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Abstract: In Industry 4.0, internet of things (IoT) technologies are expanding and advanced smart
factories are currently being developed. To build an automated visual inspection (AVI) and achieve
smartization of steel manufacturing, detecting defects in products in real-time and accurately diagnos-
ing the quality of products are essential elements. As in various manufacturing industries, the steel
manufacturing process presents a class imbalance problem for products. For example, fewer defect
images are available than normal images. This study developed a new image synthesis methodology
for the steel manufacturing industry called a latent mapping adversarial network. Inspired by the
style-based generative adversarial network (StyleGAN) structure, we constructed a mapping network
for the latent space, which made it possible to compose defect images of various sizes. We discovered
the most suitable loss function, and optimized the proposed method in terms of convergence and
computational cost. The experimental results demonstrate the competitive performance of the pro-
posed model compared to the traditional models in terms of classification accuracy of 92.42% and
F-score of 93.15%. Consequently, the problem of data imbalance is solved, and higher productivity in
steel products is expected.

Keywords: automated visual inspection; internet of things; generative adversarial networks; latent
mapping adversarial networks; defect synthesis

1. Introduction

In Industry 4.0, internet of things (IoT) applications are becoming important. IoT
connects the physical and digital worlds, enabling smart factory development through
faster communication and better analytics [1]. In general, a smart factory is one in which all
internal elements are organically connected and operated intelligently based on advanced
information and communication technology (ICT). Product quality must be measured
in real-time to manufacture products at minimal cost and time. There is an increasing
demand for steel products with better surface and shape qualities [2]. The end product of
the manufacturing process is directly related to economic factors as it affects productivity.
IoT applications in the steel industry can make a variety of industries more efficient and
flexible, thereby increasing their productivity and yield [3,4].

Defects are physical and chemical failures caused by problems in the manufacturing
process, facility, or manufacturing environment. Steel is manufactured through various pro-
cesses such as rolling and forging. During this process, defects such as crazing, inclusions,
pitted surfaces, rolled-in scales, and scratches occur, as shown in Figure 1 [5].
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Figure 1. Types of defects in the steel manufacturing process [6].

Defect inspection, which detects defects in real-time and classifies defect types, is one
of the key technologies required for smart factory implementation [7,8]. Defect detection
on steel surfaces is an important task to ensure the quality of industrial production. Defect
detection on a steel surface involves three preliminary steps, as shown in Figure 2. The first
step is inspection, in which defects on the steel surface are detected by inspection tools [9].
The second step is review, in which images of the detected defects are captured by a specific
tool. The third step is the detection and classification of defect types based on the captured
images. Steel-surface defect detection processes allow engineers to perform cause analysis
and defect control. However, visual inspection relies heavily on the experience and abilities
of individual engineers. Additionally, this process is usually performed manually in the
industry, making it unreliable and time-consuming. Therefore, automated visual inspection
(AVI) targeting the surface quality has emerged as a standard configuration for steel
manufacturing mills to improve product quality and promote production efficiency [10].
AVI, which performs classification through image-based algorithms, is not only widely
applied to the steel manufacturing process but also to glass, fiber, and semiconductor
production processes [11].

Steel Making | Iron Making -

oy

~ Inspection Review Detection

Figure 2. Steel manufacturing process and defect detection steps [6].

Although a convolutional neural network (CNN)-based AVI model exhibits excellent
classification performance for numerous defect types, it has two practical problems in the
steel manufacturing process. First, the frequency of defect data occurrence is extremely
low, and very little data can be used for the development of a deep learning model [12].
In general, sufficient training data for both defect and normal classes are required to
improve the classification performance of deep learning models [13]. However, in the
actual industry, the quantity of defective data is minimal compared to that of normal
data. When performing AVI with only data collected from the industry, data imbalance
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issues can result in lower learning rates for defect types and poor performance. Therefore,
it is necessary to balance the normal and defective classes. Class imbalance refers to a
substantial proportional difference between the classes in the total dataset. When the class
distribution is unbalanced, the model is trained with a bias toward the majority class,
classifying the class with a large amount of data; however, the opposite is true for the
minority class. Furthermore, an imbalanced class distribution can lead to serious type II
errors. Therefore, preprocessing for class imbalance is essential for improving the overall
classification performance in defect detection.

