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Abstract: Semi-supervised learning can be used to solve the problem of insufficient labeled samples
in the process industry. However, in an actual scenario, traditional semi-supervised learning methods
usually do not achieve satisfactory performance when the small number of labeled samples is
subjective and inaccurate and some do not consider how to develop a strategy to expand the training
set. In this paper, a new algorithm is proposed to alleviate the above two problems, and consequently,
the information contained in unlabeled samples can be fully mined. First, the multivariate adaptive
regression splines (MARS) and adaptive boosting (Adaboost) algorithms are adopted for co-training
to make the most of the deep connection between samples and features. In addition, the strategies,
pseudo-labeled dataset selection algorithm based on near neighbor degree (DSSA) and pseudo-labeled
sample detection algorithm based on near neighbor degree selection (SPDA) are adopted to enlarge
the dataset of labeled samples. When we select the samples from the pseudo-labeled data to join the
training set, the confidence degree and the spatial relationship with labeled samples are considered,
which are able to improve classifier accuracy. The results of tests on multiple University of California
Irvine (UCI) datasets and an actual dataset in the aluminum electrolysis industry demonstrate the
effectiveness of the proposed algorithm.

Keywords: multivariate adaptive regression splines; adaboost; semi-supervised learning; ensemble
learning; aluminum electrolysis

1. Introduction

Mechanisms and data-driven models are playing more and more important roles in the field of
engineering [1]. Traditional machine learning algorithms can only be trained by labeled datasets [2].
A lot of manpower and material resources are consumed when experts mark unlabeled samples, but
unlabeled data is easily obtained in the production equipment. In addition, in some cases, manually
labeled samples have a small number of errors, which affects the subsequent training. For traditional
supervised learning methods, the use of only a few labeled samples results in a loss of information,
because the information in unlabeled samples cannot be completely extracted [3-5], and the accuracy of
the trained classifiers is not ideal. The semi-supervised learning method directly affects the effectiveness
of machine learning technology for practical tasks, because this method uses only a small number
of labeled samples and makes full use of a large number of pseudo-labeled samples to improve the
performance of the classifiers. In recent years, it has gradually become a study hotspot for research on
current mainstream technology of unlabeled samples [6].

Semi-supervised learning is an important research method in data mining and machine learning
because it makes full use of limited labeled samples and select unlabeled samples to train the model.
According to different learning tasks, semi-supervised learning is mainly divided into semi-supervised
clustering methods and semi-supervised classification methods [7]. Both methods improve the learning
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performance of limited labeled samples. The current semi-supervised learning methods can be
roughly divided into the following four categories: generative model-based methods, semi-supervised
SVM methods, graph-based methods, and disagreement-based methods [8]. The method based on
generative models originates from the assumption that all data (whether labeled or not) are generated
by the same underlying model, such as the model by Shahshahani who assumed that the original
sample satisfies the Gaussian distribution, and then used the maximum likelihood probability to fit a
Gaussian distribution which is usually called the Gaussian mixture model (GMM) [9], but the result
of this method depended too much on the choice of model. As it turns out, the model assumptions
must be accurate, and the hypothesized generative model must match the real data distribution.
Semi-supervised support vector machine (SVM) is a generalization of the support vector machine for
semi-supervised learning [10]. The interval of the SVM on all training data (including labeled and
unlabeled data) is adjusted to the maximum by determining the hyperplane and the label assignment
for unlabeled data. Joachims proposed the TSVM (transductive SVM) method for binary classification
problems which took specific test sets into account and tried to minimize the misclassification of these
specific examples. This method has a large number of applications in terms of text classification and
achieves very good effect [11]. The graph-based method maps all labeled and unlabeled datasets
into a graph, and each sample in the datasets corresponds to a node on the graph. Sample labels are
propagated from labeled to unlabeled samples with a certain probability, and the performance of this
method also depends too much on the construction method of the data graph [12].

Learning the same dataset from multiple different perspectives, disagreement-based
semi-supervised learning focuses on the "divergence"” between multiple learners which also predicts
unlabeled samples through the trained classifiers to achieve the purpose of expanding the training set.
This type of technology is less affected by model assumptions, non-convexity of loss functions, and
issues of data size. The theoretical foundation of the learning method is relatively well established and,
it is so simple and effective that the applicable scope of this method is more extensive [7].

The co-training process is a form of semi-supervised learning based on disagreement, which
requires that the data have two fully redundant views that satisfy the conditional independence [13].
The general process of standard co-training, as a typical representative of disagreement-based
semi-supervised learning, is as follows: (1) Use labeled data to train a classifier on each view,
(2) each classifier labels unlabeled samples and selects a certain number of labels with the highest
confidence and the samples are added to the training set; (3) each classifier updates the model
with the new samples; and (4) repeats steps two and three until, for each classifier, the number of
iterations reaches the preset value or the classifier does not change [14]. Usually, it is required that
the data information is sufficient and redundant, and the conditions for finding two independent and
complementary views are too harsh. It is difficult to ensure that the two models have different views,
let alone different and complementary information. Researchers have found that complementary
classifications sub-models can be used to relax the requirement [15]. Even if the same dataset is
used, the resulting prediction distributions are different, and therefore the classifiers can be enhanced
according to the method of co-training [16].

