circular light source, was built. The
camera was fixed at a height of 0.25 m using a mounting bracket, and a circular light
source was installed between the camera and the fish (Figure 1). Meanwhile, each fish was
photographed in a similar lighting environment, so that fish of different sizes displayed
similar features. Finally, the table was covered with white PU tape to match the white
background of the conveyor belt of the vaccination machine. The OpenCV library in Python
was used to correct the distortion of the image, and a ruler with a scale value was placed in
the lens to calculate the actual length corresponding to the pixel point.

Figure 1. The device for image acquisition.

Images of 500 turbot were acquired by the above method. Each turbot was pho-
tographed once. All the turbot images were obtained using the Mindvision camera with
a JPEG image format and a resolution of 1024 x 1024 pixels to develop an injection po-
sition estimation algorithm. The dataset was split into two parts randomly: dataset 1
contained 300 images used to train and evaluate the semantic segmentation networks.
Meanwhile, it also was used to build the injection position estimation model and eval-
uate the performance of the BL and BW estimation algorithms. Thus, for each image, a
PNG annotation file was created containing the label information of each pixel, which
was marked as background, fish body, pectoral fin, and caudal fin. Image annotation was
performed through the open-source Labelme annotation tool [22]. For evaluation of the
semantic segmentation networks, dataset 1 was split into a training set and test set at a
ratio of 6:4. Dataset 2 comprised 200 images which were used to evaluate the performance
of the injection position estimation model. While taking turbot images, their morphological
measurement information was also recorded manually. During the measurement process,
water was removed from the turbot to reduce the impact on measurement results. To
handle the uncertainty in manual measurement, each turbot was measured three times and
received an average value as the final result. In addition, the theoretical injection position
was annotated on the turbot images in dataset 2 by expert vaccinators.

The data augmentation technique was used to enlarge the image dataset, which
helped to reduce over-fitting in supervised deep-learning algorithms [23]. To enhance the
robustness of the turbot segmentation algorithm, this research considered many possible
situations during semantic segmentation. Data augmentation, including brightness trans-
formation, adaptive histogram equalization, random cropping, and rotation, was used.
Dataset 1 was expanded to 1200 images by the above methods. Although many studies
have proved that flipping can augment network performance, considering that the turbot
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is asymmetrical, which would give different injection position results, flipping was not
used in the data augmentation process.

2.2. Semantic Segmentation Model Architecture

Semantic segmentation, an essential method for feature extraction, is a key step in this
work. Deeplabv3+ is one of the best semantic segmentation networks. Deeplabv3+ intro-
duces a common encoder—decoder form of semantic segmentation, which uses Deeplabv3
as the encoder and the depthwise separable convolution network as the decoder [24,25].
Meanwhile, Deeplabv3+ combines atrous spatial pyramid pooling (ASPP) and the encoder—
decoder form to obtain multi-scale information and fuse low-level and high-level features.
It used the previous Deeplabv3 as the encoder layer and, referring to the structure of
Unet [26], added a decoder layer. Therefore, an encoding and decoding structure was
constructed to achieve end-to-end image semantic segmentation. The encoder layer used
the aligned Xception network for feature extraction and a concatenated ASPP module to
increase the receptive fields and obtain the multi-scale information without reducing the
feature size. Finally, the decoder layer further fused the high-level and low-level features
obtained by the encoding layer to generate the final predicted image. However, Deeplabv3+
still had some problems with poor boundary information prediction and holes in the
predicted image.

As a lightweight and general module, a convolutional block attention module (CBAM)
can be integrated into any CNN architecture seamlessly with negligible overheads and
has been proven to play a certain role in feature extraction [27,28]. CBAM consists of
channel and spatial attention modules to ensure that each branch can learn ‘what” and
‘where’ to pay attention. The channel attention module focused on what is the meaningful
information; it used two parallel max-pooling layers and an average-pooling layer, then
passed through the shared multi-layer perceptron (MLP) module, and finally added the
two output results and used the sigmoid activation function to obtain the weight of each
channel use. Additionally, the channel attention was computed as follows:

M (F) = o(MLP(AvgPool (F) + MLP(Maxpool(F)), (1)

where ¢ denotes the sigmoid function and F denotes the input feature.

