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Abstract: Feature extraction plays an important role in constructing artificial intel-
ligence (AI) models of industrial control systems (ICSs). Three challenges in this
field are learning effective representation from high-dimensional features, data
heterogeneity, and data noise due to the diversity of data dimensions, formats
and noise of sensors, controllers and actuators. Hence, a novel unsupervised learn-
ing autoencoder model is proposed for ICS data in this paper. Although traditional
methods only capture the linear correlations of ICS features, our deep industrial
representation learning model (DIRL) based on a convolutional neural network
can mine high-order features, thus solving the problem of high-dimensional and
heterogeneous ICS data. In addition, an unsupervised denoising autoencoder is
introduced for noisy ICS data in DIRL. Training the denoising autoencoder allows
the model to better mitigate the sensor noise problem. In this way, the represen-
tative features learned by DIRL could help to evaluate the safety state of ICSs
more effectively. We tested our model with absolute and relative accuracy experi-
ments on two large-scale ICS datasets. Compared with other popular methods,
DIRL showed advantages in four common indicators of Al algorithms: accuracy,
precision, recall, and F1-score. This study contributes to the effective analysis of
large-scale ICS data, which promotes the stable operation of ICSs.
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1 Introduction

With the continuous development of cloud computing and industrial Internet, malicious attacks against
industrial control systems are also constantly emerging. Therefore, it is becoming more and more important
to determine in a timely manner whether an industrial control system is attacked based on the features of its
operating states [1,2]. Machine learning technology provides a feasible, efficient, effective potential solution
for in-depth analyses of the operating state data of industrial control systems. It can help system
administrators obtain the risk information of a system through the analysis of a large amount of data, so
as to take corresponding appropriate countermeasures and greatly improve system security [3,4]. In
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addition, in the practical application of industrial control systems, many complex features of the system’s
operating states collected by its administrators usually contain numerous communication network data
features extracted from industrial sensors, industrial actuators, industrial transmitters, and industrial
controllers. Therefore, the development of high-performance and high-accuracy machine learning
algorithms to analyze the operating state data of industrial control systems has become one of the hottest
research topics in the field of information security of industrial control systems.

The success of machine learning algorithms largely depends on feature selection and data representation
[5,6]. However, it is challenging to represent and model industrial control data due to their high dimension,
noise, heterogeneity, sparsity, incompleteness, random errors, and systematic deviations. In particular, it is a
very important and difficult task to achieve effective dimensionality reduction for high-dimensional
industrial control datasets in the presence of inevitable noise. The main purpose of dimensionality
reduction is to eliminate redundant data in the original datasets and represent them in a more efficient and
economical way.

At present, supervised feature selection strategies are the most popular method. In current practice, the
feature selection process of industrial control datasets mainly depends on domain experts to specify patterns
(i.e., learning tasks and learning objectives) and reasonably extract the corresponding features [7]. Several
other supervised feature selection algorithms, such as linear discriminant analysis [8], compressive
sensing [9], and the hidden Markov model [10], have been developed and obtained good application
effects in different fields. Although the above-mentioned supervised methods are suitable in certain cases,
their actual effects will largely depend on the prior information of domain knowledge and data structure,
which is not entirely available in every case, and the supervised definition scale of feature space is very
poor. Consequently, some new patterns or hidden features in the original data are always missed, which
eventually makes such supervised feature selection methods difficult to be well popularized.

To avoid the shortcomings of supervised methods, research on unsupervised feature selection methods
has attracted extensive attention. As one of the most representative conventional unsupervised methods,
principal component analysis (PCA) [11] ignores the important nonlinear relationship between features of
high-dimensional data and only makes a linear low-dimensional representation, which leads to limited
applications. Recently, deep-learning-based unsupervised feature selection methods have seen significant
development; their core idea is to attempt to overcome the limitations of the supervised feature space
definition by automatically identifying patterns and dependencies in data, so as to learn compact and
general representations, making it easier to automatically extract useful information when constructing
classifiers or other predictors [12,13]. In particular, autoencoder-based unsupervised feature selection
methods have been widely used in many fields due to their ability to display and learn compact
representations. As a type of special unsupervised neural network framework, an autoencoder consists of
two parts: 1) the encoder realizes the dimensionality reduction of high-dimensional features; 2) and the
decoder reconverts the low-dimensional representations [14]. Finally, the encoded and decoded network
parameters are trained by reconstructing the errors between input and output. However, to our knowledge,
the use of autoencoder-based feature selection techniques that enable the original data to form a low-
dimensional representation with abstract features for subsequent efficient data processing and analysis
have not been well popularized in the field of industrial control.