Abdelgayed proposed a semi-supervised machine learning method based on co-training to solve fault
classification in transmission and distribution systems of microgrids [17]. Yu proposed a multi-classifier
integrated progressive semi-supervised learning method, using different classifiers obtained by random
subspace technology and expanded the training set through a progressive training set generation
process [18]. Liu used a random forest algorithm for semi-supervised learning to select pseudo-labeled
samples from unlabeled samples and considered the label confidence of the unlabeled samples and
the positional relationship with the edge of the classification surface to improve the classification
performance [19]. Zhang used regression prediction results to integrate and solve the problem encountered
in image processing of separating the foreground from the background of the image [20].

While semi-supervised learning methods have been successfully applied in a variety of scenarios,
the randomness of the selection of unlabeled samples during the training process has resulted in
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unstable and less robust results [21]. The use of ensemble learning can alleviate this problem caused
by the selection of unlabeled samples by unifying the results of different learning methods. Using
semi-supervised ensemble learning methods to obtain more stable classification results is essential for
industry [22,23]. At the same time, however, the use of semi-supervised ensemble learning methods
has the following limitations when applied in industry:

1. A large amount of data collected in the industry is mainly labeled by workers through subjective
and uncertain empirical knowledge [24]. The impact of the training result due to wrongly labeled
samples is huge when the total number of training sets is not large enough;

2. Most semi-supervised ensemble learning methods do not consider how to develop a strategy
to select useful samples and eliminate redundant samples in order to expand the training set.

In order to solve the limitations of traditional semi-supervised ensemble learning methods,
a semi-supervised neighbor ensemble learning method (SSNEL) based on the multivariate adaptive
regression splines (MARS) and adakptive boosting (Adaboost) algorithms as sub-models is proposed in
this paper. This method performs co-training based on the “complementarity” formed by the significant
difference in the weighting rules of the MARS and Adaboost algorithms during the training process. On
the one hand, the MARS algorithm pays attention to the influence of each feature on the classification
results and the relationship between the features during the training process, and ignores the role of
different samples on the ability of the classifier [25]. On the other hand, the Adaboost algorithm is
concerned with only the different roles of the samples, but ignores the differences of each feature and
the connections between the features [26]. Theoretically, using two strong subclassifiers, the co-training,
based on the MARS and Adaboost algorithms, to a certain extent, reduces the harm caused by the
wrongly labeled samples to the generalization ability of the model. In addition, it improves the robustness
and prevents "convergence" between homogeneous classifiers during continuous training [27]. After
each time using the subclassifiers to obtain the pseudo-labeled samples, in order to find the wrong
samples and the samples that do not significantly improve the generalization ability of the model, a
series of redundant sample removal algorithms based on the near neighbor degree model are established.
Therefore, the SSNEL finds the optimal pseudo-labeled samples to expand the training set and ensures
that the best classification results are obtained after retraining with the training set after the addition of
new pseudo-labeled samples. The experiment used multiple different real datasets from the University
of California Irvine machine learning knowledge base for verification. The results reflect that the SSNEL
performs better than traditional semi-supervised ensemble learning methods in most real datasets, and it
is outstanding for industrial applications of aluminum electrolytic superheat state classification.

The MARS algorithm builds models of the form:

-

f(x) =) ciBi(x) 6y

i=1

The model is the weighted sum of basis function values. Each ¢; is a constant coefficient, and
each B;(x) can be one of the following three forms: (1) a constant; (2) a hinge function which has the
form max(0, x — constant) or max(0, constant — x), the MARS algorithm automatically selects variables
and values of those variables for knots of the hinge functions; and (3) a product of two or more hinge
functions. These basis functions can model interaction between two or more variables. The MARS
algorithm builds a model in two phases, i.e., the forward and the backward pass. This two-stage
approach is the same as that used by recursive partitioning trees [28].

The Adaboost algorithm first obtains a weak classifier by learning from a training sample set.
Subsequently, in every retraining a new training sample set is formed by the misclassified samples and
supplementary samples, and thus the ability of the classification of a weak classifier is improved [29].
The classification of certain data is determined by the weight of each classifier and samples, but
the links between different attributes are not taken into account during classification. Inspired by
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redundant view conditions for co-training, theoretically, the strong complementarity between the two
algorithms can make them better in co-training.