Second, the steel defect data consisted of defects of various sizes. Large defects can
be easily generated using a simple generator when a generative model is used to solve
the imbalance problem. However, the generation of small-sized defects is significantly
influenced by the type of generative model used [12]. In particular, circumstances such as
the cold rolling process, where the end product is 2 m wide and the size of the defect is
approximately 0.2 mm, require a sophisticated classifier [14]. This study proposes a novel
deep learning model for synthesizing defect data in a steel manufacturing process.

In this study, we propose a latent mapping adversarial network to overcome two
practical problems in the steel manufacturing process. Our methodology was inspired
by the style-based generative adversarial network (StyleGAN), which is state-of-the-art
technology in the field of data generation [15]. The proposed method uses a mapping
network in the latent space of a generator network. As the latent space passes through the
mapping network, it becomes possible to learn the disentanglement of the training data
distribution. This is the first step in the explicit learning of real data. Mapping networks
allow the sophisticated generation of small defects. Our methodology also focuses on
learning stability. We use the Wasserstein distance as a distribution-distance metric instead
of the Jensen-Shannon (JS) divergence. Generative adversarial network (GAN) is a method
of generating data based on distribution. GAN showed excellent performance mainly
in image generation field. GAN has a vanishing gradient problem that occurs via the
instability of model training due to the biased learning of the generator and discriminator.
The Wasserstein distance solves problems such as the vanishing gradient and mode collapse
witnessed in vanilla GAN [16]. A vanishing gradient is an error that occurred during the
gradient descent in training, and mode collapse means a problem in which the same result is
always output. The advantages of using the Wasserstein distance are discussed in Section 3.

Images of the flat steel plates were used in the production process to demonstrate the
performance of the proposed method. The data generation aspect of the proposed method
was first evaluated using a quantitative evaluation metric, the Fréchet inception distance
(FID), and visual results. In addition, a second evaluation was performed on classification
performance using a simple CNN structure [17]. Finally, to reduce the computational cost,
we determined the optimal sizes of the latent space and mapping network for the data used
in the experiment.

The contribution of this research is as follows:

1.  To propose a novel technique in steel manufacturing for the data imbalance problem;
. To generate effective training data to detect detailed defects;
3. To achieve the highest efficiency at the optimal time, setting the optimal potential
space and mapping network;
4. To verify the generative model of the defect data using quantitative evaluation metrics,
visual results, and classification results.

The remainder of this paper is organized as follows. In Section 2, we introduce
previous studies on AVI. In addition, we examined the background of our research and
reviewed the previous studies. The proposed methodology is described in Section 3. In
Section 4, the performance of the steel surface defect dataset was evaluated using the
proposed method. Finally, conclusions based on the experimental results and directions for
future research are presented in Section 5.
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2. Related Work

In the Introduction, two problems that need to be solved in this study are discussed.
This section addresses related work on the class imbalance problem. In particular, previous
studies conducted on steel manufacturing are explored. Figure 3 shows the data imbalance
of the Severstal dataset in a visual context [18]. The defect data consisted of 53.04% (5680 EA)
of the total data, and the proportions of each class were as follows:12.64% (718 EA) for
class 1: crazing, 3.48% (198 EA) for class 2: rolled-in scale, 72.59% (4123 EA) for class 3:
pitted surface and scratch, and 11.29% (641 EA) for class 4: inclusion. In this study, the
Severstal dataset was sampled and used to create a class imbalance problem. Sampling was
performed only in the areas where the defect was present. Section 4 describes the sampling
method used in this study.

46.96% ~ Class 1
\ 1 ’ -53.04% ‘ No Defect [ ‘ Class 2
~ . O I: Defect Class 3

Class 4

,-3.48%
[] 72.59%
-

12.64%-~ -
11.29%

Imbalance
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Figure 3. Imbalance ratio of steel defect images in the Severstal dataset.