The Spatial attention module focused on the informative parts, and it obtained two
feature maps through the max-pooling layer and average-pooling layer, then concatenated
the feature maps, and finally obtained the weight of each pixel of the entire image through
7 x 7 convolution and sigmoid activation function. In short, it was computed as:

M;(F) = o(f7*7([AvgPool (F); Maxpool (F)])), )

where ¢ denotes the sigmoid function, F denotes the input feature, and f7 x7 represents a
convolution operation with a filter size of 7 x 7.

We added the CBAM into the Deeplabv3+ network to improve network performance,
which was named Atten-Deeplabv3+. Chen et al. [25] used the aligned Xecption as the
backbone of the Deeplabv3+ network and achieved good experimental results. However,
the parameters of this network are too large, and the graphics processing unit (GPU)
memory usage is high. Mobilenetv2 [29] was proposed by Google for mobile designs; its
number of parameters and operations was much smaller than that of the aligned xception,
but the performance of the mobilenetv2 was slightly inferior to the performance of aligned
xception. Hence, taking into account the tradeoff between speed and performance, the
mobilenetv2 was chosen as the backbone of the Deeplabv3+ network. The attention
modules were placed after the two output feature layers of the mobilenetv2 networks
to enhance the understanding of the features, as is shown in Figure 2. The image of the
turbot was entered into the mobilenetv2 backbone, the high-level feature and low-level
feature were generated by the mobilenetv2, and the weights of each channel and pixel
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could be automatically adjusted in the training process through the attention module so as
to improve the performance of the network.
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Figure 2. The network structure of Atten-Deeplabv3+.

2.3. BL and BW Estimation Algorithm

The Atten-Deeplabv3+ network was trained in Section 2.2, and segmented turbot
images were acquired in Section 2.1, thereby obtaining pixel information on the image.
The fish body, pectoral fin, and caudal fin were distinguished based on pixel information.
The existence of segmentation errors (e.g., hollow parts, misidentified points, etc.) may
lead to obtaining an incorrect estimation site. Therefore, a post-processing method was
carried out on the image segmented by the Deeplabv3+ network. The opening and closing
operations were used to ensure that the hollow part in the segmented image and possibly
small, misidentified points were removed. The corrected images were used to calculate the
BL and BW using the following algorithm:

1. Calculate the center of gravity of the fish body and caudal fin

2. Calculate the distance of gravity center of the caudal fin and the point of the fish body
contour, and determine the point with maximum distance to the tip of the fish mouth
as the coordinate origin

3. The line connecting the center of gravity of the fish body and the center of gravity of
the caudal fin is used as the x-axis, with the positive direction of the x-axis from the
center of gravity of the fish body to the center of gravity of the caudal fin. Rotate the
x-axis 90 degrees around the origin to obtain the y-axis. The slope of the x-axis (k)
and y-axis (k,) can be calculated by Equation (3) below

4. Traverse the contours of the fish body above and below the x-axis, respectively, and
determine the longest distance between the point and the x-axis. The body width of
the turbot can be found by adding the two results. Then, traverse the contours of the
caudal fin to find the nearest point to the coordinate origin, and the distance between
the nearest point and the coordinate origin is the body length.

C,—B 1
k= 4 Vo —
YT C-B Y k] ©)

where (Cy, Cy) are the coordinates of the gravity center of the caudal fin; and (By, By) are
the coordinates of the gravity center of fish body.

2.4. The Injection Position Estimation Model

The appropriate injection position of a turbot is near the abdominal cavity and has no
distinguishing features, which is hard to recognize for machines. It is always recognized
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by expert vaccinators. Therefore, it is necessary to establish an injection position model
instead of identifying the injection position manually. However, the total length (including
the caudal fin) and the total width (including the pectoral fins) of the turbot have a poor
relationship with the injection position of the turbot because the caudal fin is likely to
bend when the turbot is placed in the visual system, resulting in a large error between the
measured and actual total length of the turbot. On the other hand, the opening and closing
state of turbot fins will greatly affect the measurement of the total width. As a result, the
total length and width of the turbot have a poor correlation with the injection position.

For the above reasons, the semantic segmentation network in Section 2.2 was proposed
to remove the tail and fin of the fish body so as to reduce the recognition error of the body
length and body width of turbot and improve the recognition accuracy of the theoretical
injection position of turbot. Moreover, the turbot’s injection position and morphological
features were recorded, as shown in Figure 3. In Figure 3, x denotes the distance on the
x-axis from the tip of the turbot mouth to the injection position, and y denotes the distance
on the y-axis from the tip of the turbot mouth to the injection position.

Injection Position

Figure 3. The measurement method for turbot body-shape parameters.