This paper is divided into six chapters, and the main content of each chapter is summarized as
follows: Section 1 is an introduction, which describes the research background and core issues of this
method; Section 2 presents the components and design of semi-supervised neighbor ensemble learning;
Section 3 details the algorithm implementation and how to select useful pseudo-labeled samples; the
validation work is in Section 4 which includes the comparison of this method with its competitors on
the University of California Irvine (UCI) datasets; Section 5 presents the application and mechanism
verification of this method on the aluminum electrolytic industry dataset; and the conclusions and
contributions of this study are in Section 6.

2. Semi-Supervised Neighbor Ensemble Learning

Figure 1 provides an overview of the SSNEL. On the one hand, the MARS algorithm ignores
the differences of different samples; on the other hand, the Adaboost algorithm is a representative
boosting algorithm, which uses the strategy of adjusting the weights of samples according to the
classification results of the basic classifiers to obtain better classification results. However, at the
same time it does not take advantage of more information that the correlations and differences of
different attributes contain. When the number of labeled samples is small or the manual labeling has
some errors, the traditional classification results are inaccurate. From the point of view of co-training,
as is shown in Figure 2, the MARS and Adaboost algorithms, as the base classifiers, have a certain
degree of "complementarity”. Both methods are used to introduce unlabeled samples to integrate
semi-supervised training which improves the classification ability of both and improves the robustness.
That is to say, the method greatly reduces the impact of misclassified samples and mislabeled samples
on each iteration in traditional co-training. The commonly used co-training methods often use basic
classifiers such as k-nearest neighbor and decision tree, but the performance of the basic classifiers is
not good enough to deal with inaccurate labeled samples or when the size of the labeled sample set at
the industrial site is not large enough [30]. The misclassified samples that are obtained have a greater
impact on the subsequent training, and as a result the generalization ability of the final classifier is not
increased. From this perspective, the use of more powerful classification improvement methods brings
more useful information to the iterative process. Therefore, a semi-supervised ensemble learning
algorithm using the MARS and Adaboost algorithms is proposed.

Unlabeled set Labeled set

| wmars | | Adaboost |

-

| Pseudo-labeled samples generator |

|

| Pseudo-label sample screening process |

l

| New train set |

l l

| MARS | | Adaboost |

Classification result 1 Classification result 2

| Selecting scheme |

Final result

Figure 1. Overview of the semi-supervised neighbor ensemble learning method (SSNEL).
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Figure 2. The strong complementarity between the multivariate adaptive regression spline (MARS)

and Adaboost algorithms.
3. Algorithm Implementation

Algorithm 1 is an implementation step of the SSNEL. For all the data obtained, first, divide all
data samples into a labeled sample set T; containing I groups of samples and an unlabeled sample
set T, containing u groups of samples. T; = {(x1,y1), (x2,¥2), ..., (x, y1)}, xi(i € {1,...1}) indicates
labeled samples (y; denotes the label of corresponding sample x;) and T, = {x;11,X142,.-., X114},
xi(i € {{ +1,...1+ u}) isunlabeled samples. Then, use the labeled sample set to initialize the multivariate
adaptive regression spline and Adaboost classifiers. The two obtained classifiers are expressed as F;,
and F,. In the first iteration, given a subset of unlabeled sample set U = {uq, uy, ..., us}, the samples can
be predicted by F;, and F,. Next, a pseudo-labeled dataset selection algorithm based on near neighbor
degree (DSSA) is applied to pick a useful result from the results obtained by F,, and F,.

Algorithm 1. SSNEL

Require:

Input: the labeled training set Tj;

the selected unlabeled sample set U;

the number of samples of subset in every iteration s;

the classifier set contains MARS and Adaboost F = {F;,, F,}.

Ensure:

1: Initialize the current classifier F;,, and F, using T;

2:  While |T,| > s:

3: Select subset U = {uq, up, -+, us} from T;

4: Obtain two pseudo-labeled sample set according to the classification results of U with F;; and Fg;

5:  Call the pseudo-labeled dataset selection algorithm based on near neighbor degree (DSSA) in Algorithm
2 to generate a more reliable pseudo-labeled sample set U;

6:  For the pseudo-labeled sample set, call the pseudo-labeled sample detection algorithm based on near

neighbor degree (SPDA) in Algorithm 3 to find useful sample set R;
7:  Update the training set T; and unlabeled dataset T};;
8: Until the unlabeled samples is run out;

Output: Final training set including labeled samples and useful pseudo-labeled samples
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For a single classifier, the predicted labels can be denoted by Y, = {y1,y2,...,ys}, and the
pseudo-labeled sample set are denoted by T,. Retrain MARS and Adaboost classifiers with
corresponding T; U Tp, and the result predicted by the classifier is Y7, the near neighbor degree
of Yy, and Y, is expressed as follows:

Y, Y, T

=t )
Yl 1Y%

The near degree between selected subset and the labeled sample set in this iteration is also
considered as follows:

ZE (P P)te-T)

A2 = 2 2 @3)
VES 1P~ PP X, I - )
= TP
p= e @
- YL
L= == 5)
1
Po=g——— iy = 6
T C}VX,Z;TPX (i = ol ©)
1

L= —F—"—"— xi-NHyi=c 7
‘ Zi’:l Hyi = C}v;‘n o= v
where C is the number of categories in the dataset and s is the number of samples in the selected
subset L.