In practice, the multi-sensor features of industrial control data are usually strongly correlated, which is
ignored in the full connection layer of the conventional autoencoder. On the other hand, due to the strong
sensor noise in industrial control systems, autoencoders are facing a new development challenge to
further realize better low-dimensional representations and information recovery of the original data.

Based on the above discussions, in this paper, a novel industrial control data expression model
framework is presented; its specific scheme is outlined in Fig. 1. First, a convolutional neural network
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with a powerful ability for feature selection is employed to replace the full connection layer of traditional
autoencoders to further mine the correlations between data. Then, to solve the noise problem, a deep
neural network composed of denoising autoencoders is used to process the industrial control data in an
unsupervised way, and capture the stable structure and regular patterns of the data. Subsequently, these
patterns are combined to form a deep industrial control representation that does not require any
manpower or expert experience for additional feature selection tasks and can be easily applied to different
prediction applications, as well as supervised and unsupervised learning. Finally, the effectiveness and
superiority of the proposed representation method are verified based on an operating state experiment of a
large-scale SWaT water treatment industrial control system and a bearing dataset. We input the low-
dimensional features captured by the proposed novel autoencoders into the machine learning model and
demonstrate the reliability of the autoencoder model for deep industrial control safety state data. To
summarize, our major contributions are as follows:

A) We propose a novel autoencoder model for large-scale industrial control system (ICS) data. The deep
industrial feature learning model (DIFL) can better obtain higher-order features while preserving the
original data information.

B) This study contributes to the effective analysis of large-scale ICS data, which promotes the stable
operation of ICS.

C) We showcase how well our proposed model performs in the ICS based on two case studies.

The remainder of this paper is organized as follows. Section 2 elaborates upon our proposed method.
Section 3 verifies the effectiveness and superiority of the proposed method through a series of
comparative experiments. The major conclusions are made in the Section 4.
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Figure 1: A novel industrial control data expression model framework
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2 Methods

In this section, we introduce our deep feature learning framework for ICS data in three parts (Fig. 2). In
the preprocessing part, we regularized the ICS data by data standardization and data balance. In the feature
learning part, the high-dimensions ICS data were transformed into low-dimensions using our DIFL
framework efficiently. In the classification part, two normal machine learning methods were applied to
industrial control risk status assessment using our low-dimensions features.
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Figure 2: Deep feature learning framework

2.1 Preprocessing

ICS data With the development of Industry 4.0, more and more industrial data are collected through
different sensors. These features in ICS data have different dimensions and orders of magnitude, and
features have effects on the operating state of the system. In ICS datasets, there is a serious imbalance
between the amounts of normal and attacked states [15]. Therefore, data preprocessing is necessary.

2.1.1 Data Standardization

Data standardization refers to the conversion of data into dimensionless evaluation indicators, thereby
unifying the order of magnitude of the data. Data standardization can balance the impact of various
characteristics on the operating state of the system and lay the foundation for subsequent data analysis.

We use the z-score standard deviation standardization method to preprocess the data, namely
x = (x — avg)/o), where (x) is the data to be processed, (avg) is the average value of the data, and (0) is
the standardized variance.

2.1.2 Data Balance

To address the impact of data balance on the classification results, this paper adopts the Borderline
SMOTE oversampling method to delete the normal state data. This method synthesizes new samples for a
small part of the samples on the data boundary and then improves the distribution of the overall sample.

For the entire sampling process, we divide the minority samples in the data samples into three categories:
safe samples, danger samples, and noise samples (see Fig. 3. below for details).

2.2 Feature Learning

2.2.1 Autoencoder

An autoencoder is a neural network that uses a back-propagation algorithm to make the output value
equal to the input value. It first compresses the input into a latent space representation and then
reconstructs the output through this representation. The autoencoder consists of two parts:

Encoder: This part compresses the input into a latent space representation.
Decoder: This part reconstructs the input from the latent space representation.

The mapping of the autoencoder consists of two processes: encoding and decoding, where the encoding
process compresses the input high-dimensional data into low-dimensional data, and the decoding process
reverts the low-dimensional data to high-dimensional data.
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Minority samples

Majority samples

Figure 3: Classification of samples. Point B represents when more than half of the samples around the
sample are minority samples, which is a safe sample. Point C when more than half of the samples around
the sample are majority samples, which is a danger sample. Point A represents when there are no
minority samples around the sample, which is a noise sample.)

