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Abstract: In this paper, a complete system based on computer vision and deep learning is proposed
for surface inspection of the armatures in a vibration motor with miniature volume. A device for
imaging and positioning was designed in order to obtain the images of the surface of the armatures.
The images obtained by the device were divided into a training set and a test set. With continuous
experimental exploration and improvement, the most efficient deep-network model was designed.
The results show that the model leads to high accuracy on both the training set and the test set. In
addition, we proposed a training method to make the network designed by us perform better. To
guarantee the quality of the motor, a double-branch discrimination mechanism was also proposed.
In order to verify the reliability of the system, experimental verification was conducted on the
production line, and a satisfactory discrimination performance was reached. The results indicate
that the proposed detection system for the armatures based on computer vision and deep learning is
stable and reliable for armature production lines.

Keywords: armature; computer vision; deep learning; surface inspection

1. Introduction

A vibration motor is a source of excitation. Small vibration motors are used in digital products
like cell phones to provide a vibration sense. Large vibration motors are used in metallurgy and
mining to screen ingredients [1]. In terms of the vibration motors used in digital products, the quality
of the motor is an important factor that has an impact on the user experience. In the process of motor
production, the armature is assembled into a shell with magnets and bearings [2], so incipient faults in
any part of the machinery could produce a chain reaction and lead to its defects [3-5]. However, due
to its miniature volume, it is difficult to detect these defects.

Much effort has been made in fault diagnosis of rotating machinery. Asr et al. [6] designed a
feature extraction method using empirical mode decomposition and fed the extracted features into a
non-native Bayesian classifier for intelligent fault diagnosis of rotating machinery. Georgoulas et al. [7]
applied symbolic dynamic entropy features to extract features of gearbox signals and applied a support
vector machine to recognize the health conditions.

However, the inspection conducted after assembly is always dramatically influenced by the
mechanical system. It is difficult to explore the form of the signal. Therefore, each part should be
carefully examined before assembly. For a vibration motor, the armature is the core component. If
the quality of the armature is ensured, many problems will be avoided during motor rotation. In the
traditional way, surface inspection of the armature is done manually, which is costly and can be easily
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disturbed by many subjective factors [8]. Therefore, it is important for a factory to apply intelligent
inspection to detect the surface of the armature.

With the rapid development of computer vision, more and more image technologies have been
used in industrial environments to detect surface quality. Cabral et al. [9] realized the intelligent
detection of various glass products by traditional computer vision methods such as edge detection
operator and Hough circle. In reference [10], image processing algorithms including Canny edge
extraction, histogram equalization, and image morphology closed operation are utilized to extract and
locate a joint contour in a complicated background image. Firmin et al. [11] proposed a novel method
for detection and quantification of corrosion on a pipe using digital image processing techniques to
extract saturation value. All of these are the applications of traditional computer vision, which can only
achieve some simple industrial applications. It is difficult to use these applications for the detection of
complex industrial objects while obtaining good results.

Therefore, with the development of hardware performance, the deep learning algorithm
represented by convolutional neural networks (CNNs) has gradually become the core of the machine
learning algorithm [12]. To date, image feature extraction by a CNN has shown great success in
the process of image classification [13,14], object detection [15], semantic segmentation [16,17], and
high-resolution image reconstruction [18]. A CNN has also been successfully applied to inspect
industrial surfaces recently. Masci et al. [19] adopted max-pooling convolutional neural networks to
detect the defects in steel. Song et al. [20] proposed a novel residual squeeze-and-excitation network to
discover anomalies and inspect the quality of adhesives on battery cell surfaces. Weimer et al. [21]
discussed the structural design of the CNN to realize automatic feature extraction in industrial surfaces
and verified the proposed elements through the dataset of industrial surface defects.

For surface inspection in this paper, we consider the armatures in micro vibration motors with
miniature volume. Considering the rough surface and tiny features, we used more abundant semantic
features extracted by the CNN network to detect the surface. The inspection standard comes from the
armature manufacturer.

The rest of this paper is organized as follows. Firstly, we introduce the locating device we
designed to take photos of the armature. Then, we discuss the method, in which the collected images of
armatures were divided into a training set and a test set, and we introduce the classification standard.
Finally, we propose a network structure designed for our dataset and a training method to make the
network performs better.

2. Related Works

2.1. Image Acquisition

Figure 1 shows the inspected armature. We can see that the armature is made of an iron core
wrapped with copper wire. The length of the whole armature is about 1 cm. The entire armature is
symmetrical about 120° around the central axis. To detect as few images as possible to reduce the
detection time, we can convert the detection of the armature to the detection of three major surfaces.

) The terminal of The commutator
Axis Copper wire Ironcore commutator rheostat bar of commutator

Figure 1. The inspected armature.

In industrial inspection, the workpiece is mostly irregular. In order to reduce the difficulty of
positioning and detection, it is necessary to obtain a fixed imaging view through electromechanical
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structure. Figure 2 depicts the positioning and imaging device. The left side of Figure 2 is the entire
device, and the right side is a zoomed-in view of the loading platform. The armature was placed on
a loading platform and fixed by a small magnetic shaft hole. The loading platform was driven by a
stepper motor to rotate and change the shooting angle of the armature. Because the reflectivity of the
copper wire is greater than that of the iron core, when the beam of the digital fiber sensor shines on the
iron core, as shown in Figure 1, the amount of reflected light is lower than that in the groove on the iron
core shown in Figure 1, which is wrapped with copper wire. We used this phenomenon to find the
position of the groove on the iron core. We used this position as the initial position for photographs.
Then, taking advantage of the symmetry, a stepper motor with a closed loop system was used to drive
the loading platform to precisely rotate 120° two times. In the end, we obtained the photos of three
major surfaces, which can reflect the surface defects of a whole armature.