On the one hand, it is obvious that Al reflects the effect of introducing pseudo-labeled samples to
the training set on the classification. The larger Al is, the more reliable the result. On the other hand,
A2 reflects the near neighbor degree of pseudo-labeled samples and training set samples in the same
category. When the value of A2 is too small, it means that the distribution of the samples classified
into the same class is significantly different from the training set. However, a value that is too large
A2 means that the pseudo-labeled samples bring little improvement in classification ability and even
reduce the stability of classifiers.

Then, we obtain:

A=Al+n-A2 ®)

where 1) is a preset parameter, and in the two pseudo-labeled sample sets obtained by the MARS and
Adaboost classifiers, select the one which has a larger A. The pseudo code of DSSA is Algorithm 2.
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Algorithm 2. DSSA

Require:

Input: the labeled training set Tj;

the selected unlabeled sample subset U;

the classifier set contains MARS and Adaboost F = {F;,, F,}.

Ensure:

1:  For a single classifier, generate the classification results Y;, of set U and get a group of

pseudo-labeled samples;

Retrain MARS and Adaboost with corresponding T; U Tp,, and the results predicted by the classifiers is Y;,
Calculate the neighbor degree Al of Y, and Y,

Compare the samples in dataset U and T; to calculate the near neighbor degree A2;

Calculate the final near neighbor degree A = Al +1- A2;

In the two pseudo-labeled sample sets obtained by MARS and Adaboost, select the one which has a
larger A.

Output: A more reliable pseudo-labeled sample set.

However, not all the samples in the selected pseudo-labeled dataset are useful for classification.
Fortunately, the pseudo-labeled sample detection algorithm based on near neighbor degree (SPDA) is
a useful approach to test the validity of a sample. The selected pseudo-labeled dataset is denoted by
U = {uy,uy,...,us}, and the training sample subset in the training set corresponding to the category of
uq is K; = {ki1, kip, . . ., kix}. The outlier factor of the pseudo-labeled sample can be calculated by:

k
Ni =Y f(&(ui,Gp) &) ©
g=1
M
&(xi,x) = zl[rm(xim—xjm)z] (10)
— Zflé(”irc])
== an)
om0ty =&
AE(Ui Cq) &) = { LU, Cy) < 2

where é(xi, x ]-) is the near neighbor degree between sample x; and sample x;, and M represents the
number of attributes, 7,; represents the weight of the effect of the feature on the classification result.
For every unlabeled sample, count the number of samples whose near neighbor degree is
greater than the mean, and get the outlier factor vector N = [Ny, Ny, ..., N,]|. And the sign vector
G=1{g1,%2,...,8s} for the selected pseudo-labeled dataset U (where s is the number of samples in U).
And g; is defined as follows:
0, N;
S PR

S

N; (14)

\%
zl Z|

(13)

IA

N:

0 | =

Il
-
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The new training set T} is augmented as follows:
T;=T;UR (15)

And the unlabeled dataset is:
T,=T,-U (16)

where R means the set of retained pseudo-labeled dataset.
Finally retrain the subclassifiers with the new training set in the next iteration until all unlabeled
samples are used up.

Algorithm 3. SPDA

Require:

Input: the labeled training set Tj;

the selected unlabeled sample subset U;

the more reliable pseudo-labeled sample set selected in DSSA including U and Y.

Ensure:

1:  Divide current training set T} into ¢ groups according to the types of pseudo-tags(c is the number of
categories included in the sample set);

For each U; € U:

Calculate the near neighbor degree of U; and the training set samples in the corresponding category;
According to the result of 3, compute the outlier factor N; of U;;

Get the outlier factor vector N and sign vector G, screen out sample set R that is beneficial to the
improvement of classification ability

Output: the sample set R.

4. Algorithm Verification

4.1. Verification on Public Datasets

In order to verify the classification performance of the SSNEL, the experiment was tested on
multiple UCI datasets. To estimate the promotion of the performance of subclassifiers, error_rate is
used as evaluation indicators [31].

1
te = — z Uy # yie 17
error_rate i {% Y, } (17)

x;€T,

where T, denotes the testing set.