The function of the autoencoder is to perform dimensionality reduction operations, transform the
original data into low-dimensional data through the encoding process, then analyze the low-dimensional
data and convert the analysis results into high-dimensional data through the decoding process. High-
dimensional processing effects are achieved through low-dimensional processing methods.

The purpose of this network is to reconstruct its input so that its hidden layers learn a good representation
of that input. If the input is exactly equal to the output, the network is meaningless. Therefore, some
constraints need to be imposed on the autoencoder so that it can only approximately replicate the raw
data. These constraints force the model to consider which parts of the input data need to be replicated
preferentially, so it tends to learn useful properties of the data. There are generally two constraints:

1. Making the dimension of the hidden layer smaller than that of the input is called being under-
complete. The encoder reduces the dimension of the data, and the decoder restores the data
(similar to PCA). If there are fewer hidden nodes than visible nodes (input, output), due to the
forced dimensionality reduction, the autoencoder will automatically learn the features of the
training samples (the most varied and informative dimension).

2. Making the dimension of the hidden layer larger than the dimension of the input data is called being
over complete. If the number of hidden nodes is too large, the autoencoder may learn an “identity
function,” which directly copies the input as the output. Therefore, other constraints need to be
added, such as regularization and sparsity.

The structure of the autoencoder is shown in Fig. 4.

Original Encoder hide Decoder Reconstructed
Input Output

Figure 4: The structure of the autoencoder

2.2.2 Deep Industrial Feature Learning

To solve the problem that the data collected by ICS sensors often contain significant noise, this paper
uses an improved denoising autoencoder (DAE), named DIFL, to extract the features of the original data.
DIFL is based on the traditional AE, adding noise data to the input data to form a complex sample
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containing noise, and then reconstructing the characteristic data. When training, we input the noise-added
data into the input layer, and the reconstruction target of the autoencoder (AE) is still the data without
noise. Through this training method, the effective essential characteristics of the data can be obtained.
This process does not create a simple copy of the data of the traditional AE. At the same time, this
training method can solve the overfitting problem of traditional autoencoders. We build a three-layer
DIFL, which consists of an input layer (x), a hidden layer (%), and a reconstruction layer (y), as shown in
Fig. 5, where a random noise generation step is added after the input layer. For the hidden layer, we
focus on the relationship between the features of industrial control data. In the process of inputting data,
similar features often come from the same data source and have local relevance. The traditional fully
connected layer often makes our features global, which ignores the local correlation of the same data
source [16,17]. Therefore, we introduced a convolutional layer based on a traditional autoencoder and a
maximum pooling layer. By introducing sparse characteristics in the hidden layer representation, our
industrial control data compression representation has a certain generalization. Consequently, with a max-
pooling layer, there is no obvious need for L; or L, regularization over hidden units and weights.
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Figure 5: DIFL feature learning model (The name of each layer is displayed at the top). The dense layer is
the data after dimensionality reduction

For the input data sample (y = [y, »2]"), we randomly insert noise on it to obtain the damaged data
=D, »").

The common method of adding noise uses Gaussian noise. In this paper, a certain probability (g) is used
to make the value of the input layer node 0:
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{P@f(?y):l—q ()
P(y=0)=gq
To make corrupted inputs fair, undamaged values are entered with their original values:
0=1/(1-q) 2)

Next, the damaged data are processed and converted by the activation function to reach the hidden layer.
The hidden layer usually has a much smaller data volume than the input data, and this will force the
autoencoder to reduce the high-dimensional data to abstract feature data with efficient internal representation.

The input signal is (y € RP) and the signal after adding noise is )’ € RP). Inputting the latter signal to the
encoder link will get the feature output of the hidden layer:

F = f(wy +b) 3)
where (F) is the implicit internal data of the hidden layer, (f) is the encoder transposition function, (w) is the
conversion weight, and (b) is the conversion bias value.

After obtaining the internal data of the hidden layer, the output layer data use the same method to
inversely transform the implicit internal data, and the internal data (F) are decoded into output data,
Vour € RP ), which is represented as follows:

Yout = g((l)/F + C) (4)
where (y,,,) is the reconstructed data, («’) is the reconstruction weight (c) is the reconstruction offset value,
and (g) is the decoder transposition function.

