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ARTICLE INFO ABSTRACT

Keywords: NPP reactor containment dust can easily turn into radioactive dust, endangering staff health and
Dust detection algorithm the environment. However, the nuclear reactor containment wall-climbing cleaning robot cleans
Lightweight

blindly without the ability to clean the dust in a timely and thoroughly. In this paper,
ShuffleNetV2-YOLOv5s (S-YOLOv5s) model is proposed to solve the problem of wall-climbing
robots unable to detect different categories of dust in time. The use of ShuffleNetV2 in the
backbone of the network not only ensures a large number of characterized channels and a large
network capacity, but also reduces the complexity of the model; SIoU is chosen for the loss
function to improve the model accuracy. Then, planar cleaning index (PCI) is proposed by
combining the results of S-YOLOv5s to evaluate whether the wall-climbing cleaning robot cleans
thoroughly. Compared to other methods, PCI considers amount and area occupation of different
classes of dust. The dust data set is collected to train the designed model, and the model size is
reduced to 14 % of the original model, and the FPS is 7.313 higher than the original model.
Especially when compared with the state-of-the-art lightweight methods, our model has smaller
model size and higher recognition speed. Experimental results have shown that our dust detection
and cleanliness assessment method can be used on a wall-climbing cleaning robot to clean dust in
time and thoroughly.

Cleanliness assessment
Reactor containment cleaning
Wall-climbing cleaning robot

1. Introduction

In recent years, nuclear energy technology has been developing and the number of Nuclear Power Plants (NPP) has increased.
However, the construction period of NPP is up to 5-6 years [1], and thick layer of dust accumulates on reactor containment after each
step of the construction, especially the civil construction and installation steps [2]. In addition, during the running of the NPP, the
reactor containment will also be attached with some dust deposited in the natural environment. These dust will become radioactive
dust during the running of the NPP if they are not cleaned in time and thoroughly [3]. Radioactive dust will increase the difficulty of
nuclear radiation protection and the risk of irradiation, endangering staff health and the environment [4]. The reactor containment
dust may contain scattered dust, sticky dust and piles of dust that can be cleaned with different degrees of difficulty. The traditional
visual inspection requires a large number of workers to observe continuously for a long period of time at a high altitude, and in this
physically demanding and attention-consuming situation, visual errors can easily occur, leading to incomplete cleaning. Because of the
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shortcomings of manual cleaning, the wall-climbing cleaning robot was put into use in NPP. However, early wall-climbing cleaning
robots only route planning, do not distinguish between cleaning targets and cleanliness levels, resulting in blind cleaning, need for
manual assistance, and low cleaning efficiency. Therefore, we would like to propose an algorithm that guides a wall-climbing cleaning
robot to clean thoroughly and timely. This helps to prevent radioactive dust from being generated and reduces the need for dangerous
high-altitude work by cleaning staff [5].

Traditional machine learning has been well studied in recognizing scattered dust [6-10], but it is mentioned in Ref. [11] that most
of the machine learning methods deal with data in shallow structure. These structural models have only one or two layers of nonlinear
feature transformation at most, while deep learning has more layers. So, when it comes to distinguishing differences in subcategories,
deep learning is more accurate. In Ref. [12], researchers experimentally compared several traditional machine learning and deep
learning models on different plant spots, and the experimental results showed that deep learning is more accurate and real-time than
traditional machine learning. Combined with the above studies, we choose the deep learning method more appropriate when there are
multiple types of morphological dust. In Ref. [13], the results of Faster Region-Convolutional Neural Network (Faster RCNN), You Only
Look Once (YOLO) and Single Shot MultiBox Detector (SSD) were compared for recognizing images of fugitive dust, and YOLOv3 gave
the best results. In Ref. [14], YOLOvV5 was utilized to identify sand peaks and valleys to improve the efficiency of sand level positioning.
In Ref. [15], state-of-the-art deep convolutional neural networks for image-based plant disease classification are fine-tuned and
evaluated; Deep learning architectures are empirically compared. Experimental results show that the architecture performs well, but
further research is needed to improve the computation time. The superiority of deep learning target detection algorithms can be seen
from the above research, but as the algorithms continue to improve, the model complexity is also increased, and some algorithms only
have theoretical effects and can not be practical application on mobile devices. Therefore, we need to make lightweight improvements
of the selected algorithm.