The k-fold cross validation, as a commonly used approach in the field of machine learning, is
adopted to get the final results of the SSNEL and other compared methods. The information of the
datasets used is shown in Table 1. The labeled samples and unlabeled samples are randomly divided
in every experience. The proportion of labeled samples in the total sample set is 25%, and the rest are
unlabeled samples. The performance of the SSNEL and its competitors on these public datasets are
demonstrated, as shown in Figure 3.
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Table 1. Information of the UCI public dataset.

Dataset Wine Glass Yeast German
Total number of samples 178 214 1484 1000

Total number of attributes 13 10 8 25

Total number of categories 2 7 2 2
0.5
0.4
0.3
0.2
0

Wine Glass Yeast German

B Co-training M M-Co-Forest m SSNEL

Figure 3. Comparison of test results on different UCI datasets.

When the rate of unlabeled data and labeled data in the UCI dataset is adjusted to 1, 2, 3, and 4 the
error rates of SSNEL and its competitors in the classification of each dataset are shown in Figures 3—6.

04r ]
@ */)’/k/*
w031 QM |
o W
5 02k -
e —%—— Adaboost

—O— MARS
011 ——+—— Co-traing | A
—%— SSNEL
0 1 2 3 4 5
Rates of unlabeled samples

Figure 4. Error rates of the compared methods (wine).

04r .
" /r—+
© 031 .
o
— 5 —HK X
2o02f 1
oo —%—— Adaboost

—O— MARS
017 —+— Co-traing | 7
—*—— SSNEL
0 1 2 3 4 5

Rates of unlabeled samples

Figure 5. Error rates of the compared methods (glass).
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Figure 6. Error rates of the compared methods (yeast).

Figures 4-7 show that the SSNEL proposed in this paper performs better than its competitors on
different datasets. The average error_rate is 0.0925 lower than that obtained by supervised learning
algorithms (MARS and Adaboost algorithms) when the rate of unlabeled samples and labeled samples
is 3. Compared with traditional co-training, the value is 0.0575 lower. The possible reason could be that
the SSNEL reflects the correlation between samples and the interaction between different attributes in
a high-dimensional dataset, and the adoption of DSSA and SPDA find the reliable pseudo-labeled
sample set and remove the redundant pseudo-labeled samples. To sum up, the SSNEL can improve
the ability of classification when it deals with multiple real-life datasets.

—¥— Adaboost
04+ —OO— MARS 1
» Co-traing
% 031k —*—— SSNEL 1
[h'd
202t .
L
01r J
0 1 2 3 4 5

Rates of unlabeled samples

Figure 7. Error rates of the compared methods (German).

4.2. Adjustment of the Parameters

Table 2 lists the default values of the influential parameters. Take the experiment on dataset
German as an example. To study a parameter, we adjust the value within a suitable range and set the
other parameters to the default value.

Table 2. Adjustment of the parameters.

Parameters Default Values Range
s 110 50, 70, 90, 110, 130, 150
0.6 0.4,05,0.6,0.7,0.8,0.9

Figure 8a,b presents the results of adjustment of parameters. As the number of subset U increases,
we find that when s = 110, the ability of classification is strongest. If s is too large, the final selected
pseudo-labeled dataset contains many redundant inaccurate samples that could reduce generalization
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ability. However, a value of s that is too small could lead to overfitting and the time to train classifiers
is longer. On the other hand, when 1 = 0.6, the ability of classification is strongest. The larger 7 means
the distribution of selected pseudo-labeled samples is more similar to the training set. When 7 is too
small, the confidence degree of the new training set is not enough to improve the classifier. But if 7 is
too large, pseudo-labeled samples do not influent the distribution of training set and even reduce the
classification ability.

0.2

go19f " 3
© 5
[h'd 14
5 5
5 0.18% i
0.17 : : : : 0.17 : : : :
50 70 90 110 130 150 04 0.5 06 07 0.8 0.9

s n
(@ (b)

Figure 8. Results of adjustment of parameters: (a) Error rates when s is adjusted; (b) Error rates when 7

is adjusted.

5. Application on Aluminum Electrolyzer Condition Dataset

The stable running state of the aluminum electrolytic cell can ensure that the aluminum electrolytic
cell has a good shape of the bore and improve the current efficiency [32]. By analyzing the relationship
between the key process indicators and the state of the electrolyzer condition, 10 process indicators are
selected in this experiment as the input of the prediction model, which are needle vibration, swing,
effect peak pressure, effect number, aluminum level, electrolyte level, number of overfeeds, number of
underfeeds, molecular ratio, and temperature [33]. The judgment results include over stability index
(H), moderate stability index (F), and low stability index (L). Experienced workers can add labels
to a small number of data samples to judge the current status. In this paper, 2000 samples from a
factory in Shandong Province are adopted to validate the applicability of the SSNEL in the field of
engineering. We performed ten classification experiments on the same dataset for each algorithm.
Because the selection process of the initial training set with labels and unlabeled samples is random,
for an algorithm, different sample selections bring some fluctuations. Table 3 shows the comparison of
the results of this method and its competitors on the aluminum electrolytic cell condition dataset. The
results contain the average error_rates and the fluctuation ranges of every algorithm in ten experiments.