After obtaining the output data, the DIFL will optimize the reconstruction error between the input data
and the output data. The parameters (w) and (') are adjusted to minimize the reconstruction error measured
by the loss metric L(y, v,,) on the given training set. In our work, we use the mean square error as the loss
metric to train the parameters of the DIFL. The loss function is defined as follows:

m

Ly, y) =— Z ilogd; + (1 —y;) log(1 — 3,)] &)
i=1
The equation to minimize the reconstruction error is defined as follows:
. 1 P / / 2
min, v Lprr = P llg(o(fo' 4+ b) +¢) = Y|}, (6)
P=1

2.3 Classification

This section introduces the classifier used for our deep learning features.

2.3.1 Logistic Regression Classification

Logistic regression classification (LRC) is a linear regression analysis that is currently widely used in
medical diagnosis, financial situations, and other fields [18]. The method is simple and intuitive, so it can
be easily applied to industrial problems; however, it has poor regression performance for high-dimensional
data. Also, there is a problem of underfitting, and accuracy is greatly affected by the quality of the data.

2.3.2 Decision Tree Model

A decision tree model (DT) is a tree structure used in classification and regression. A DT is composed of
nodes and directed edges. Generally, a DT contains a root node, several internal nodes, and several leaf



2710 TASC, 2023, vol.36, no.3

nodes. The decision-making process of the DT needs to start from its root node. The data to be tested are
compared with the characteristic nodes in the DT, and the next comparison branch is selected according
to the comparison result until the leaf node is the final decision result. In this paper, we choose
information entropy as our classification criterion because it is the most widely used.

3 Experimental Verification
3.1 Description of the Dataset
A. SWaT Dataset

The dataset used in the experiment of this paper is the SWaT safety water treatment ICS operating state
dataset. The dataset contains the system operating status data contained in the SWaT water treatment process,
which includes normal data samples and samples of the system under attack. Data features include the
operating status of ICS components such as liquid level indicator transmitter status, flow indicator
transmitter status, temperature indicator transmitter status, and solenoid valve status [19]. Since 2015, the
dataset has collected a total of more than 50,000 samples, and there is a significant data imbalance
problem, which can be a good effect verification of the method proposed in this article.

B. Bearing dataset

The bearing dataset of Case Western Reserve University is used in this paper. The test stand consists of a
2-hp motor, a torque transducer/encoder, a dynamometer, and control electronics. The test bearings support
the motor shaft. Single point faults were introduced to the test bearings using electro-discharge maching with
fault diameters of 7, 14, 2, 28, and 40 mils (1 mil =0.001 inches). SKF bearings were used for the 7, 14, and
21 mils diameter faults, and NTN equivalent bearings were used for the 28 and 40 mil faults [20]. Outer
raceway faults are stationary faults; therefore, placement of the fault relative to the load zone of the
bearing has a direct impact on the vibration response of the motor/bearing system. In order to quantify
this effect, experiments were conducted for both fan and drive bearings with outer raceway faults located
at the 3, 6, and 12 o’clock positions [21].

The samples with missing values in the features were removed before data splitting. We tested the model
performance in two ways: absolute accuracy and relative accuracy experiments. The case study was carried out
on the PYTHON 3.6 platform. We trained our model on a desktop computer with an i7-8700 CPU, 16 GB of
RAM, and an Nvidia GTX1080Ti graphics card. Keras was implemented as a deep learning library for the program.

3.2 Comparison Algorithm

3.2.1 Manual Feature Selection

Manual feature selection (MFS) is a method that selects several specific important features from high-
dimensional features based on expert experience [22]. Through investigation, we introduced expert
experience to extract the 8-dimensional key features: liquid-level indicator transmitter status, flow
indicator transmitter status, temperature indicator transmitter status, composition indicator transmitter
status, electromagnetic pump status, solenoid valve status, hydraulic valve status, and PLC status. These
states cover each key step in the production process. Based on expert experience, these characteristics can
effectively assess the security status of the system.

3.2.2 Raw Feature Selection

Raw feature selection (RFS) is a method where we directly use the original high-dimensional feature
dataset as the feature set [23]. For industrial control datasets, the original measured values are irregular.
We interpolate the measured values to generate a structured original dataset. Therefore, RFS includes 51-
dimensional features.
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3.2.3 Principal Component Analysis

PCA is one of the commonly used methods to extract low-dimensional features from high-dimensional
data. The main idea of the PCA method is to map n-dimensional features to k dimensions to form new
orthogonal features [24]. The essence of this method is a k-dimensional feature reconstructed on the basis
of the original n-dimensional feature. The goal of PCA is to sequentially find a set of mutually
orthogonal coordinate axes from the original space. The choice of new coordinate axes is closely related
to the data itself. The number of principal components is usually less than or equal to the number of
original variables. In this paper, we apply PCA to the dataset after data processing to generate a feature
set based on eight principal component dimensions as a comparison method.