The numerous solutions proposed to solve class imbalance problems in AVI can be
divided into two methods: correcting the model itself and directly processing data [19].
In the former, the data instances of different classes are treated differently in a manner
similar to active learning or kernel-based methods. In the latter, the direct processing of
data utilizes methods such as sampling or data generation to directly control the number
of instances.

Sampling is a method used to correct the bias between classes in data with an over-
whelmingly small proportion of abnormal data compared with normal data. Representative
methods for dealing with class imbalance include oversampling and undersampling. Over-
sampling is a method for creating new data of the minority class to even the class ratio,
whereas undersampling is a method for removing existing data of the majority class to
match the ratio. Because undersampling reduces the amount of sample data from the ma-
jority class, it has the advantage of reducing the model training time. However, it can also
distort data features by removing crucial information. Regarding oversampling, the risk of
data distortion is relatively small because it creates new data while preserving original data.
The oversampling methods mainly used for AVI include random oversampling, synthetic
minority oversampling technique (SMOTE) [20], and adaptive synthetic sampling approach
(ADASYN) [21]. Random oversampling increases the amount of minority class data by
randomly selecting and replicating a sample from a minority class. SMOTE synthesizes
data by selecting random data belonging to a minority class and randomly selecting the
closest top k number of data. ADASYN is a method of adaptively synthesizing k data from
marginal minority data according to the number of majority classes after calculating the
ratio of the data of a majority class. However, this oversampling method for image data
generates low-resolution images.

To simplify this problem, we use a technique to handle the raw image. This method is
called data augmentation and has been commonly used as a model regularization technique
in recent studies [22]. Some common augmentation methods include flipping an image
vertically or horizontally, shifting the image vertically or horizontally, and slightly rotating
or zooming it. This method helps the training model be robust to small changes in the
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image. However, simple geometric transformations do not significantly change the image
characteristics, making it impossible to identify additional features.

Among data generation methods, GAN is an algorithm of great interest [23]. The
GAN generates data based on the distribution and exhibits excellent performance in image
generation. Various GANs have been studied previously. A deep convolutional GAN
(DCGAN) was used for ball-bearing failure detection [24]. In addition, a wafer defect
image was adaptively generated using conditional GAN (CGAN) [25]. The progressive
growing GAN (PGGAN) increased the model training speed by gradually increasing
the generator and discriminator and producing a high-quality image [26]. In addition,
to address shortcomings such as the vanishing gradient or mode collapse of a GAN,
Wasserstein GAN (WGAN) was proposed [27].

Liu et al. [28] proposed a GAN-based one-class classification method for detecting
strip steel surface defects. Their model achieved 94% good test results on images provided
by the Handan Iron and Steel Plant. Lai et al. [29] proposed a new detection method using
a GAN and statistical-based representation learning mechanism. This method achieved an
accuracy of 93.75% on the solar panel dataset. Akhyar et al. [30] proposed a method for
generating more detailed contours in the original steel image. The method achieves better
performance and effectiveness in terms of processing time compared to the original method.

The AVl is critical for effective and efficient maintenance, repair, and operation in
advanced manufacturing. However, AVI is often constrained by the lack of defect sam-
ples [31]. This study compares and applies existing GAN-based generation models, whose
data generation performance has already been verified, and finds an optimal generation
model suitable for field data applications. The main contribution of this study is the
generation of effective training data for detecting detailed defects.