The lightweight research of the detection model can effectively apply the theoretical algorithms to mobile devices in industrial life
and improve the efficiency of mobile devices. In Ref. [16], ResNeXt model was parameterized as the backbone of the YOLOv5 model to
improve the accuracy and speed of the YOLOV5 recognition fog installed in the vehicle; In Ref. [17], MobileNetv2 network architecture
is used as a backbone for YOLOv3, and the improved model recognized tomato gray leaf spot disease with a 4-fold increase in speed; An
improved garbage classification model based on ShuffleNetV2 is proposed in Ref. [18], which can be deployed on Raspberry Pi 4B to
achieve fast detection of garbage classification. Knowledge distillation is used in Ref. [19] to help improve the adaptability of
lightweight models with limited resources, while maintaining high-level representation capabilities.

The cleanliness evaluation criteria on the reactor containment are still mainly observed by human eyes, and there are no quan-
titative cleanliness evaluation criteria. The cleaning of sediment piles and sticky materials in road scenes is similar to the situation of
dust spot and dust pile; therefore, we have investigated some road cleanliness assessment methods. Cleanliness Index (CI) is defined by
the Spanish Federation of Municipalities and Provinces [20]. The assessment method considers factors such as the amount of garbage,
the difficulty of removing garbage, climate and pavement conditions. After evaluation in real city streets and comparison with the
population satisfaction method, positive results were obtained. The CI method only considers the amount and categories of garbage,
not delicately consider the area ratio of the garbage. This method is not applicable to large areas of gravel on the roadway.To address
this problem [21], proposed a cleanliness index based on semantic segmentation (CISS). CISS uses the area occupied by different
categories of garbage to replace the amount of garbage in the CI method, and the area ratio of garbage in the image that can be easily
obtained from the image segmentation result. Aiming at the advantages and disadvantages of these two methods, we combine the
algorithm characteristics and propose a cleanliness assessment index named PCI that considers both the amount of targets and the area
ratio of targets.

Summarizing the strengths and weaknesses of the above studies, the main contributions of our study can be summarized as follows.

1) A lightweight improved model based on YOLOvVS5s is proposed for mounting on a wall-climbing cleaning robot to recognize
different categories of dust. Improvements are made by introducing shuffleNetV2 in the backbone part of YOLOv5s to reduce the
model complexity, and adjusting the Loss function to improve to accuracy.

2) A cleanliness assessment method based on target detection is proposed. The method considers both target amount and area
occupation, which can be used to judge the cleaning effectiveness of wall-climbing cleaning robots.

2. Reactor containment dust detection and cleaning system

The reactor containment dust detection and cleaning system in this paper mainly consists of camera, NVDIA Jeston Xavier, water
cannon, scraper and dust catcher. The dust detection and cleaning system works in the following steps.

1) The image of the current area is captured for the camera.

2) Jeston Xavier receives the image information and calls the S-YOLOvV5 algorithmic model to detect whether the returned image
contains targets to be cleaned.

3) if the current area contains O clean target, call the continue command; if the dust spot is detected, Jeston Xavier sends a signal to call
the water cannon and scraper; if the dust pile is detected, Jeston Xavier sends a signal to call the dust catcher.

4) when the second case of the third step occurs, S-YOLOv5s will output the cleanliness evaluation parameter when it receives the
cleaning completion signal. If the cleanliness level does not reach "high", repeat steps 1, 2, and 3 until the cleanliness is "High" and
then move on to the next area.
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The dust detection and cleaning system structural framework is shown in Fig. 1.
3. S-YOLOV5s dust detection algorithm

The detection speed of YOLOVS5s is greatly improved compared to the two-stage detection network Faster-RCNN [22], and
compared to the SSD algorithm [23], which is also a single-stage target detection, the size of the YOLOv5s model is less than one-tenth
of the size of the SSD model, which requires low hardware capability, and is more suitable for deploying to mobile devices. Despite the
small size of the YOLOv5s model, it suffers from lag when deployed on the wall-climbing robot. In order to solve this problem, this
paper proposes to lightweight the model.