3.2.4 Deep Industrial Feature Learning

DIFL was applied to extract features based on DAE, as introduced in the Methods section. The number
of obtained features set was determined by the number of output layers of the encoder network, which could
be arbitrary sizes. In this paper, we define a finite unit set U to represent the possible number of hidden layers
that can be added. For the industrial control data, we choose U = {2, 3,4, 5, 6, 7, 8} After some preliminary
experiments, we found that using three hidden layers can yield better results by considering the loss error and
the classification results. Therefore, we set the number of layers of the encoder network in DIFL to three.
Then, we define a finite unit Y = {36, 24, 16, 12, 8, 4, 2} to represent the number of units in the last
hidden layer of the encoder network. Finally, we set the number of hidden layer units to be eight.
Therefore, for the industrial control dataset, we obtain an encoder network with three hidden layers, and
the number of hidden layer units in the last layer of the encoder is eight. After data preprocessing, the
original data are input into the DIFL framework, and the generated feature set is eight for each sample.

At the same time, we designed a fully connected DAE, which contains three coding layers and three
decoding layers. The activation function of each layer is defined as rectified linear unit (RELU), and the
number of overall network layer units is {51, 36, 16, 8, 16, 36, 51}.

3.3 Simulation Experiment Verification

3.3.1 Absolute Accuracy Experiment

The original data were passed through the data preprocessing part, the feature learning part, and the
classification part of the framework in succession. To test the absolute accuracy of the feature extraction
method in this paper, a convolutional neural network is used as the classification algorithm, and the data
after feature extraction are classified after 50 iterations. The results given in this section are average
values obtained after multiple experiments with different training and test sets.

Three indicators are used to evaluate the results, namely accuracy and loss. Loss is used to evaluate the
degree to which the predicted value of the model is different from the actual value. When training the model
with deep learning, it calculates the loss function and updates the model parameters, thereby reducing the
optimization error until the loss function value decreases to the target value.

It can be seen in Fig. 6 that the DIFL feature extraction algorithm has good accuracy and fast
convergence. The specific values are shown in Table 1. It can be seen that the algorithm provided in this
paper guarantees the accuracy, and the degree to which the predicted value of the model is different from
the actual value is small.

3.3.2 Relative Accuracy Experiment
The dataset used in this paper came from the SWaT safe water treatment experimental platform, which
has been running since 2015 and is a relatively modern ICS for water treatment.
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Figure 6: Performance of various feature extraction algorithms (Left: Accuracy, Right: Loss)

Table 1: The performance of DIRL

Times Accuracy Loss
First 0.998 0.0228
Second 0.999 0.0225

The staff of the SWaT secure water treatment platform carried out a series of attack behaviors on some
transmitters, solenoid valves, and pumps by means of protocol security vulnerabilities; they tampered with
their values and realized ICS attack operations. The dataset in this paper was collected under the normal
operation of the system and also under data-tampering attack by using the above-mentioned
vulnerabilities. The collected data includes the data of the sensors and actuators in the industrial process,
as well as the communication network data during the operation of the ICS [25].

In Tables 2 and 3, we compare the performance of classification algorithms using the feature sets
determined by the various feature selection methods described in the previous section. Fig. 7 shows the
whole workflow of the feature selection experiment.

Table 2: Performance of logistic regression classification (LRC) classification algorithms

Feature-set Accuracy Precision Recall F1-score
RFS-LRC 0.67 0.60 0.72 0.57
MEFS-LRC 0.71 0.62 0.75 0.61
PCA-LRC 0.68 0.61 0.73 0.58
AE-LRC 0.68 0.61 0.74 0.59
DIRL-LRC 0.82 0.68 0.82 0.71

The original data were passed through the data preprocessing part, the feature learning part, and the
classification part of the framework in succession. There are different sub-blocks in each part, which
represent the feature learning and classification methods considered in this paper. Later in the paper, we
name the results according to the sub-blocks that each experimental use case passes through. In this
paper, to ensure that the test set information is not leaked, the original datasets are divided into 75% go
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for training and 25% for testing [26], which can make the experimental results more accurate. Only the
training set is balanced by data preprocessing. The results given in this section are average values
obtained through multiple experiments with different training and test sets.