Table 3. The results of the tests on the aluminum electrolytic cell condition dataset.

Algorithms Adaboost MARS Co-Training M-Co-Forest SSNEL
Error_rate 0.273 + 0.067 0.217 + 0.153 0.208 + 0.032 0.198 + 0.012 0.186 + 0.004

The comparison shows that when a supervised learning algorithm is used to deal with the problem
of lacking labeled samples, the classification effect is not satisfactory and the classification of the
error rate is greatly affected by the training set. When we use traditional semi-supervised learning
algorithms such as co-training and M-Co-Forest, it is obvious that the error rate is lower than the
supervised learning algorithm. This shows that semi-supervised learning uses unlabeled samples to
extract information. Finally, the SSNEL has the best performance and the average error rate is only
0.186, which can relieve the reliance on manual observation to identify the condition of the electrolytic
cell in the actual industry. The main reasons are as follows:
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1. The SSNEL uses integrated classifiers instead of weak classifiers (such as decision tree, k-nearest
neighbor) for semi-supervised learning. It can fully mine the information in unlabeled samples,
and also reduces the impact of a small number of wrong labels.

2. The SSNEL applies near neighbor-based pseudo-labeled samples select strategies (DSSA and
SPDA) to gradually obtain more accurate pseudo-labeled samples to improve the classifiers.

To sum up, in the absence of labeled samples, the algorithm the SSNEL proposed in this paper
has a more satisfying classification effect. On the one hand, the classification error rate is lower. On the
other hand, dealing with large uncertainties in the sample set, the SSNEL has some robustness and
classification results which are not affected significantly by random factors.

In order to further illustrate the effectiveness of the method in the industrial field, the range of
various parameters of the aluminum electrolytic cell under stable operating conditions is taken into
account, and is summarized in Table 4. The mechanism analysis of three samples determined to be
unstable by the SSNEL is shown in Table 5.

Table 4. Range of aluminum electrolytic cell parameters.

Tempoerature Molecular Ratio Aluminum Level Electrolyte Level
(@) (cm) (cm)
mean 921.305 2.4521 244.671 180.060
upper limit 929 2.54 260 240
lower limit 916 2.3 225 150

Table 5. Analysis of some unstable sample.

Tem}:}erature Molecular Ratio Aluminum Level Electrolyte Level
O (cm) (cm)
2018.6.21 935 2.56 245 200
2018.7.6 918 2.65 245 200
2018.12.12 922 2.36 265 140

From a mechanistic perspective, workers can judge the samples according to data and
experience [34]. Take the sample on 21 June 2018 as an example. On the one hand, the temperature of
the electrolyte was too high, which caused the superheat to be too high; and the molecular ratio was
too high, which inhibited the separation effect of carbon slag and the electrolyte which both reduced
current efficiency. Using mechanism data analysis can explain the reasons for the floating of the cell
condition according to the change of the data. At the same time, it validates the aluminum electrolytic
cell condition evaluation model from the point of view of mechanism. Therefore, the results of the
SSNEL could be confirmed by mechanism analysis. In addition, the SSNEL can reduce the dependence
on experience to a certain extent.

6. Conclusions

In this paper, a co-training algorithm based on the MARS and Adaboost algorithms is used to
solve the problem of classification in the field of process industry when labeled samples are scarce. To
reduce the impact of inaccurate training sample labeling on results, the differences between different
samples and the association between different attributes are considered. Compared with the traditional
co-training method, when selecting from the pseudo-labeled samples to join the training set, DSSA
and SPDA are adopted and both the confidence level and the spatial relationship with existing labeled
samples are taken into consideration. When the proposed method is applied to aluminum electrolysis,
the error_rate of classification is only 0.18. Test results on multiple UCI datasets and actual datasets
from the aluminum electrolysis industry demonstrate the effectiveness of the method. It is foreseeable
that the SSNEL could be applied on more real-life scenes such as medical diagnosis, mineral selection,
and fault detection.



Processes 2020, 8, 415 13 of 14

Author Contributions: Methodology, C.L., Y.X., and X.C.; resources, X.C.; validation, C.L.; writing—original draft,
C.L.; writing—review and editing, Y.X. and X.C. All authors read and approved the final version of the manuscript.

Funding: This research was supported by the National Natural Science Foundation of China (nos. 61751312
and 61773405), the National Science Foundation for Distinguished Young Scholars (grant 61725306), and the
Fundamental Research Funds for the Central Universities of Central South University (no. 2018zzts582).

Conflicts of Interest: The author declares no conflict of interest.