Figure 2. The positioning and imaging device.

Thus, for each armature we obtained three pictures. Whether the armature is defective is
determined by detecting the three pictures. To avoid the influence of external illumination, a telephoto
lens with fixed focus was selected. The shooting device was an industrial CCD camera with a resolution
of 1920 x 960 pixels. The final processed and transmitted image format was JPG with a resolution of
540 x 480. Figure 3 gives the picture of three faces of an armature. From Figure 3, we can see that we
obtained a good background and foreground. The edge between the armature and the background
is well segmented. We can use simple morphological detection to identify the effective region of the
armatures to eliminate unnecessary interference.

Figure 3. The picture of an armature we obtained from three faces.

2.2. Surface Defects on the Armatures

Figure 3 shows the full perspective of an armature. For our article, we only needed to examine a
portion of the image because the pictures taken by the above device had a fixed scale and perspective.
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Through the template matching algorithm in OpenCV, we could easily match the areas we needed
from the template library we created. Figure 4 displays the final inspected area with a resolution of
350 x 120 pixels. We can determine from this figure that there are six kinds of surface defects that need
to be inspected. The details of the surface defects are described in Table 1.

e

(¢) Too thin cropper wire

L\

(¢) Foreign matter () Tin bead

Figure 4. The final inspected area in our study and some of the surface defects.

Table 1. Types of surface defects.

The terminal connecting the copper wire and the
Terminal exposed (Figure 4a) resistor is not covered with tin. It is not strong
enough to ensure the service life.

A long piece of tin is attached to the rheostat, which

Rheostat bonded tin (Figure 4b) will affect the use of the motor.

Because of the high temperature, the copper wire
Too thin cropper wire (Figure 4c) connecting the terminals is thinned, which will cause
the copper wire to break easily.

The attached tin on the copper wire is too long. The
Copper wire stuck, long tin (Figure 4d) tin is not as hard as the copper wire, which will also
cause the copper wire to break easily.

There are foreign bodies sticking in this area, which

Forei Fi 4 . . .
oreign matter (Figure 4e) will cause noise in the process of rotation.

In the process of rotation, the tin beads easily fall off,

Tin bead (Figure 4f) which will have a serious impact on the service life.

2.3. Data Calibration and Manual Observation

Each armature with a defective surface had one or more of the above-mentioned defects. Therefore,
a defective armature cannot be classified in detail. In the process of labeling, only two classifications
were tagged. Positive samples contained no surface defect, negative samples contained surface defects.
Photos of the armatures were collected using our shooting and positioning device. We returned the
collected photos to the company’s quality control group. The quality control group divided these
photos into two categories according to our classification task. Each armature picture was judged
separately by two experts. The third expert re-judged the controversial samples. The determination
of whether it is a positive sample was based on the judgment of the third expert. This dataset was
determined by the quality control team. We regarded it as the correct data classification, which was
our ground truth.

Although the inspected area is narrowed, we can see that the negative is still messy and varied.
The armatures are tiny, so the defective areas are even smaller. Itis a challenge for the eyes to distinguish
between good and defective armatures. Due to the small size of the armatures, they must be studied
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under the microscope, which always contributes to eyestrain and high staff turnover. It is difficult for
an enterprise to retain experienced workers. The demand for the enterprise is that the whole process
of armature detection, including feeding, photographing, preprocessing, discrimination, and sorting,
takes less than 3 s. Based on the above reasons, there are various mistakes in manual observation.
For example, in the process of workers’ detection, the detection standards are confused, and some
minor defects are easy to ignore. As a result, based on the demand of detecting an armature in three
seconds, the armatures in the dataset were observed and classified by five workers. After comparing
the classification results with the correct classification results of the quality control group, we calculated
the manual observation accuracy of each worker and found the average as the manual observation
accuracy. In the end, the manual observation accuracy was 91.3%.

2.4. Traditional Computer Vision Method

In traditional computer vision, the information such as edges, textures, and colors are extracted
and summarized. In our study, we used Sobel edge detection (Figure 5b), binarization (Figure 5d), and
Canny edge detection (Figure 5e) to extract edges and textures information. Harris detection was used
to detect the corners (Figure 5a). Because the main features of the inspected area were copper wire and
tin, we took advantage of histogram backprojection to extract the areas that are similar to the tin in
color (Figure 5¢). In addition, the copper wire and tin are different in values between the R channel
and B channel. Therefore, we subtracted the R and B channels to highlight the position of the copper
wire (Figure 5f).

(e) Canny edge detection (f) Channel image subtract

Figure 5. The feature maps extracted by traditional computer vision.

As can be seen from Figure 5, all methods suffer from a degree of information loss due to the
effects of areas other than copper wires and tin, so the RGB image keeps the features integrated. We
need a more effective feature extraction method for feature extraction of RGB images.