ShuffleNetV2 is a lightweight network architecture. In the ShuffleNetV2 paper [24], four criteria for lightweight are proposed.

1) Equal channel width minimizes memory access cost (MAC).
2) Excessive group convolution increases MAC.

3) Network fragmentation reduces degree of parallelism.

4) Element-wise operations are non-negligible.

In order to fulfill these four criteria, ShuffleNetV2 introduce a simple operator called channel split. It is illustrated in Fig. 2 (a). At
the beginning of each unit, the input of feature channels are split into two branches with two channels, respectively. Following criteria
3, one branch remains as identity. The other branch consists of three convolutions with the same input and output channels to satisfy
criteria 1. The two 1 x 1 convolutions are no longer group-wise. This is partially to follow criteria 2, an partially because the split
operation already produces two groups.

After convolution, the two branches are concatenated. So, the number of channels keeps the same. The same “channel shuffle”
operation then used to enable information communication between the two branches.

After the shuffling, the next unit begins. Note that the “Add” operation no longer exists. Element-wise operations like ReLU and
depth-wise convolutions exist only in one branch. Also, the three successive element-wise operations, “Concat”, “Channel Shuffle” and
“Channel Split”, are merged into a single element-wise operation. These changes are beneficial according to criteria 4.

For spatial down sampling, the unit is slightly modified and illustrated in Fig. 2 (b). The channel split operator is removed. Thus, the
number of output channels is doubled.

The ShuffleNetV2 structure is as follows.

Because of all the above advantages, we introduce ShuffleNetV2 as the backbone of the S-YOLOv5s model. ShufflenetV2 controls
equal channel widths and reduces group convolution and fragmentation compared to CSPDarknet, resulting in a reduction of the
model size and memory access cost, an increase in the degree of network parallelism, and an increase in the speed of detection when
deployed on mobile devices.

After lightweight, the accuracy of the algorithm decreases, in order to balance the speed and accuracy, this paper replaces the loss
function of the prediction part of YOLOv5s from CIoU [25] to SIoU [26].

The CIoU used by YOLOV5s is defined as Equations (1)-(4):
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Fig. 1. Dust detection and cleaning system.
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Fig. 2. ShuffleNetV2 structure. (a) is the basic unit of ShuffleNetV2; (b) is the spatial down sampling unit of ShuffleNetV2.
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7?(b,b%) denotes the Euclidean distance between the centroid of the prediction box and the centroid of the actual box, a denotes the
shortest diagonal length of the minimum enclosing box of the prediction box and the ground truth box, v is a positive balance
parameter indicating the consistency of the prediction box with the aspect ratio of the ground truth box.

Among them, IoU [27] is defined as Equation (5):

(5)

BN B¢
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It can be seen that CloU, although highly focused on bounding box shapes does not take into account the matching of directions
between the prediction box and the target box, and is computationally complex. SIoU considers the angle cost thus addressing the
slower convergence due to the above shortcomings.

Distance cost and shape cost after considering angle cost in SIoU are defined as Equations (6) and (7):
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Final SIoU is defined as Equation (8):
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Angular penalty cost effectively reduces total number of degrees of freedom. The prediction box is directly close to the X-axis or Y-
axis of the real box, and then continues to be close to it along the correlation axis, which speeds up the convergence of the network, and
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further improves the regression accuracy.
After completing the above improvements, the S-YOLOv5s dust detection algorithm model with balanced accuracy and speed is
obtained.The structure of the S-YOLOv5s model is shown in Fig. 3.