Given all this, an injection position model could be established based on dataset 2,
which was fully annotated. The injection position was marked by a circle, and the appropri-
ate injection position was within this circle. A linear regression model was used to analyze
the correlation between the center of the circle and the morphological features of the turbot,
followed by modeling a linear polynomial equation as shown in Equations (4) and (5):

x =aBL+b, 4)

y=cBW+d, 5)

where 4, b, ¢, and d are the regression coefficients.

Since the camera coordinate system is quite different from the coordinate system we
established, the translation and rotation of the coordinate system need to be modified
through Equations (6) and (7) to ensure that the two coordinate systems overlap.

tan~1ky, Cy > By, Cy > By
o —tan"Lky, Cy < By, Cy > Bx, ©)
T —tan " lk,, Cy > By, Cyx < By
T+ tan"lky, Cy < By, Cy < By
{ X =x+ Acosf — Bsinf , @)
Y =y + Asin0 + Bcos0

where (4, B) is the origin of the coordinates in the coordinate system that we established;
(%, ) is the injection position in the coordinate system that we established; (X, Y) is the
injection position in the camera coordinate system.
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2.5. Experimental Setup

The platform for training the segmentation network included a desktop computer
equipped with an Intel Core i9-9940X CPU, 16 GB of RAM, and four NVIDIA GTX 2080Ti
11 GB GPUs running on the Ubuntu 20.04 system. The software tools included CUDA11.1
(NVIDIA Corp., Santa Clara, CA, USA), cuDNN8.0.4 (NVIDIA Corp., Santa Clara, CA,
USA), Pycharm 2021 (JetBrains Co., Ltd., Prague, Czech Republic), Pytorch1.2.0 (Meta
Platform Inc., Menlo Park, CA, USA), Python3.6 [30], and OpenCV3.2.0 [31].

The platform for debugging the injection position estimation algorithm included a
laptop computer equipped with an Intel Core i5-1135 CPU, 16 GB of RAM, and an NVIDIA
MX 450 2 GB GPU, running on a Windows 10 64-bit system. The software tools were as
noted above.

To compare the performance of different semantic segmentation networks on turbot
image segmentation in this research, Unet, PSPnet [32], Deeplabv3+, and Atten-Deeplabv3+
were used to process turbot images. The backbone network of each network used mo-
bilenetv2 to ensure lightweight. The initial weights of mobilenetv2 are derived from
pre-trained weights on the PASCAL VOC2012 dataset [33], containing 21 classes with
27.4 k objects in 11.5 k images. The network’s input size was 1024 x 1024. In addition,
the networks were trained for 100 epochs, with a mini-batch size of eight samples and
data shuffled after every epoch. The parameters of the backbone mobilenetv2 were frozen
in the first 50 epochs and unfrozen in the last 50 epochs. The optimization algorithm
was a stochastic gradient descending with a momentum of 0.9, an initial learning rate of
5 x 1073, and a weight decay of 5 x 10~#. Considering the large difference in the number
of pixels in each part of a turbot, weighted cross-entropy loss was used to enhance the
network performance.

2.6. Performance Evaluation

The performance of the turbot segmentation network trained in this study was as-
sessed using IoU, mean intersection over union (mloU), pixel accuracy (PA), and average
segmentation speed, defined by the following formulas:

TP
U= — -
U= TP rFP+EN’ ®)
TP+ TN
PA_TP+FP+FN+TN’ ©)
k
TP
mloU = ) w5 T FN (10)

i=0
where k is the number of segmentation classes; TP is true positive; TN is true negative; FP
is false positive; FN is false negative.
To evaluate the estimation accuracy of the injection position, the following formula
was introduced to calculate the error of the injection position:

Error = \/(Ex — Ax)2 + (Ey — Ay)z, (11)

where (Ey, Ey) is the coordinates of the estimated injection position; (Ay, Ay) is the coordi-
nates of the center of annotated injection position.

3. Results and Discussion
3.1. Semantic Segmentation

In Tables 1 and 2, the performance of the proposed method was compared with these
of other semantic segmentation networks. Each network was trained three times on the
training sets of dataset 1 and evaluated on the test set of dataset 1. The loss curves for each
network during training are shown in Figure 4.
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Table 1. The IoU results for semantic segmentation networks.