3. Latent Mapping Adversarial Network

This section describes the framework of the latent mapping adversarial network, which
is an approach for solving the imbalance problem in defect images. Figure 4 shows the
schematic of the overall structure of the proposed method. A GAN is a neural network in
which the generator and discriminator adversarially learn from each other. The generator is
trained to generate an image similar to the real image, whereas the discriminator is trained
to discriminate between real and generated images. The components of the proposed
method are as follows. (1) Generator: this improves the quality of data generation by
adopting a mapping network structure for latent space. (2) Discriminator and loss function:
using the Wasserstein distance with an applied gradient penalty, the imbalanced loss
function problem that occurs when the discriminator is backpropagated is addressed. The
mapping network for the latent space is discussed in Section 3.1, and the imbalanced loss
function is discussed in Section 3.2.
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Figure 4. Latent mapping adversarial network framework for defect synthesis [6].
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3.1. Mapping Network for Latent Space

Defects on the steel surface significantly affect the quality of the final steel product.
Therefore, it is crucial to correctly detect defects to ensure the quality of the final product
and to prevent the delivery of defective products to customers. However, because of an
imbalance in the steel surface defect data, an increase in the misclassification of such data
leads to a deterioration of the classification performance. Therefore, an oversampling
method is required to generate the defect data.

In this study, a mapping network structure was used for the latent space to improve
the quality of generated data. The latent space of a well-trained GAN model contains linear
subspaces that permit direct variation adjustments [15]. However, direct control of the
latent space z is impossible because z of a vanilla GAN tends to form the training data
into a single Gaussian distribution. The mapping network overcomes this problem by
preventing latent space z from entering the generator as an input value. Instead, we input
w, which passes through the mapping network, as an input value to the generator. The
latent space z cannot accurately match the feature distribution of the training data, whereas
w can because it undergoes a nonlinear transformation through the mapping network.
Therefore, the disentanglement characteristic of w, which is suitable for training data, leads
to improved data generation. In summary, in the vanilla GAN model generator structure,
the latent space is passed through a mapping network composed of fully connected layers.

This approach may seem to be simple. We used a GAN to learn the distribution of
the data. When we generate a noise vector and input it into the GAN, we can generate
random images that are similar to our training data but are not present in the training
data. However, it is difficult to create random images with the desired characteristics. The
reason for this result is that z is related to other features. One of the reasons why the axis
is entangled is that the degree of z is insufficient. The mapping network disentangles the
axes by making the z degree sufficient. Therefore, it achieves performance improvement in
terms of generative training data.

3.2. Imbalanced Loss Function

Existing oversampling methods do not use data distributions. Additionally, GAN
problems, vanishing gradient, and mode collapse have a detrimental effect on the quality
of the generated data [27]. Vanishing gradient refers to a problem that occurs when the
discriminator learns to perfect, as shown in Equation (1). If the discriminator D is perfect,
the loss function of the GAN in Equation (2) approaches zero, and the gradient is not
obtained in the learning process.

D(x)=1"x € p,, D(x) =0"x € Pg 1)

mingmaxpV (D, G) = Exp, [logD(x)] + E.,_;)[log(1 — D(G(z)))] (2)

In Equations (1) and (2), pr denotes the distribution of the real data, p; denotes the
distribution of the generated data, and p, denotes the distribution of latent space.

Mode collapse, another characteristic problem of a GAN, occurs when the generator
always outputs the same result during the learning process because the GAN uses the
JS divergence as a distance metric. In this study, 1-Wasserstein was used as the distance
metric instead of the JS divergence to deviate from the problems of gradient loss and
mode collapse. However, the 1-Wasserstein has a weight clipping problem. The gradient
penalty (GP) technique was used to solve the weight-clipping problem of 1-Wasserstein [16].
Therefore, the imbalance loss function, WGAN-GP, is expressed in Equation (3) and is
learned in the direction of minimizing this constraint.

L = Exp, [D(%)] = Eznp [D(2)] + AEgp, {(HV,gD(:?)Hz - 1)2], where £ =tx+ (1 -z with 0<t<1  (3)

In Equation (3), x denotes the actual data, and z denotes the data generated in the
latent space. The remainder of Equation (3) denotes the part for the gradient V of the
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discriminator D with £ uniformly sampled between x and z at the ratio of . When the
L2 regularization (L2 norm) of this gradient has a value other than 1, it can be optimized by
assigning a penalty equal to A. Consequently, manipulating the loss function to obtain a
meaningful value when the two distributions do not overlap in a low-dimensional manifold
can solve the loss of slope and mode collapse problems.