4. PCI cleanliness assessment method

The cleanliness of the reactor containment is still judged by human eyes to determine whether it has reached a clean level, and there
is no research in the evaluation method applicable to wall-climbing cleaning robots. On road scenarios similar to the setting of this
paper, CI is defined by the Spanish Federation of Municipalities and Provinces in its Guia Técnica para la Gestion de Residuos
Municipales y Limpieza Viaria (Technical Guide for Municipal Waste Management and Street Cleaning) and we use it as a reference. CI
is a cleanliness assessment method that uses the amount and type of road garbage as the main criterion, The CI is defined as Equation
9 :

Nk Wi
CI= ;Zi:()? x 100 Q)

y and n are correction coefficients. y takes into account the damage of the ground, n is the sudden change of the number of garbage in
special cases, K denotes the total number of garbage categories, i is the category number of garbage, W; is the weighted amount of
garbage of category i, and S is the observation area.

And the categories and weights related to dust in the CI method are shown in the following Table 1.

Table 1 show that CI only roughly divides the area occupation of inorganic waste into three levels of small, medium and large, and
Sticky residues have only one weight value regardless of size. CI will show the same cleanliness level when evaluating the same amount
and the same category of targets with different area occupation. It is clear that CI is not suitable for assessing targets that require careful
differentiation of area occupation, such as dust and sand.

When defining the weight values of the targets, we no longer distinguish between small, medium and large, but only between dust
categories. Then, the area ratio is further subdivided. PCI corresponding weights for each category are shown in Table 2 below.

Since the reactor containment surface is generally smooth and the dust does not change suddenly, we do not consider y and n.
Further, we use the percentage of target box area output from the S-YOLOv5s algorithm as one of the cleanliness assessment factor, and
add n to indicate the number of targets of each category in the current area. Finally we obtain the PCI assessment criteria as shown in
Equation (10):

PCI= Z;P,-Bi % 100 + 1; (10)

K denotes the total number of target categories, P; is the percentage of target box area in category i, it replaces £ in CI, B; is the weight of
targets in category i, it replaces W; in CI, n; is the number of targets in category i.
The inclusion of the target frame area share adjusted the cleanliness index classification levels accordingly, as shown in Table 3.
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Fig. 3. S-YOLOVS5s structure.
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Table 1
Table of weights for CI categories.
Category name weight value
Inorganic rubbish Small 1
Medium 2
Large 4
Sticky residue 2

Table 2
Table of weights for PCI categories.
Category name weight value
Reflection 0
Dust pile 1
Dust spot 2

5. Experiments and analyses
5.1. Experimental setup and data set

5.1.1. Experimental setup and evaluation metrics for the model

We train the dust recognition model in Centos7 based on Python code and Pytorch [28] framework. The hardware configuration is
as follows: two NVIDIA’s A100 graphics cards, Intel(R) Xeon(R) Gold 6226R CPU @ 2.90 GHz processor. The proposed method is
trained for 300 cycles at an initial learning rate of 0.01 with a training momentum of 0.937, a weight decay parameter of 0.0005, and a
training batch of four. The validation phase deploys the model on a Jeston Xavier wall-climbing cleaning robot and records the
real-time detection effect and detection speed.

The evaluation metrics of the model include mAP@0.5,Model Size(MB),FPS and GFLOPS.

mAP@0.5: average accuracy for all categories with IoU threshold set to 0.5.

Model Size: The size of the memory occupied by the model in the device.

FPS: Frames per second transmitted.

GFLOPS: Number of floating point operations per second in billions.

5.1.2. Collection of data set

The data set portion is primarily indoor and outdoor dusty wall surfaces.

Due to the vacancy of dust images on the reactor containment wall after the construction was completed. We collected indoor and
outdoor dust spots and dust piles from the post-construction site for different lighting images. During the data collection process, it was
found that smooth surfaces such as metal surfaces would have light reflections in the lighting environment, which would cause some
interference with other category identification, so the reflection were also divided into a separate category.

The total number of images in the data set and the number of labels per category are shown in Table 4.

5.2. Validation of the S-YOLOv5s model

5.2.1. Ablation experiment
In order to verify the effectiveness of our two-part improvement of YOLOv5s, we did 3 sets of comparison experiments. The added
modules are represented by "y/"

@® Comparison of each evaluation parameter before and after backbone replacement.
® Comparison of each evaluation parameter before and after loss function replacement only.