References

1.  Gui, W,; Chen, X; Yang, C.; Xie, Y. Knowledge Automation and its Industrial Application. Sci. Sin. Inf. 2016,
46,1016. [CrossRef]

2. Fu, C.; Guo, T, Liu, C.; Wang, Y.; Huang, B. Identification of the Thief Zone Using a Support Vector Machine
Method. Processes 2019, 7, 373. [CrossRef]

3. Yu, Z,; Lu, Y,; Zhang, ]J.; You, J.; Wong, H.S.; Wang, Y.; Han, G. Progressive Semisupervised Learning of
Multiple Classifiers. IEEE Trans. Cybern. 2018, 48, 689-702. [CrossRef]

4. Cai, Y.;; Zhu, X.; Sun, Z. Semi-supervised and Ensemble Learning: A Review. Comput. Sci. 2017, 44, 7-13.

5. Abdel, HM.F,; Schwenker, F. Semi-supervised Learning. Intell. Syst. Ref. Libr. 2013, 49, 215-239. [CrossRef]

6. Tu, E.; Yang, J. A Review of Semi-Supervised Learning Theories and Recent Advances. Shanghai Jiaotong
Daxue Xuebao/]. Shanghai Jiaotong Univ. 2018, 52, 1280-1291.

7. Zhou, Z. Disagreement-based Semi-supervised Learning. Acta Autom. Sin. 2013, 39, 1871-1878. [CrossRef]

8. Liu, J.; Liu, Y.; Luo, X. Semi-Supervised Learning Methods. Chin. J. Comput. 2015, 45, 1592-1617. [CrossRef]

9.  Shahshahani, B.M.; Landgrebe, D.A. The effect of unlabeled samples in reducing the small sample size
problem and mitigating the Hughes phenomenon. IEEE Trans. Geosci. Remote Sens. 1994, 32, 1087-1095.
[CrossRef]

10. Jia, X.; Tian, W,; Li, C.; Yang, X.; Luo, Z.; Wang, H. A Dynamic Active Safe Semi-Supervised Learning
Framework for Fault Identification in Labeled Expensive Chemical Processes. Processes 2020, 8, 105.
[CrossRef]

11.  Joachims, T. Transductive Inference for Text Classification using Support Vector Machines. In Proceedings of
the 16th International Conference on Machine Learning (ICML'99), Bled, Slovenia, 27-30 June 1999.

12.  Zhang, C.; Wang, F. Graph-based semi-supervised learning. Artif. Life Robot. 2009, 14, 4, 441-448. [CrossRef]

13.  Han, L. Overview of graph-based semi-supervised learning methods. Guide Sci. Educ. 2016, 10, 160-161.
[CrossRef]

14. Ling,].; Gao, J.; Chang, Y. The Research and Advances on Semi-supervised Learning. J. Shanxi Univ. 2009,
32,528-534.

15. Balcan, M.E; Blum, A.; Yang, K. Co-Training and Expansion: Towards Bridging Theory and Practice. In
Proceedings of the Advances in Neural Information Processing Systems 17 Neural Information Processing
Systems, NIPS 2004, Vancouver, BC, Canada, 13-18 December 2004; MIT Press: Cambridge, MA, USA.

16. Liu, L.; Yang, L.; Zhu, B. Sparse Feature Space Representation: A Unified Framework for Semi-Supervised
and Domain Adaptation Learning. Knowl. -Based Syst. 2018, 156, 43—61. [CrossRef]

17.  Goldman, S. Enhancing supervised learning with unlabeled data. In Proceedings of the 17th International
Conference on Machine Learning, Stanford, CA, USA, 29 June-2 July 2000.

18. Abdelgayed, T.S.; Morsi, W.G.; Sidhu, T.S. Fault Detection and Classification based on Co-Training of
Semi-Supervised Machine Learning. Ieee Trans. Ind. Electron. 2018, 65, 1595-1605, 01109/TIE20172726961.
[CrossRef]

19. Liu, Z.; Gao, Z,; Li, X. Co-training method based on margin sample addition. Chin. J. Sci. Instrum. 2018, 3,
45-53. [CrossRef]

20. Zhang, ].; Tang, Z.H.; Gui, W.H.; Chen, Q.; Liu, J.P. Interactive image segmentation with a regression based
ensemble learning paradigm. Front. Inf. Technol. Electron. Eng. 2017, 18, 1002-1020. [CrossRef]

21. Zhu, X.; Goldberg, A.B. Introduction to Semi-Supervised Learning. Synthesis Lectures on Artificial
Intelligence and Machine Learning. Morgan Claypool Publ. 2009, 3, 130. [CrossRef]