Therefore, procedure of the proposed method is summarized as follows. First, the
generator of the proposed method generates defect images. A mapping network is used
for more accurate generation. Next, the discriminator differentiates the generated image
from the real image. This process continues until the generator generates defect images
similar to the real images.

4. Evaluation and Comparison

All experiments were performed using the PyTorch software package [32] and scikits
learn (Sklearn) [33], Pandas library [34], together with Python3 language, running on a
desktop with Intel(R) Core(TM) i7-9700K CPU @ 3.60 GHz, 32 GB RAM with NVIDIA
GeForce RTX 3080 10 GB. For comparison, we also implemented other leading GANs
using PyTorch.

4.1. Datasets

The data used for performance verification in this study were acquired from the Sever-
stal steel manufacturing process [18]. These data were collected using a high-frequency
camera that captured images of flat sheet steel during the production process. This dataset
is typically subjected to defect location and type prediction in steel manufacturing. The
dataset contains a single class of defect-type data, multiple classes of defect-type data, and
non-defect-type data. Figure 5 shows an example of the data used in the experiment.

Figure 5. Example of cropped steel defect images (256 x 1600 to 256 x 256 ) [6].

The steel defect data comprises a schematic diagram of each class of defect data, from
tiny defects to large defects. In this study, image data of size 256 x 1600 was cropped into
a square image of size 256 x 256, tailored for utilization as an input value. Overlapping
parts were not allowed to crop the image and the last part was not used. The dataset
was sampled according to the ratios introduced in Section 2. In the cropped defect image,
sampling was performed only in the areas where the defect was present.

4.2. Experimental Design

The cropped normal image comprised 86.64% (18,884 EA) of the total data, and the
cropped defect image comprised 13.36% (2913 EA) of the total data. The proportions of
each class were as follows:13.01% (379 EA) for class 1: crazing, 2.99% (87 EA) for class
2: rolled-in scale, 72.98% (2126 EA) for class 3: pitted surface and scratch, and 11.02%
(321 EA) for class 4: inclusion. The preprocessed dataset was partitioned at a ratio of
Dataygiy : Datagest = 7 : 3. The experiment consisted of two steps. The first-stage exper-
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iment verified the generator model of the proposed method. The superior performance
of the proposed method compared with other GAN-based generator models was demon-
strated. Each GAN layer was uniformly composed of five layers, and 100-dimensions were
used for the latent space. In the experiment, the number of defect images synthesized was
the same as that of the normal image. For the optimization function, RMSProp, which is
frequently used in GAN models, is used.

The second-stage experiment determined the optimal latent space size and mapping
network. By structuring part of the proposed method with a mapping network, the pro-
posed method was able to acquire disentanglement features. The optimal size of the initial
latent space and mapping network was determined experimentally using the proposed
model. All experiments were evaluated using the quantitative evaluation metric, FID.
During data division, the seed was changed, and the average value of the ten performed
results was used as the final metric.

4.3. Performance Measurement Metric

A confusion matrix, as shown in Table 1, was used to evaluate the classification
performance of the model. Because this study detects defect data, there are two types of
errors: false positives detecting normal data as defect data and false negatives detecting
defect data as normal data. In this study, the accuracy and F-score were used as the
detection performance evaluation metrics. For each method, 10-fold cross-validation was
applied and the average of the results was used.

Table 1. Confusion matrix for defect detection.

Actual: Defect Actual: Normal
Predicted: Defect True Positive False Positive
Predicted: Normal False Negative True Negative

Manufacturing data are primarily comprised of normal data. However, in many
cases, abnormal data are more critical for defect control than normal data. This imbalance
becomes a problem as it leads to an increase in the misclassification error rate of abnormal
data, consequently degrading the overall classification performance. In this study, the
oversampling method, which randomly generates abnormal data using the GAN model,
was used to solve the imbalance of the abnormal data.