3. Methodology

For the armatures in our paper, the defective regions are small, but the features needed are
complex and diverse. Furthermore, because of the concentricity error between the armatures and
loading platform, the pictures of the armatures have a certain degree of angular difference. Therefore,
we need to extract stronger semantic and more abstract features to inspect the surface of the armatures
to resist interference.

3.1. ResNet-101 + FPN Network

Thus, we need some way to extract stronger semantic and more abstract image features. A
convolutional neural network (CNN) is a kind of backpropagation neural network with deep structure
including convolution calculation. It is one of the representative algorithms of deep learning. Generally,
CNN has standard structure that the output of the features extractor which consists of stacked
convolutional and pooling layers, can be directly input into the classifier. And this typical structure
without any additional branch can be called a plain network like Alex, VGG [13,14]. For the plain
network, a high-level feature map of each image can be obtained through a deep-network structure.
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The small features become smaller or even disappear after downsampling. However, the information
of high-resolution feature maps without downsampling is not abundant enough. It is not conducive to
the extraction and characterization of complex small features, which is required for our dataset.

Inspired by the idea of feature pyramids in feature pyramid network (FPN) [22], our novel network
as shown in Figure 6 has made some improvements on the basic design of the plain network, which
comprises two specific branches: one for extracting feature maps, named the backbone branch, the
other used as a network architecture called feature pyramid network (FPN) to fuse feature maps of
multiple scales.

input
224x224x3

TxTx64,stride=2
MaxPooling

3x3x512.stride=2

Ix1x64,stride=1

convl

’ 4096
convl_x Ix1x64 FC 4096
3x3x64 | x3 2% up :
‘ 28x28x256
5 SoftM
[ 1 SoftMax
convd_x Ix1x128 28x28x512 ‘
3x3x128 | x 3 3x3x256.stride=1
| Ix1x512)
‘ 1x1x256
~
convd_x [ 1x1x256 P4
Ix3x256 | x4 14x14x256
| 1x1x1024) I_ ca
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’ ~
e g IxIx512 Ix1x256
Ix3xS12 |x23
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‘ Tx7x256
average poll

4096
FC 4096
2
FPN
ResNet-101

Figure 6. Final network structure of the ResNet101 + feature pyramid network (FPN).

In the process of forward propagation calculation, the backbone branch outputs feature maps
of various resolutions. The FPN branch combines low-resolution, semantically strong features
with high-resolution, semantically weak features via a top-down pathway, bottom-up pathway, and
lateral connections.

Backbone branch: For the classification task, to extract features better, higher layers of
representation amplify aspects of the input that are important for discrimination and suppress
irrelevant variations [23]. As a result, the network must have enough depth. In order to ensure that
the network has enough depth to extract rich semantic information to represent complex features, we
used ResNet as the backbone network, since it is connected via a shortcut to learn residual mapping,
which is better at transferring gradient information to prevent gradient vanishing and gradient
degradation [24,25]. As a result, it can reach thousands of layers compared with a common plain
network. In the end, allowing for the time and limited computing resources, we chose ResNet-101, a
stack of 101-layer residual units, as our backbone network.
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FPN branch: Our goal is to build a feature pyramid with high-level semantics throughout.
The construction of our pyramid involves a bottom-up pathway, a top-down pathway, and lateral
connections, as introduced in the following.

The top-down pathway provided the basic feature maps for our FPN. We collected the intermediate
feature maps, which is the result of feedforward computation of the backbone network. There are often
many layers producing intermediate feature maps of the same resolution, and we say these layers
are in the same network stage. In the end, we chose the output of the last layer of each stage as our
reference set of feature maps, which we enriched to create our pyramid. This choice is natural, since
the deepest layer of each stage should have the strongest features.

For our backbone network, ResNet-101, we used the feature activation output by each stage’s last
residual block. We denote the output of these last residual blocks as {C2, C3, C4, C5}, and they have
strides of {4, 8, 16, 32} pixels with respect to the input image. We did not include the output of the
convl in the pyramid due to its large memory footprint.

The bottom-up pathway outputs higher resolution features by upsampling spatially coarser, but
semantically stronger, feature maps from the upper level feature maps collected by the top-down
pathway. These features are then enhanced with features from the bottom-up pathway via lateral
connections. Each lateral connection merges feature maps of the same spatial size from the bottom-up
pathway and the top-down pathway. To start the iteration, we simply attached a 1 X 1 convolutional
layer on C5 to produce the coarsest resolution map. Finally, we appended a 3 X 3 convolution to each
merged map to generate the final feature map, which was to reduce the aliasing effect of upsampling.
This final set of feature maps is called {P2, P3, P4, P5}, corresponding to {C2, C3, C4, C5}, which are
respectively of the same spatial sizes.

The result is a feature pyramid that has rich semantics at all levels. The feature pyramid is built
quickly from a single input image [22], so P2~P5 all have rich semantics. Additionally, P2 has the
highest resolution and fused more features with different scales. As a result, we only took the P2
layer feature map for prediction. We added two convolutional layers after P2 to reduce the size and
dimension of the feature map for further information extraction and reduction of computation. After
the two convolutional layers, we still added two fully connected layers to summarize the feature
information. In the end, we connected SoftMax for binary classification.