22. Ramasamy, V.; Sidharthan, R K.; Kannan, R.; Muralidharan, G. Optimal Tuning of Model Predictive Controller

Weights Using Genetic Algorithm with Interactive Decision Tree for Industrial Cement Kiln Process. Processes
2019, 7, 938. [CrossRef]


http://dx.doi.org/10.1360/N112016-00065
http://dx.doi.org/10.3390/pr7060373
http://dx.doi.org/10.1109/TCYB.2017.2651114
http://dx.doi.org/10.1007/978-3-642-36657-4_7
http://dx.doi.org/10.3724/SP.J.1004.2013.01871
http://dx.doi.org/10.11897/SP.J.1016.2015.01592
http://dx.doi.org/10.1109/36.312897
http://dx.doi.org/10.3390/pr8010105
http://dx.doi.org/10.1007/s10015-009-0719-5
http://dx.doi.org/10.3969/j.issn.1674-6813(s).2016.04.125
http://dx.doi.org/10.1016/j.knosys.2018.05.011
http://dx.doi.org/10.1109/TIE.2017.2726961
http://dx.doi.org/10.19650/j.cnki.cjsi.J1702821
http://dx.doi.org/10.1631/FITEE.1601401
http://dx.doi.org/10.2200/S00196ED1V01Y200906AIM006
http://dx.doi.org/10.3390/pr7120938

Processes 2020, 8, 415 14 of 14

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Gui, W.; Yue, W,; Xie, Y.; Zhang, H.; Yang, C. A Review of Intelligent Optimal Manufacturing for Aluminum
Reduction Productio. Acta Autom. Sinica 2018, 44, 39-52, 1016383/jaas2018c180198.

Yue, W.; Gui, W,; Chen, X.; Zeng, Z.; Xie, Y. Knowledge representation and reasoning using self-learning
interval type-2 fuzzy Petri nets and extended TOPSIS. Int. |. Mach. Learn. Cybern. 2019, 10, 3499-3520.
[CrossRef]

Lee, T.S.; Chen, LE. A two-stage hybrid credit scoring model using artificial neural networks and multivariate
adaptive regression splines. Expert Syst. Appl. 2005, 28, 743-752. [CrossRef]

Collins, M.; Schapire, R.E.; Singer, Y. Logistic Regression, AdaBoost and Bregman Distances. Mach. Learn.
2002, 48, 253-285. [CrossRef]

Chen, W. Semi-supervised Learning Study Summary. Comput. Knowl. Technol. 2011, 7, 3887-3889. [CrossRef]
Behera, A K.; Verbert, J.; Lauwers, B.; Duflou, J.R. Tool path compensation strategies for single point
incremental sheet forming using multivariate adaptive regression splines. Cad Comput. Aided Des. 2013, 45,
575-590. [CrossRef]

Chan, ].C.W.; Paelinckx, D. Evaluation of Random Forest and Adaboost tree-based ensemble classification
and spectral band selection for ecotope mapping using airborne hyperspectral imagery. Remote Sens. Environ.
2008, 112,2999-3011. [CrossRef]

Mozos, O.M,; Stachniss, C.; Burgard, W. Burgard. Supervised Learning of Places from Range Data using
AdaBoost. In Proceedings of the 2005 IEEE International Conference on Robotics and Automation (IEEE),
Barcelona, Spain, 18-22 April 2005.

Sader, S.; Husti, I.; Daréczi, M. Enhancing Failure Mode and Effects Analysis Using Auto Machine Learning:
A Case Study of the Agricultural Machinery Industry. Processes 2020, 8, 224. [CrossRef]

Ando, RK.; Zhang, T. Two-view feature generation model for semi-supervised learning. Machine
Learning. In Proceedings of the Twenty-Fourth International Conference (ICML 2007), Corvallis, OR,
USA, 20-24 June 2007.

Feng, N.; Peng, ]. Judging of the gap among our country and some leading countries from the point of View
of new aluminum electrolysis technology. Light Met. 2005, 3, 3-5.

Xiao,J.; Wang, M.; Wang, P,; Li, Y. Reviews of the Role of Bath Superheat Degree in the Aluminum Electrolvsis
Production. Ming Metall. Eng. 2008, 28, 49-52.

@ © 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/10.1007/s13042-019-00940-7
http://dx.doi.org/10.1016/j.eswa.2004.12.031
http://dx.doi.org/10.1023/A:1013912006537
http://dx.doi.org/10.3969/j.issn.1009-3044.2011.16.053
http://dx.doi.org/10.1016/j.cad.2012.10.045
http://dx.doi.org/10.1016/j.rse.2008.02.011
http://dx.doi.org/10.3390/pr8020224
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Semi-Supervised Neighbor Ensemble Learning 
	Algorithm Implementation 
	Algorithm Verification 
	Verification on Public Datasets 
	Adjustment of the Parameters 

	Application on Aluminum Electrolyzer Condition Dataset 
	Conclusions 
	References

