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a  b  s  t  r  a  c  t

Among the many factors that contribute to achieving a sustainable and efficient economy is

the  raw material of machinery and equipment of strategic sectors. Non-grain oriented (NGO)

electrical steel is used in the manufacturing of electric motors. Therefore, it is directly related

to  the electromagnetic efficiency of engines both in industry and in homes. This work aims

to  develop an intelligent 1.26% Si NGO electrical steel photomicrograph classification system

to  assist in the identification of better energy-efficient steel. The concept of Transfer Learn-

ing  was used to apply Convolutional Neural Network architectures as feature extractors.

Traditional machine learning classifiers are applied for coherent categorization of material

efficiency. From the results, it is noted that the combination of the InceptionV3 architecture

with the k-nearest neighbors classifier reached 100% accuracy and F1-Score. The average

extraction time and test time were approximately 15 and 0.920 �s, respectively. Given these

results, the literature on this application is surpassed. The best extractor-classifier combi-

nation is available in an Internet of Things (IoT) system. Therefore, a professional can freely

make use of the proposed approach to assist them in identifying low magnetic loss electrical
steel.
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example, in the characterization of cast iron [10,11] and steel
j m a t e r r e s t e c h n o l

.  Introduction

he electrical steel market is forecast to grow at a Compound
nnual Growth Rate of around 7.2% for the 2016–2026 period.
y the end of this interval, the market is expected to reach US$
3 billion [1]. Several factors contribute to this optimistic fore-
ast: government and business actions towards a sustainable
nd efficient economy, the increased popularity of electric and
ybrid cars, and the growing need for electricity. Companies
re increasingly concerned with the manufacture of quality
lectrical steel to meet these market demands.

The increase in the number of applications of electrical
teels is broad for both types: grain-oriented (GO) electrical
teels and non-grain oriented (NGO) electrical steels. Trans-
ormers use the first type of steel [2,3], whereas rotors and
ore stators of electric motors use the second type [4,5].

NGO electrical steels have magnetic properties indepen-
ent of the direction of the grains. GO electrical steels, on the
ther hand, have excellent magnetic properties only in the
irection of the cold rolling.

The global market has some requirements for the NGO
lectrical steels: low magnetic loss, high permeability and pro-
essability, proper mechanical behavior, and form guarantee.
he guarantee of these requirements is related to the proce-
ures performed on the material during manufacturing. NGO
lectrical steels can be fully processed or semi-processed. The
rst type is already produced with the ideal characteristics for

ts final application. In contrast, the second type needs heat
reatments performed by the end-user to achieve the desired

icrostructural features.
After their production, the manufacturing companies have
o guarantee the electromagnetic efficiency of these steels.
he conventional characterization modes are the study of
agnetic hysteresis curves, crystallographic texture maps, or

Fig. 1 – Three forms of characteriz
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microstructural state [6,7]. Fig. 1 shows these three forms of
characterization.

Regarding the microstructure, there is a grain size range
for electric steels that present low magnetic losses. Accord-
ing to the work of Shimanaka et al. [8], the ideal grain size
is restricted between 100 and 150 �m.  Therefore, the electro-
magnetic efficiency of NGO electric steels is directly related
to its grain size. The size is the result of the material’s man-
ufacturing process, such as heat treatment and thickness
reduction.

However, materials science practitioners have some dif-
ficulty in consistently determining the efficiency of the
electrical steel of a particular manufacturing process. Sev-
eral factors contribute to this reality: (1) several parameters
are considered during the analysis, so it is not a simple
task; (2) it is a repetitive activity; (3) various regions of
the material should be analyzed; and (4) the professional’s
experience is a relevant factor as it requires careful anal-
ysis. Thus the analysis is prone to failure due to human
error.

Annealing is a heat treatment designed to increase duc-
tility and reduce the hardness of a material. There are three
stages in the annealing process: (1) recovery stage, (2) recrys-
tallization stage, and (3) grain growth stage. Burger’s work [9]
studied the relationship between annealing treatments and
electrical steels. The author stated that the most deformed
rolled electrical steel showed a smaller grain size in the pri-
mary recrystallization.

Several pieces of research in the area of Materials Science
have evidenced the application of Computer Science meth-
ods to assist professionals and specialists in their tasks, for
ation of NGO electrical steel.

[12–16]. Therefore, companies have turned their attention
to this research to develop real-world studies and applica-
tions.
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Recent works have investigated approaches to the classifi-
cation of NGO electrical steel. Filho et al. [12] analyzed the use
of traditional image  extraction and classification techniques
applied to NGO electrical steel photomicrographs, obtaining
an accuracy of 97.44%. Ivo et al. [13] use similar techniques,
but they are applied to Crystallographic Orientation Distribu-
tion Function (CODF) images of NGO electrical steel samples,
reaching an accuracy of almost 90%.