Early GANs were accompanied by problems such as instability of learning and mode
collapse, resulting in difficulties in performance evaluation [23]. To address such problems,
the development of various GAN models on top of inception scores (IS) and FID using
the inception model has made it possible to evaluate the performance of GANs [17]. The
inception model, which is widely used for transfer learning and fine-tuning, is a CNN
model that pre-trains ImageNet data. ImageNet consists of 1000 classes and 1.2 million
images. When an image is input into the model, the inception model outputs probability
vectors belonging to each of the 1000 classes. Using the generated image as an input value
to the inception model, IS can be calculated as shown in Equation (4).

Inception Score = exp (EZNPgKL(p(y|Z) | |p(y))) (4)

In Equation (4), p(y|z) is the conditional class distribution and p(y) is the marginal
class distribution. The inception score can have a value between 1 and 1000. However,
the inception score has the disadvantage of not using real data distributions. In this study,
the shortcomings of IS were overcome using the FID, which is a measure of the difference
between the two normal distributions, as shown below.

FID = d((m,C), (my — Cu)) = |m —mal + Tr(C+ Cu—2(CC0)'?) )



Electronics 2022, 11, 2763

90f13

A smaller FID indicates better quality, and (m,C) and (my, — Cy) denote the mean
and covariance of the distribution between generated and real images, respectively. The
results of the FID evaluation using steel defect images are shown in Figure 6.
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Figure 6. Example of Fréchet inception distance (FID) evaluation using steel defect images: descrip-
tion of (a) Gaussian blur; (b) salt and pepper.

Figure 6 shows the noise of (a) Gaussian blur and (b) salt and pepper added randomly
to the raw image. Depending on the noise intensity, an increase in the discrepancy between
the generated data and the raw image can be observed. As it is widely accepted that FID
captures the quality of generated data better than IS, this study adopted FID as a measure
to assess the quality of generated images.

4.4. Experimental Results
4.4.1. Performance Compared to Generative Model

The proposed method uses a mapping network structure and an imbalanced loss
function (WGAN-GP) to improve the data quality. The latent space used in previous GAN
models exhibited difficulties in avoiding entanglement owing to its tendency to follow
the probability density of the training data. However, we used a mapping network to
solve this problem and demonstrated disentanglement of the latent space. Therefore, direct
adjustment to these changes is possible.

Table 2 lists the results of comparing the proposed method with the vanilla GAN,
DCGAN, and DCGAN+WGAN-GP. The baseline is the vanilla GAN and DCGAN, in
which a deep convolutional structure is added to the baseline. DCGAN+WGAN-GP is
the loss function of the DCGAN changed to WGAN-GP. The proposed method adds a
mapping network composed of eight fully connected layers to previous methods. The
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control group was constructed as follows to evaluate briefly the effect of each method,
which also demonstrates the gradual evolution of the GAN-based model.

Table 2. Comparison average Fréchet inception distance (FID) of Generative Models [6].

Method FID
Baseline (GAN) 105.17
DCGAN 31.47
DCGAN+WGAN-GP 26.64
Proposed Method 15.81

As shown in Table 2, the proposed method exhibits excellent performance in terms
of average FID. As each method was added sequentially, it was confirmed that the FID
also improved sequentially. Figure 7 shows a visual comparison of the real image with the
generation results of each method.

Real data

DCGAN+WGAN-GP
Figure 7. Visual comparison of the results of each method.

Comparing the creation results of each method as a 5 x 5 matrix, it was difficult to
recognize a large difference when visually confirmed. As shown in Table 3, we applied the
generated data to the classification task. For this task, we used a simple fully convolutional
network (FCN) [35]. We trained the FCN algorithm on the generated samples and tested the
accuracy of the real image. The performance comparison is displayed in order of accuracy
and F-score. In the image synthesized using the generative model, both the normal and
defective images have the same ratio.

Table 3. Classification result for the results of generative models. avg. (% std.).