®Comparison of each evaluation parameter between original YOLOv5s and S-YOLOV5s.

The experimental results are shown in Table 5, and the added modules are represented by " \/ "

Table 3
Table of cleanliness index levels.
Cleanliness index Cleanliness level Numerical level
PCI<8 high 1
8 < PCI<19 medium 2
19 < PCI<30 low 3
PCI > 30 Very low 4
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Table 4
Dataset image volume and number of tags per category.
dust spot dust pile reflection
Amount of labels 553 286 158
Total amount of pictures 506

The accuracy (mAP@0.5), model size, operational operands required by the model (GFLOPS) and recognition speed (FPS) were
compared before and after each improvement. As can be seen from the results in Table 5, replacing the loss function CloU of the
original network with SIoU, the mAP@0.5 and the FPS are improved by 2.3 % and 3.405, respectively. This can indicate that the SIoU
plays a role in improving the accuracy and increasing the speed of detection. After replacing the backbone with ShuffleNetV2, the FPS
are improved by 5.44, the mAP@0.5, size and operational operands of the model were reduced by 17.3 %, 11.78 MB, and 14,
respectively. It can be seen that ShuffleNetV2 makes the model accuracy decrease, but speeds up the model detection and reduces the
model size and complexity. Adding SIoU on top of the ShuffleNetV2 improvement, the mAP@0.5 and the FPS increased by 5.4 % and
1.873, respectively, while maintaining the same model size and operational operands. This shows that SIoU is better at improving
accuracy when the backbone is ShuffleNetV2.

5.2.2. Comparative experiments with other models

We compare the accuracy and recognition speed of the S-YOLOv5s algorithm with the original algorithm, SSD, Faster-RCNN, and
other YOLO models of similar size. The results are shown in Table 6.

Before improvement, the model size of YOLOv5s is 13.7 MB, which is smaller than other models except YOLOv6n, YOLOV7-tiny,
and YOLOv8n; The FPS is higher than all models except SSD; And, the mAP@0.5 is 92 %, which is the highest among all models. In
summary, YOLOvV5s is the model that best balances accuracy and detection speed. After lightweight improvements to the YOLOV5s, S-
YOLOvV5s model has the smallest size, with a Model Size of 1.92 MB, and the fastest detection speed, with an FPS of 56.818. Compared
with YOLOv4-tiny, YOLOv6n, YOLOv7-tiny, SSD and Faster-RCNN models, mAP@0.5 increases by 15.7 %, 29.8 %, 28.3 %, 12.3 %,
49.5 % respectively. Although mAP@0.5 is 8.2 %, 11.9 %, and 0.5 % lower than YOLOv3-Tiny, YOLOv5s and YOLOv8n, respectively,
S-YOLOvV5s consumes less device memory, which is friendly to some mobile devices with only 8-16G RAM.

ShuffleNetV2 has a large number of equal-width channels, a small number of convolutional groupings, a "Channel Shuffle"
branching communication method, and an efficient elemental algorithm, which serves to improve the speed of model detection and
reduce the model size and model complexity. And the angle penalty mechanism of SIoU improves the accuracy of model detection. This
is why the S-YOLOV5s is able to recognize dust faster.

5.3. Test set testing and real-time inspection

Some of the detection results of the S-YOLOv5 model for the test set are shown in Fig. 4.

It can be seen that the model is generally better for category detection, the target box is accurate. The hindrance of reflections to
dust recognition is reduced by giving reflections a separate classification. Accuracy for each category on the test set was 81.8 % for dust
spot, 82.1 % for dust piles, and 76.5 % for reflections. Because the number of reflection samples is relatively small, the accuracy of
reflections is slightly lower.

Deploying the S-YOLOv5s model to the Jeston Xavier wall-climbing cleaning robot, the real-time detection speed on the lab wall
can reach up to 27 frames/s, and some of the real-time detection results are shown in Fig. 5.