3.2. Focal Loss

In the case of unbalanced input, the network will converge toward a large quantity of data. It will
not care more about the small quantity of data with a large amount of information. For the data in this
paper, negative samples have one or more of the above defects. The number of each kind of defective
armature is also unbalanced. If the traditional cross-entropy loss function is used, it will lead to poor
learning. To solve this problem, the focal loss was proposed by RetinaNet as follows [26]:

FL(pt) = —ar(1 - pt)"log(pt) 1

a; balances the importance of positive/negative examples. The focusing parameter y smoothly
adjusts the rate at which easy examples are down-weighted.
p € [0,1] is the model’s estimated probability for the class with true label, and p; is defined as

follows:
| if label is true
A p, otherwise

2

We can see from Equation (2) that focal loss adds a modulating factor to the original cross-entropy
loss function. When samples are misclassified and p; is very small, the modulating factor is close to 1,
and the loss function has no influence. When p; approaches 1, the factor goes to 0, and the loss for
well-classified examples is down-weighed. Therefore, focal loss can mine unbalanced data and weaken
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the contribution of the easy-to-classify armatures to loss. In this way, we can better mine the data
distribution of negative samples and achieve a better learning effect.

3.3. Feature Library Matching

In the surface detection of the industrial product, the appearance of positive samples is relatively
similar, and the appearance of the defective workpieces is relatively different. It is difficult to map all
negative samples with different appearances into the same category. Therefore, we took advantage
of the previously trained ResNet-101+FPN network, which has a strong representational ability for
positive and negative samples, to extract the vector from its end and establish an a priori feature library
according to the samples in the training set. We expected to get better results by matching the distance
between the sample and a priori feature library to judge the category of the sample. The whole process

is shown in Figure 7.
input input
13000\224\224\3 |\224\224\3

ResNet-101+FPN ResNet-101+FPN
[ 4096 ] [ 4096 ]
Vectors of good Vectors of
workpieces workpiece
17125x4096 1x4096

Kmeans
(dis=Cosine Similarity)

Featu r.e .Ilbr:lrws of Vectors of good
positive parts workpieces cout =sum(g_dis>thre_dis)

(only calculate once) 100x4096

good
workpiece

bad
workpiece

Figure 7. The method of feature library matching.

The flat quadrilaterals in the picture represent the data, and the rectangles represent calculations.
We used the above-mentioned trained network to infer the training set. Vectors with a size of 4096
extracted from the first fully connected layer were collected and saved. They formed a feature library
of the good samples. We inferred the test samples and obtained a feature vector with a size of 4096.
We could match the feature vector with the feature library to calculate the similarity between the test



Sensors 2020, 20, 2360 9of 16

samples and the good samples. As a vector similarity measurement, cosine similarity is widely used in
text similarity calculation [27] and face recognition [28]. Cosine similarity is defined as follows:

n e Xy
similarity = cos(6) = Y1 (xi X yi) -

T P x T

x; and y; represent the corresponding vectors. The result ranges from —1 to 1. A value of —1 means

that the two vectors are pointing in opposite directions, a value of 1 means they are pointing in the same
direction, and 0 usually means they are independent. A value in between them indicates similarity or
dissimilarity. It can be seen that the range of the values is fixed and will not change like the Euclidean
distance, which is helpful for us to find a better threshold value. Equation (3) indicates that it pays
more attention to the similarity of the two vectors in the direction, rather than the absolute difference
in value. For the comparison of feature vectors, it has a better effect. Therefore, we distinguished the
samples by measuring the cosine similarity between feature vectors in the library and feature vectors
of the samples.

It would be very time-consuming to compare the cosine similarity between the test workpiece and
each vector in the feature library because of the inner product calculation. Therefore, we carried out
K-means clustering to cluster the feature libraries of good parts into 100 groups by cosine similarity.
The 100 cluster center vectors were selected as a new good feature library, and we only needed to
compute the feature library once. We calculated the cosine similarity between the feature vectors of a
test armature and each feature vector in the good feature library as g_dis, which has 100 dimensions.
We set a threshold thre_dis. By comparing the size of g_dis and thre_dis, we can calculate the count,
which is the number meeting the threshold condition. If the size of count is greater than 50 (the vote
was more than half), it will output Y. By the voting mechanism, we could infer whether the sample
was good or not.

3.4. The Double-Branch Discrimination Mechanism

To ensure the quality of the workpiece, it is necessary for mass production to reduce the probability
of the defective samples being misjudged as good, so we introduced a double-branch discrimination
mechanism to synthesize the results of the two methods. The entire double-branch discrimination
mechanism is shown in Figure 8. A branch is determined by the result of the SoftMax layer. The other
branch is determined by the method feature library matching. Only when both branches output Y at
the same time will the system identify the sample as good. It is equivalent to improving the standard
of discrimination. In this way, we expected to achieve better results in defective part discrimination.

bad
workpiece
J|
SoftMax
ResNet-101+FPN workpiece
Features library matching

X

bad
workpiece

Figure 8. The double-branch discrimination mechanism.
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4. Experiment

4.1. Dataset

The image data were captured by the device above. We returned the collected photos to the
company’s quality control group. The quality control group divided these photos into two categories
according to our classification task. In the rest of this study, we tested and validated our approach
based on this dataset and its classification. Because there are many types of defective armatures and
the distribution is uneven, we tried and trained on different data volumes. We found that the larger
the quantity of data, the more robust the final model is. To ensure a good learning effect for the data
distribution of the defective samples and improve the robustness of the model, we studied a large
quantity of data. Finally, the training set contained 26,000, and the test set contained 11,106. The
ratio of the number between the training set and the test set is approximately 7:3, which followed the
common ratio of 7:3 in machine learning.