Table 3: Performance of decision tree (DT) classification algorithms

Feature-set Accuracy Precision Recall F1-score
RFS-DT 0.82 0.77 0.80 0.70
MFS-DT 0.76 0.65 0.80 0.66
PCA-DT 0.75 0.66 0.84 0.67
AE1-DT 0.85 0.71 0.86 0.75
DIRL(AE2)-DT  0.88 0.75 0.91 0.79
MFS S&8&B - MFS—————»f
Data [
standardization i - i S3&B - RFS
SWaT - ® | |
ICS Data | PCA : S&&B - PCA—— |
(SD) | |
Balance i AE 3 S&&B - AE: LRC
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Raw Data Data Preprocessing Feature Learning  Data Representastions Classification

Figure 7: Workflow of the feature selection experiment

We mainly use 4 indicators to evaluate the classification results: classification accuracy, precision, recall,

and F1-score.

Accuracy, precision, and recall reflect the basic performance of the model, and F1-score is the harmonic
mean of precision and recall. The best value of Fl-score is 1, and the worst value is 0.

Tp + Ty
Accuracy = ,
T,+Ty+Fp+Fyn
. T,
precision = ,
Tp + Fp
Tp
recall = ————
Tp + Fy

precision; X recall;

Fy — score = 220)-

1 . .
precision; + recall;’

(M

@®)

©)

(10)

where (7p) is the number of true positives, (Fp) is the number of false positives, (7y) is the number of true
negatives, and (Fy) is the number of false negatives.
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Accuracy is the most intuitive indicator to measure the performance of binary classifiers because it
represents the probability that the classification result is correct. For an unbalanced dataset, the
relationship between the true positive rate and the false positive rate is very important. Therefore, the area
under the curve (AUC) of the receiver operating characteristic (ROC) curve should be taken seriously,
which is usually used to measure the performance of a classifier constructed from an imbalanced dataset.
The higher the AUC of the ROC, the better the classifier performance. The F1 score calculates the
average of precision and recall, which is another commonly used indicator to measure the performance of
binary classifiers.

Tables 2 and 3 show the classification results using various feature sets and classifiers. Figs. 8 and 9
show the ROC curve and the AUC of each classifier. Table 1 summarizes the results of using logistic
regression. We observe that the features extracted by DIRL have the highest classification accuracy.
Specifically, the experimental case DIRL-LGC can classify the status of industrial control with 88%
accuracy, which is 14% better than that of MFS. The feature learning methods based on deep learning
such as AE and DIRL are significantly better than the other feature extraction methods in terms of ROC
curve. In addition, it can be seen that the performance of DIRL is generally better than that of AE. This
shows that DIRL can better mine the correlation between features for compressed expression by
introducing network designs such as a convolutional neural network (CNN) layer and pooling layer.
Similar results can be seen from the comparison of AUC-ROC in Fig. 9 and F1 scores in Table 1. The
classification results using the DT classifier are shown in Table 2. Similarly, DIRL-DT achieved the best
results in all performance indicators. Through the DT classifier, DIRL can achieve the highest
classification accuracy—higher than that of all other experimental cases. An interesting observation is that
RFS performs better than PCA and AE with DT classifiers. However, its AUC and ROC was not better
than the others. This result reflected the unbalanced nature of the datasets. In unbalanced datasets, we
should take AUC-ROC as the most important indicator.
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Figure 8: Performance of various feature extraction algorithms classified using the DT method
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Figure 9: Performance of various feature extraction algorithms classified using the LRC method

4 Conclusion

In this paper, we propose a novel data representation learning model for industrial control systems based
on the autoencoder technique. From the experiment results, the DIRL model performed better than other
representation learning methods in both absolute accuracy and relative accuracy experiments. The DIRL
model can provide a good support for administrators’ decision-making in modern industrial control
systems. The advantages of the method proposed in this paper are as follows: (1) the autoencoder
network based on CNN can mine the compressed expression of feature samples in the industrial control
environment and effectively reduce the dimension of high-dimensional industrial control data; (2) the
features obtained from model learning are well suited for state classification of industrial control systems.

This study provides an important contribution to the safety analysis of modern industrial control
systems, and the method can be extended to other industrial control data processing tasks. Our future
work will focus on providing automatic solutions for ICS management based on our results to maximize
information security.
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