IoU
Network
erworks Background Fish Body Pectoral Fin Caudal Fin
Unet 99.2% 94.4% 81.1% 90.3%
PSPnet 99.2% 94.2% 82.0% 89.9%
Deeplabv3+ 99.3% 95.5% 82.9% 90.5%
Atten-Deeplabv3+ 99.3% 96.5% 85.8% 91.7%

Table 2. Comparison of results among semantic segmentation networks.

PA
Networks Training Time
Background Fish Body Pectoral Fin Caudal Fin
Unet 99.6% 97.3% 89.7% 94.4% 1 h 50 min
PSPnet 99.6% 97.1% 90.1% 94.3% 2h
Deeplabv3+ 99.6% 97.7% 90.7% 95.3% 2h 16 min
Atten-Deeplabv3+ 99.7% 98.2% 92.8% 96.2% 2 h 27 min
o6 = train loss = train loss
val loss 1.0 val loss
05 == smooth train loss == smooth train loss
== smooth val loss == smooth val loss
0.8
0.4
g ﬁ 0.6
=403 =]
\V
02 0.4 \\\*\
4
0.1 1 02 \
6 2‘0 40 6’0 8’0 10'0 6 ZYO 40 Gb 80 10’0
Epoch Epoch
Unet PSPnet
= train loss = train loss
08 val loss 0.7 val loss
== smooth train loss == smooth train loss
o7 == smooth val loss 0.6 == smooth val loss

0.6

0.5

Loss

0.4

03

0.2

0.1

Epoch Epoch

Deeplabv3+ Atten-Deeplabv3+

Figure 4. The loss curves for semantic segmentation networks.

In general, these networks had good recognition for the background and fish body but
poor recognition for the pectoral and caudal fins. Compared with the other three networks,
the method we proposed has better recognition results in each class. Furthermore, the
mloU results of the above networks were 91.3%, 91.3%, 92.0%, and 93.3%, respectively. The
size of the parameters of Atten-Deeplabv3+ is 22.37 MB, which increased only by 0.19 MB
compared with that of Deeplabv3+. The detection speed of A for 1024 x 1024-resolution
images is 22 FPS, while that of Deeplabv3+ is 24 FPS. This is sufficient for the use of
vaccination machines, although the detection speed decreased by 2 FPS. In addition, the
proposed network had the longest training time, which was acceptable.
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Atten-Deeplabv3+ greatly improved the recognition of the pectoral fin, and the recog-
nition of the fish body and caudal fin also improved slightly. This shows that embedding
two attention modules behind the backbone network can help improve network perfor-
mance, especially in the prediction of pectoral fins. The edge of the pectoral fin predicted
by Deeplabv3+ is relatively tortuous. After embedding the attention module, the overall
edge becomes smoother, and the recognition results are closer to the ground truth than
other segmentation networks, as shown in Figure 5.

Ground truth Atten-Deeplabv3+ Deeplabv3+ PSPnet Unet

Figure 5. Segmentation results of smooth edges.

At the same time, the hollow and misrecognition phenomena of the caudal fin were
also improved, as shown in Figure 6. This was beneficial for the location of the center of
gravity in the algorithm of Section 2.3. However, the IOU of the pectoral and caudal fin
was still not very high overall. The possible reason is that there is not a clear dividing line
between a fish body and a fin, which made it hard to recognize which part was the fin
and which part was the fish body for annotators. Hence, some annotation errors occurred,
which would negatively affect the segmentation results. Similarly, the small dataset may
also cause this problem.

Ground truth Atten-Deeplabv3+ Deeplabv3+ PSPnet Unet

Figure 6. Segmentation results for hollow improvement.

There has been a number of experiments completed to remove fins using deep learning.
Fernandes et al. [19] developed an algorithm based on SegNet to extract the fish body and
fin areas of Nile tilapia (Oreochromis niloticus). The best IoU results of fish body and fin areas
are 90% and 64%. Li et al. [21] proposed a method of dynamic fish dimension determination
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based on the Mask-RCNN to segment the fish body of grass carp (Ctenopharyngodon idellus)
with an IoU of 81%. Therefore, the network proposed in this work could achieve relatively
good segmentation results, being able to segment each part of the turbot well.

To verify the robustness of our method, we used some flatfish images on the network
for recognition, and the results are shown in Figure 7. On the one hand, if the image
background had less interference, the boundary between the fin and the fish body was
obvious, which was closer to the state of the turbot in the training set, and our method had
better recognition results. On the other hand, the recognition effect is worse when there
is more interference in the background. Furthermore, our method had good recognition
results on olive flounder with a pure background. In general, this method only had
good recognition results for turbot photographed by the image acquisition device in
Section 2.1, while it had poor recognition results for images of other flatfishes and with
other backgrounds.