4.2. Implementation Details

Data Augmentation: To fully connect the layers and enhance robustness, we resized the images to
240 x 240 x 3 pixels and randomly cropped them to 224 x 224 x 3 pixels as the input in each batch.
Moreover, in the training process, we randomly flipped and rotated the loaded data and adjusted the
brightness. To prevent the small changes in image quality making the judgment of the network change,
we finally normalized the input data [29].

Experiment Environment: We built the network environment through TensorFlow, a deep learning
framework compatible with Windows. We created a graph model and trained on a 1080 Ti graphics
card with 12 GB video memory.

Training Strategy: Because the shortcut connection in the residual network can help the information
to propagate easily [25,30], when the structure of FPN was added, the network became more complex,
and information was harder to backpropagate. Thus, the method of training a backbone network, a
side-branch structure, and an up-sampling structure together cannot ensure that the backbone network
contains good semantic information for FPN to extract. To obtain a better backbone network and train
our network better, we used a step-by-step method of training.

4.3. Training and Results

Firstly, we trained our network directly. The initial learning rate was set to 0.001 and was
attenuated 10 times after the 80th epoch. In order to prevent the results from falling into a local optimal
solution and gradient oscillation [31], we used the momentum optimizer to optimize loss and update
the weight. We set the momentum to 0.01. After 300 iterations, we obtained the curve of loss and
accuracy as the number of iterations increased, as shown in Figure 9.

training accuracy —— training loss
— test accuracy — test loss

Accuracy
Loss

0.0 50 20 180 240 300 0.0 %0 120 T80 240 300
Iter Iter

Figure 9. The accuracy and loss curve of the ResNet-101+FPN transfer learning from the ImageNet
classification model.
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As can be seen in Figure 9, the network tends to converge, and the highest accuracy in the
whole process was 96.5%, while the loss was 0.317. Compared with ResNet-101, the accuracy was
significantly improved.

The model with the highest accuracy on the test set was saved. Then, we tested it on test set and
obtained the confusion matrix as shown in Table 2.

Table 2. The confusion matrix of the ResNet-101+FPN model (one stage).

Predicted Value
Total
Positive Negative
Positi Vi 1 41
Observed Value ositive 6788 53 69
Negative 221 3944 4165

Secondly, we extracted the partial parameters of ResNet-101 from the above trained
ResNet101+FPN. We used the parameters to initialize and trained the ResNet-101 to obtain a more
expressive backbone network. After 300 iterations, we obtained the curve of loss and accuracy as the
number of iterations increased, as shown in Figure 10.

training accuracy training loss

test loss

test accuracy

1.0 0.8
Y —
0.8

Accuracy
=]
B

S
¥

e
=]

80 120 T80 240 300 %% %0 120 T80 340 300
Iter Iter

Figure 10. The accuracy and loss curve of the ResNet-101 initialized by trained the model of

ResNet-101+FPN.

As can be seen from Figure 10, the highest prediction accuracy in the whole process was 96.8%,
while the loss was 0.213. Compared with ResNet-101 transfer learning from the ImageNet classification
model, our initialization method significantly improved the performance of ResNet-101. We realized
the idea of training a good backbone network. We saved the model that performed best in accuracy to
use in the follow-up work.

In the end, we used the trained backbone network to train ResNet101-FPN in two steps. In the
first step, we used the more expressive ResNet-101 model above as the model of the backbone network.
We adjusted the learning rate of ResNet-101 layers to 0 to fix the weight parameters of each layer. In
this way, we only trained related layers of FPN. After 300 iterations, we obtained the curve of loss and
accuracy as the number of iterations increased, as shown in Figure 11.
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training accuracy — training loss
test accuracy — test loss
1.0
A
0.8F
5 0.6f
g0
=
8 0 4 -
<0
0.2r
0% %0 720 %0 240 300 0.4 60 720 %0 740 300
Iter Iter

Figure 11. The accuracy and loss curve of the ResNet-101+FPN in the first step.

As can be seen in Figure 11, the highest prediction accuracy in the whole process is 97.2 %, while
the loss was 0.293.

In the second step, we loaded the parameters obtained in the previous step into our network. We
trained the entire network including ResNet-101 and FPN. After 300 iterations, we obtained the curve
of loss and accuracy as the number of iterations increased, as shown in Figure 12.

= (raining accuracy

= training loss
—— test accuracy test loss
1.0 05r
e -

.
0.6 03
g 2
g
= 0.4 0.2r
<

02 0.1

0. %0 120 TS0 340 300 0.0 50 120 T80 740 300

Iter Tter

Figure 12. The accuracy and loss curve of the ResNet-101+FPN in the second step.