5.4. Cleanliness assessment model validation

When calculating CI based on the original image, the objects in our image generally do not have a sudden change in number and the
plane is smooth, so set 1 = 1, n = 1, the detection range is 1 square meter, set S = 1, and in accordance with the weight values in Table 1,
the dust spot calculates the weights according to the viscous residue, and the dust pile calculates the weights according to the inorganic
garbage. When calculating the PCI, according to the weight values Table 2, weight value of dust spot is 2, weight value of dust pileis 1,
and weight value of reflective is 0. Other parameters are output according to the target detection algorithm.

We selected different experimental samples as examples for evaluation. These samples were evaluated by the CI and PCI methods. It
can be seen that the two methods have different cleanliness level evaluation results on several samples, as shown in the following
Fig. 6.

Table 5

Table of comparison of results of ablation experiments.
Experiment number CSPDarknet53 ShuffleNet V2 CloU SloU mAP@0.5 Model Size(MB) GFLOPS FPS
1 v v 0.920 13.7 15.8 49.505
2 v v 0.943 13.7 15.8 52.910
3 v v 0.747 1.92 1.8 54.945
ours v v 0.801 1.92 1.8 56.818
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Table 6

Table of results comparing YOLOv5s model with other models.
Model Backbone Model Size(MB) Map@0.5 FPS
YOLOv3-tiny Darknet53 16.6 0.883 21.645
YOLOv4-tiny CSPDarknet53 22.4 0.644 42.751
YOLOvV5s CSPDarknet53 13.7 0.920 49.505
YOLOv6n EfficientRap 9.94 0.503 19.56
YOLOV7-tiny Darknet53 12.3 0.518 9.98
YOLOv8n Darknet53 5.95 0.806 31.150
SSD MobileNetV2 15.3 0.678 54.487
Faster-RCNN ResNet50 108 0.306 35.873
ours ShuffleNetV2 1.92 0.801 56.818
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Fig. 4. Some test results of the test set images.

We refine the consideration of dust area occupancy by using target box area ratio and add a target amount factor, which results in a
more accurate assessment of the cleanliness rating of dusty surfaces. The cleanliness of reactor containment in NPP is still based on the
subjective judgment of cleaning staff. The cleaners use the size, amount and adhesion of dust to determine whether the current area is
clean or not. So, we gave the cleaner before and after pictures to judge the cleanliness level, and the standard we got was basically the
same as the evaluation result from our assessment method. In particular, the cleaners gave the same conclusions for the pictures with
high and very low cleanliness levels, but the conclusions between medium and high levels were partially inconsistent.

6. Conclusion and future work

Because of the hardware resource limitations of the wall-climbing cleaning robot, models with high complexity are limited in
detection speed or even unable to run on the wall-climbing robot. To solve this problem, ShuffleNetV2 is introduced in YOLO v5s as a
backbone to reduce the model complexity. As many feature layers are cut, the accuracy is reduced. In order not to deepen the network
and maintain the detection accuracy above 80 %, we adjust the loss function to improve the accuracy. Compared to the original
YOLOV5s, the model size of S-YOLOV5s is reduced to 14 % of the original model, the accuracy is maintained at 80.1 %, and the
detection frame rate is faster by 7.313 frames/s, which enables real-time detection on wall-climbing robots as well. Compared with
other methods, S-YOLOv5s has smaller model size and detection speed. In addition, the factors that the human eyes use to judge
cleanliness levels (area and amount of dust) are quantified. In this way, PCI can be used in conjunction with the recognition algorithm
to ensure that the wall-climbing robot thoroughly clean. Experiments show that dusty spots can be confused with other spots of similar
color. We presume that S-YOLOv5s recognition dust spots mostly relies on color features. How to improve the multi-feature
convergence ability of the algorithm while keeping the model lightweight is what we need to continue to research and explore.
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The data that support the findings of this study are available in dust-data-set-and-S-YOLOV5s at:
https://github.com/Applepie1 2304 /dust-data-set-and-S-YOLOv5s/tree/master.
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