Method Classification Accuracy F-Score
Baseline (GAN) 0.7312 (0.0237) 0.7546 (0.0348)
DCGAN 0.8566 (0.0225) 0.8486 (0.0212)
DCGAN+WGAN-GP 0.8891 (0.0187) 0.8958 (0.0201)
Proposed Method 0.9242 (0.0161) 0.9315 (0.0139)

As listed in Table 3, the FCN algorithm for each method performed 10-fold cross-
validation. It was confirmed that the proposed method showed superior performance
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compared to the other methods in terms of the average accuracy and F-score. The proposed
method can achieve a significant performance increase of approximately 18%p compared
to the baseline model. In addition, the performance was improved by 3%p using a latent
mapping adversarial network. Therefore, the proposed method generates images in a
manner similar to an actual image.

4.4.2. Optimal Latent Space and Mapping Network Size

The proposed method improves image generation quality by adopting a mapping
network structure. Therefore, the optimization of the latent space, where random vec-
tors generate images similar to real images, is possible. In general, a sufficiently large
latent space can adequately express the characteristics of real data, leading to the use of a
100-dimensional size for the general latent space. However, the adoption of image genera-
tion in steel manufacturing requires accurate and expeditious processing. Thus, there is a
need for image generation that performs well even with a simple structure. Because the
size of a latent space directly affects the number of parameters, convergence speed, and
computation time, determining the optimal size of the latent space is a necessary task.

In this experiment, we attempted to determine the optimal size for the latent space
and mapping network. Table 4 lists the results of the experiment adjusting the mapping
network size to 0, 2, 4, and 8, and correspondingly adjusting the dimension size of the
latent space to 2, 5, 10, 50, and 100.

Table 4. Comparison average Fréchet inception distance (FID) of latent space and mapping net-

work size.
Latent Space
Mapping Network
2 5 10 50 100
Traditional 165.11 63.26 43.57 29.21 17.42
Style-based 2 62.87 31.98 11.87 9.65 7.86
Style-based 4 49.52 26.34 7.97 7.22 7.21
Style-based 8 49.19 20.12 7.46 6.94 7.16

In Table 4, ‘traditional” exhibits the result of using the latent space of the general GAN
without a mapping network, and ‘style-based’ indicates the size of the mapping network
used. The evaluation was performed using the FID, where it is known that the lower the FID,
the more similar the generated data are to the real data. Excellent performance was achieved
using a mapping network for all latent space sizes. In a common trend for all methods, the
performance tended to improve as the size increased to 10-dimensions. When the mapping
network is not used, the performance continuously improves to 100-dimensions. However,
when using a mapping network, there was only a slight increase in performance after
10-dimensions. In addition, the mapping network exhibited the best performance when
composed of eight fully connected layers. The latent space and mapping network sizes are
closely related to computation time. Therefore, to accommodate the need for accurate and
expeditious processing characteristics of the steel manufacturing process, the proposed
method consisted of 50 latent spaces and an 8-layer mapping network. Consequently, it
was confirmed that the proposed method generates high-quality images.

5. Conclusions

This study proposes a method to address the imbalance that exists in defect detection
during the steel manufacturing process. This method improves the quality of the generated
images by adopting a mapping network. Simultaneously, we achieved accurate and
expeditious processing by determining the optimal size of the latent space and the mapping
network. The quality of the generated images was evaluated using the quantitative metric
FID, visual results, and classification performance. The experimental results demonstrated
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the competitive performance of the proposed model compared to the traditional models in
terms of classification accuracy of 92.42% and F-score of 93.15%.

The method proposed in this paper applies to AVI problems in various manufacturing
processes, particularly those with inherent imbalance problems. In addition, owing to its
practicality, the proposed method is highly applicable to various fields other than AVI.
Because follow-up maintenance costs can be reduced, productivity and yield improvements
are expected. Furthermore, real time measurements of the quality of steel can be performed
using data collected from IoT sensors, enabling the development of smart factories. In
future research, we intend to derive quality evaluation metrics suitable for manufacturing
the image data.
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