As can be seen from Figure 12, the highest prediction accuracy in the whole process was 97.1%,
while the loss was 0.192. In the first step of training, the accuracy increased by 0.1% compared with the
result of training our network directly. Although the accuracy did not increase again in the second
step, the loss decreased significantly, indicating that the overall effect of the network was improved to
some extent. Therefore, compared with directly training ResNet-101+FPN, our distributed training
method achieved a significant improvement in terms of accuracy and loss.

The model with the highest accuracy on the test set was saved. Then, we tested to get the confusion
matrix shown in Table 3.

Table 3. The confusion matrix of the ResNet-101+FPN model (two stage).

Predicted Value
Total
Positive Negative
iti 118 6941
Observed Value Positive 6823
Negative 209 3956 4165

Through the above steps, we obtained a backbone network with a strong capability for feature
extraction and a multi-scale fusion network. This was also better than directly training our network.
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4.4. Establishing the Double-Branch Discrimination System and Results

Above all, we obtained a good network model. Since the range of cosine similarity is between
-1 and 1, we searched the thre_dis with the step size of 0.05 and verified the branch of feature library
matching on the test set to find the best threshold. Finally, when the thre_dis is 0.35, this branch has
the highest accuracy in the test. The accuracy is 97.3%. After testing on the test set, we obtained the
confusion matrix shown in Table 4.

Table 4. The confusion matrix of the branch implemented by feature library matching.

Predicted Value
Total
Positive Negative
Observed Value Positive 6835 106 6941
Negative 196 3969 4165

It can be seen that the method of creating a priori feature library can improve the accuracy.

To further reduce the number of the defective samples being misjudged as good, we combined
the two branches in the way described before. Then, we tested the test set to get the confusion matrix
shown in Table 5.

Table 5. The confusion matrix of the double-branch discrimination mechanism.

Predicted Value
Total
Positive Negative
Observed Value Positive 6797 144 6941
Negative 162 4003 4165

The accuracy of the test set dropped from 97.2% to 97.1%. As can be seen from Table 3, 4074
armatures were rejected by the first branch. Among them, 3956 were rejected correctly, and 118 were
rejected incorrectly. As can be seen from Table 4, 4075 armatures were rejected by the second branch.
Among them, 3969 were rejected correctly, and 106 were rejected incorrectly. As can be seen from
Table 5, after combining the above two branches, 4147 were rejected. Among them, 4003 were rejected
correctly, and 144 were rejected incorrectly. Through comparison, we find that more negative simples
were correctly identified after combining the above two branches. Since both branches are required to
be Y at the same time, the identification standards for good parts become stricter. This can guarantee
better quality of the armatures.

4.5. Comparison and Discussions

The evaluation indexes used in this paper are accuracy, precision, recall, and fl-score, commonly
used for classification problems. Our paper mainly considered the comparison of accuracy and
precision. The accuracy can reflect the overall performance of the model. The accuracy rate can reflect
the proportion of negative samples that are misjudged as positive samples, which is very important to
ensure the quality of industrial products.

We trained and tested the same dataset on the Support Vector Machine (SVM), a machine-learning
model, and the deep-learning model mentioned in our paper. Table 6 provides a comprehensive
comparison of the index.
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Table 6. A comprehensive comparison of the index.

Accuracy Recall Precision F1-Score Time Per Image/s

SVM 83.2% 85.3% 87.5% 86.4% 0.574

VGG-16 92.4% 93.3% 94.6% 93.9% 0.035

ResNet-101 93.6% 95.1% 95.0% 95.0% 0.084

ResNet-101+FPN (trained ¢ o, 97.8% 96.8% 97.3% 0.095

directly)

ResNet-101+FPN (two 97.1% 98.3% 97.0% 97.6% 0.095
stage trained)

Feature library matching 97.3% 98.5% 97.2% 97.8% 0.186

Double-branch 97.2% 97.9% 97.7% 97.7% 0.205

discrimination mechanism

In summary, from Table 6, the armatures detection method we propose achieved good results.
Compared with other structures, the structure of ResNet-101+FPN we designed is improved in all
aspects. We also propose a training method to make our network performance better.

We can see that the proposed feature library matching method improved in all respects based
on the parameters of our classification network. Although the accuracy and recall rate were reduced
by 0.1%, the precision was improved by 0.5% after merging the two branches. It is a significant
improvement in precision for the mass production under the condition that the accuracy is almost
unchanged. With the precision improved, the probability of the defective samples being misjudged
as good reduced, which ensured the quality of the workpiece and was in line with the requirements
proposed by the enterprise. From the perspective of the time, there is little difference between the time
of feature library matching and the time of the double-branch discrimination mechanism. Therefore,
we chose double-branch discrimination mechanism to be applied to the production line.

4.6. Validation in Actual Production

In order to validate the reliability of the discrimination system in actual production, we inspected
the armatures produced by the company in one day. The total number of the armatures inspected was
about 360,000. Among them, the proportion of defective parts was about 2%. Due to the imbalance
of positive and negative workpieces and most of the armatures with relatively good surfaces on the
production line, the accuracy reached 98.9% in the actual production line. The result was also calculated
by comparing the classification result of the discrimination system with the classification result of
the quality control group. The whole process of the detection of the armatures, including feeding,
photographing, preprocessing, discrimination, and sorting, is automated and takes less than 3 s, which
is the enterprise’s required time to identify an armature. Therefore, the armature inspection system
proposed in this paper can meet the requirements of enterprise, both in terms of detection accuracy
and detection time. The discrimination system can be stably used in the armature production line.