Original

Prediction

Original

Prediction

Figure 7. The segmentation results of internet images.

3.2. The Performance of BL and BW Estimation Algorithm

Figure 8 shows the absolute error of BL and BW in dataset 1. The maximum value
of the absolute error of BL was 3.6 mm, the mean absolute error value was 1.07 mm, the
maximum value of the absolute error of BW was 4.6 mm, and the mean absolute error
value was 1.7 mm. The maximum relative error of BL was 2.7%, and the mean relative error
was 0.7%. The maximum relative error of BW was 5.3%, and the mean relative error was
1.6%. In general, the accuracy of our method for measuring BL was higher than for BW.
This is mostly because, as was mentioned in Section 2.2, it was difficult to differentiate the
boundary of the pectoral fin and the fish body. Thus, the IoU of the pectoral fin was low,
which caused BW measurement accuracy to be much worse. Meanwhile, different turbot
placement angles and bad results of semantic segmentation may be the reason for errors.
Owing to the line connecting the center of gravity of the fish body and the center of the
caudal fin deviating from the center axis, the estimation of body length and width slightly
differed from the actual value. In contrast to other research, Huang et al. [34] proposed an
algorithm based on midline estimation to measure the fish length, with a mean absolute
error of 1.5%, respectively. Lee et al. [35] measured the length and width of grass carp
in a bent state using an object detection network, and its mean relative error was 2.1%.
Consequently, our method could accurately estimate the BL and BW of the turbot, which
contributed to the injection position estimation of the turbot.
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3.3. The Performance of the Injection Position Estimation Model

Dataset 2 was used to evaluate the performance of the turbot injection position evalua-
tion algorithm, where the maximum allowable error for each turbot injection position was
the radius of the injectable area, which was annotated in Section 2.1, and the estimation
error of the injection position was calculated using Equation (11).

As shown in Figure 9, the proportions of turbot for which injection position was cor-
rectly estimated the injection position were 94, 90, 89, and 84 percent for Atten-Deeplabv3+,
Deeplabv3+, PSPnet, and Unet, respectively. The error of injection position for Atten-
Deeplabv3+ ranged from 0.3 mm to 4.2 mm, and the maximum allowable error was
3.4 mm + 0.3 mm. Some researchers have performed studies on the estimation of injection
sites in olive flounder. Lee et al. [36] designed an automatic device for olive flounder based
on template matching, which had a position recognition error of 0 to 0.6 mm. However, this
method can only identify fish bodies with similar sizes to the template, and the recognition
effect is poor for fish bodies with larger sizes than the template. In addition, Lee et al. [17]
also designed an olive flounder injection device based on morphological recognition in
a dark environment, with an error of 0 to 1.9 mm. However, PV500, a visual recognition
system that they used, was much more expensive than the camera we used. In general, the
vast majority of turbot in our research were correctly identified to the injection position,
and only a few turbot injection positions exceeded the maximum allowable range. Overall,
the injection position for most of the turbot in our study was correctly estimated, and only
a few were injected beyond the maximum allowable range. Therefore, though estimation
errors occurred in body length and body width, the error of the injection position was
still acceptable, which means that this algorithm can be used as a turbot injection position
estimation algorithm and would achieve successful estimation results. Although there
were some errors in the evaluation process of injection position, the immune success rate
and survival rate after the injection of turbot near the maximum allowable range need to
be further verified in a vaccination injection experiment.
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Figure 9. The error of injection position for each network.

4. Conclusions

To develop an injection position and estimation algorithm for the turbot vaccination
machine, a method based on injection position models and semantic segmentation was
proposed. The Atten-Deeplabv3+ was used to recognize the fish parts, and the IoU values
of the test set were 99.27, 96.47, 85.81, and 91.70 percent for the background, fish body,
pectoral fin, and caudal fin, respectively. The error of injection position ranged from 0.3 mm
to 4.2 mm, which is almost within the injectable range. In conclusion, the devised method
was able to correctly differentiate the fish body from the background and fins in a pure
background which was similar to the device we designed. Furthermore, the extracted area
of fish could be successfully used to estimate the injection position, which would benefit
the development of turbot vaccination machines. In the future, this method will be applied
to vaccination machines, and the immune success rate and survival rate of turbot will

be tested.
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