5. Conclusions

In this paper, a novel and complete system based on computer vision and deep learning is
proposed for surface inspection of armatures in vibration motors with miniature volume. Concerning
the characteristics of the data samples, we designed the structure of ResNet-101+FPN, which uses
ResNet-101 as the backbone network and integrates the idea of FPN structure to utilize its representation
capacity more effectively for small features. The network achieved satisfying performance on our
dataset by accurately predicting the categories of armatures. In addition, we proposed a training
method to make the network designed by us perform better. To guarantee the quality of the motor, we
had to reduce the proportion of the defective samples being identified as good. Therefore, based on the
trained network, we proposed a feature library matching method. After combining the classification
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network and the feature library matching method, the miscalculation of defective parts was significantly
decreased. When testing on the production line, the discrimination could also ensure robustness
and universality. The whole process of the detection of the armature takes less than 3 s, which is the
enterprise’s required time to identify an armature. Therefore, the system proposed in this paper can
meet the requirements of enterprise, both in terms of effect and detection time. The discrimination
system can be stably used in the armature production line.

Author Contributions: The authors T.F. and J.L. contributed equally to this work. Conceptualization, T.F. and
J.L.; Data curation, T.Fand J.L.; Funding acquisition, ] W.; Investigation, T.F. and ].W.; Methodology, T.F. and J.L.;
Project administration, X.F. and J.W.; Software, T.F,, J.L. and L.Z.; Supervision, X.F. and J.W.; Validation, T.F,, X.F.
and L.Z.; Writing—original draft, T.F.; Writing-review & editing, X.F. and L.Z. All authors have read and agreed to
the published version of the manuscript.

Funding: This presented work was supported by Sichuan Science and Technology Program (No. 2019YFG0359).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Meng, D. Research and Application of Vibration Motor Fault Diagnosis. Master’s Thesis, Xi’an University of
Architecture and Technology, Xi’an, China, 2017.

2. Chang, L.; Luo, FE. Application of wavelet analysis in fault detection of cell phone vibration motor. In
Proceedings of the 2009 International Asia Conference on Informatics in Control, Automation and Robotics,
Bangkok, Thailand, 1-2 February 2009; pp. 473—476.

3. Worden, K.; Staszewski, W.J.; Hensman, J. Natural computing for mechanical systems research: A tutorial
overview. Mech. Syst. Signal Process. 2011, 25, 4-111. [CrossRef]

4. Glowacz, A.; Glowacz, W.; Glowacz, Z.; Kozik, ]J. Early fault diagnosis of bearing and stator faults of the
single-phase induction motor using acoustic signals. Measurement 2018, 113, 1-9. [CrossRef]

5. Guo, L; Li, N, Jia, F; Lei, Y,; Lin, J. A recurrent neural network based health indicator for remaining useful
life prediction of bearings. Neurocomputing 2017, 240, 98-109. [CrossRef]

6.  Asr, MY Ettefagh, M.M.; Hassannejad, R.; Razavi, S.N. Diagnosis of combined faults in Rotary Machinery
by Non-Naive Bayesian approach. Mech. Syst. Signal Process. 2017, 85, 56-70. [CrossRef]

7. Georgoulas, G.; Karvelis, P; Loutas, T.; Stylios, C.D. Rolling element bearings diagnostics using the Symbolic
Aggregate approXimation. Mech. Syst. Signal Process. 2015, 60, 229-242. [CrossRef]

8. Pesante-Santana, J.; Woldstad, J.C. Quality Inspection Task in Modern Manufacturing. In International
Encyclopedia of Ergonomics and Human Factors; Karwowski, W., Ed.; Taylor and Francis: London, UK, 2001.

9. Cabral, ].D.D.; De Aratjo, S.A. An intelligent vision system for detecting defects in glass products for
packaging and domestic use. Int. . Adv. Manuf. Technol. 2014, 77, 485-494. [CrossRef]

10. Long, Z.; Zhou, X.; Zhang, X.; Wang, R.; Wu, X. Recognition and Classification of Wire Bonding Joint via
Image Feature and SVM Model. IEEE Trans. Compon. Packag. Manuf. Technol. 2019, 9, 998-1006. [CrossRef]

11. Bondada, V.; Pratihar, D.K.; Kumar, C.S. Detection and quantitative assessment of corrosion on pipelines
through image analysis. Procedia Comput. Sci. 2018, 133, 804-811. [CrossRef]

12.  Staar, B.; Liitjen, M.; Freitag, M. Anomaly detection with convolutional neural networks for industrial surface
inspection. Procedia CIRP 2019, 79, 484-489. [CrossRef]

13. Krizhevsky, A ; Sutskever, I.; Hinton, G.E. Imagenet classification with deep convolutional neural networks.
In Proceedings of the Advances in Neural Information Processing Systems, Lake Tahoe, NV, USA, 3-6
December 2012; pp. 1097-1105.

14. Simonyan, K.; Zisserman, A. Very deep convolutional networks for largescale image recognition. arXiv 2014,
arXiv:1409.1556.

15.  Ji, Y;; Zhang, H.; Wu, Q.M.]. Salient object detection via multi-scale attention CNN. Neurocomputing 2018, 322,
130-140. [CrossRef]

16. Long, J.; Shelhamer, E.; Darrell, T. Fully convolutional networks for semantic segmentation. In Proceedings
of the IEEE Conference on Computer Vision and Pattern Recognition, Boston, MA, USA, 7-12 June 2015;
pp- 3431-3440.


http://dx.doi.org/10.1016/j.ymssp.2010.07.013
http://dx.doi.org/10.1016/j.measurement.2017.08.036
http://dx.doi.org/10.1016/j.neucom.2017.02.045
http://dx.doi.org/10.1016/j.ymssp.2016.08.005
http://dx.doi.org/10.1016/j.ymssp.2015.01.033
http://dx.doi.org/10.1007/s00170-014-6442-y
http://dx.doi.org/10.1109/TCPMT.2019.2904282
http://dx.doi.org/10.1016/j.procs.2018.07.115
http://dx.doi.org/10.1016/j.procir.2019.02.123
http://dx.doi.org/10.1016/j.neucom.2018.09.061

Sensors 2020, 20, 2360 16 of 16

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Ren, S.; He, K.; Girshick, R.; Sun, J. Faster r-cnn: Towards real-time object detection with region proposal
networks. In Proceedings of the Advances in Neural Information Processing Systems, Montreal, QC, Canada,
7-12 December 2015; pp. 91-99.

Huang, F; Yu, Y.; Feng, T. Automatic extraction of impervious surfaces from high resolution remote sensing
images based on deep learning. J. Vis. Commun. Image Represent. 2019, 58, 453—461. [CrossRef]

Masci, J.; Meier, U.; Ciresan, D.; Schmidhuber, J.; Fricout, G. Steel defect classification with max-pooling
convolutional neural networks. In Proceedings of the 2012 International Joint Conference on Neural
Networks (IJCNN), Brisbane, Australia, 10-15 June 2012; pp. 1-6.

Song, Z.; Yuan, Z.; Liu, T. In Residual Squeeze-and-Excitation Network for Battery Cell Surface Inspection.
In Proceedings of the 2019 16th International Conference on Machine Vision Applications (MVA), Tokyo,
Japan, 27-31 May 2019; pp. 1-5.

Weimer, D.; Scholz-Reiter, B.; Shpitalni, M. Design of deep convolutional neural network architectures for
automated feature extraction in industrial inspection. CIRP Ann. 2016, 65, 417-420. [CrossRef]

Lin, T.-Y.; Dollar, P; Girshick, R.; He, K.; Hariharan, B.; Belongie, S. Feature pyramid networks for object
detection. In Proceedings of the IEEE Conference on Computer Vision and Pattern Recognition, Honolulu,
HI, USA, 21-26 July 2017; pp. 2117-2125.

LeCun, Y,; Bengio, Y.; Hinton, G. Deep learning. Nature 2015, 521, 436-444. [CrossRef]

Pascanu, R.; Mikolov, T.; Bengio, Y. On the difficulty of training recurrent neural networks. In Proceedings of
the International Conference on Machine Learning, Atlanta, GA, USA, 16-21 June 2013; pp. 1310-1318.

He, K.; Zhang, X.; Ren, S.; Sun, ]J. Deep residual learning for image recognition. In Proceedings of the IEEE
Conference on Computer Vision and Pattern Recognition, Las Vegas, NV, USA, 27-30 June 2016; pp. 770-778.
Lin, T-Y; Goyal, P; Girshick, R.; He, K.; Dollar, P. Focal loss for dense object detection. In Proceedings of the
IEEE International Conference on Computer Vision, Venice, Italy, 2229 October 2017; pp. 2980-2988.
Nguyen, H.V,; Bai, L. Cosine similarity metric learning for face verification. In Proceedings of the Asian
Conference on Computer Vision, Queenstown, New Zealand, 8-12 November 2010; pp. 709-720.

Al-Anzi, E; AbuZeina, D. Toward an enhanced Arabic text classification using cosine similarity and Latent
Semantic Indexing. J. King Saud Univ. Comput. Inf. Sci. 2017, 29, 189-195. [CrossRef]

Kotsiantis, S.; Kanellopoulos, D.; Pintelas, P. Data preprocessing for supervised leaning. Int. J. Comput. Sci.
2006, 1, 111-117.

Venables, W.N.; Ripley, B.D. Modern Applied Statistics with S-PLUS; Springer Science & Business Media:
Berlin/Heidelberg, Germany, 2013.

Ruder, S. An overview of gradient descent optimization algorithms. arXiv 2016, arXiv:1609.04747.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.jvcir.2018.11.041
http://dx.doi.org/10.1016/j.cirp.2016.04.072
http://dx.doi.org/10.1038/nature14539
http://dx.doi.org/10.1016/j.jksuci.2016.04.001
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Related Works 
	Image Acquisition 
	Surface Defects on the Armatures 
	Data Calibration and Manual Observation 
	Traditional Computer Vision Method 

	Methodology 
	ResNet-101 + FPN Network 
	Focal Loss 
	Feature Library Matching 
	The Double-Branch Discrimination Mechanism 

	Experiment 
	Dataset 
	Implementation Details 
	Training and Results 
	Establishing the Double-Branch Discrimination System and Results 
	Comparison and Discussions 
	Validation in Actual Production 

	Conclusions 
	References