Koo et al. [14] proposed the use of Transfer Learning
to assess brittle steel fractures automatically. Yang et al.
[16] evaluated high-temperature steel alloys by transferring
knowledge from an application at room temperature. Also,
Mulewicz et al. [15] developed an automatic method of inter-
pretation of steel microstructure, based on the concept of
Transfer Learning.

Therefore, the objective of this work is to develop an
intelligent, fast and precise method of classifying photomi-
crographs of NGO electrical steel to assist professionals in
the field of materials science in the classification of elec-
tric steel as to its magnetic losses, by using an Internet of
Things (IoT) system. The proposed approach is motivated
by the computational methods that have been successful in
techniques in the areas of materials science. As it takes a
long time, and several resources are needed to acquire a
large number of photomicrographs from NGO electrical steel,
we use the concept of Transfer Learning. We  apply convo-
lutional neural networks for feature extraction from images
and classic machine learning methods for their classifica-
tion.

The main contributions of this research are shown below:

• It applies the concept of Transfer Learning to a materials
science problem, employing adapted CNN architectures as
feature extractors.

• It investigates the performance of different machine learn-
ing methods as classifiers, using features extracted by CNN
architectures.

• It provides a simple online system so that professionals can
easily use it as an aid to the classification of electric steel.

2.  Methodology

Fig. 2 presents the methodology of this work. Initially, the
images of the NGO electrical steel are uploaded to an IoT sys-
tem (Fig. 2a). Then, the CNN performs the feature extraction
(Fig. 2b) and the traditional classifiers perform the classi-
fication (Fig. 2c). Finally, the electromagnetic efficiency of
electrical steel is predicted (Fig. 2d).

2.1.  Dataset

The samples used in this work correspond to semi-processed
NGO electrical steels with 1.28% silicon (Si). In addition to
the percentage of Si in its chemical composition, there is
0.05% carbon, 0.29% manganese, 0.025% phosphorus, 0.014%

sulfur, and 0.036% aluminum. The samples were submitted
to different treatments, in which the percentage of reduc-
tion, the temperature, and the time of treatment varied. The
microstructural state of the samples after these different
Fig. 2 – Diagram of the proposed approach.

treatments was the criterion used by the specialist to divide
the samples into three distinct classes.

The samples belonging to class 1 are those that had 50%
reduction and were annealed at 620 ◦C for 1, 10, 100, and
1000 min  and at 730 ◦C for 1, 10, 100, and 1000 min. Also
included in class 1 are samples that have been reduced by
70% and annealed at 620 ◦C for 1, 10, 100, and 1000 min  and
annealed at 730 ◦C for 1, 10, 100, and 1000 min.

The samples belonging to class 2 are those that had a reduc-
tion of 50% and annealed at 840 ◦C for 1, 10, and 100 min, and
annealed at 900 ◦C for 1 and 10 min. Samples with 70% and

annealed at 840 ◦C for 1 and 10 min  are also part of class 2.

In class 3, the samples were those that had a 50% reduction
annealed at 840 ◦C for 1000 min and annealed at 900 ◦C for 100
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Fig. 3 – Metallog

nd 1000 min. Also included in the same class are samples that
ad 70% reduction annealed at 840 ◦C for 100 and 1000 min,
nd annealed at 900 ◦C for 1, 10, 100, and 1000 min.

After heat treatment, sample preparation procedures were
erformed for microscopic analysis. Fig. 3 shows the entire
etallographic preparation process performed. This figure

lso presents the acquisition of photomicrographs.
Initially, the hot mounting in bakelite was performed, fol-

owed by the sanding with different particle sizes sandpaper,
ubsequently, the polishing with diamond paste. The last
rocedure was a chemical attack. For image  collection, an opti-
al microscope with digital image  acquisition was used.

Compared to the initial electrical steel samples, class 1
howed no microstructural modifications, unlike the samples
f classes 2 and 3. The second class presented a normal grain
rowth in its microstructure. In contrast, the microstructure of
he third class showed abnormal grain growth, which is typical
f secondary recrystallization.

Fig. 4 shows examples of photomicrographs of 1.26% Si
GO electrical steel and their respective classes. In total, the
ataset is composed of 127 images.

.2.  Convolutional  neural  networks  as  features
xtractors

onvolutional neural networks require a lot of training data
17,18]. We  work around this problem by using the Transfer
earning method.
Fig. 5 shows a generic CNN architecture. The operations
erformed on the input image  are divided into layers. The con-
olution layers perform convolutions of a set of filters with
he input matrix, resulting in different feature maps. These
ic procedures.

feature maps represent the extracted attributes and are the
inputs for the next layers [18]. The pooling layers are respon-
sible for reducing the size of the feature maps. Therefore, there
is a reduction in the computational cost needed to process the
data [19]. After all these layers, the final matrices are trans-
formed into vectors and concatenated. In a standard CNN, this
attribute vector is presented to the fully connected layers that
are responsible for the classification of the image  [20].

To convert CNN models into attribute extractors, we
remove the fully connected layers after training the CNN in
the extensive ImageNet database. Therefore, each element of
the output vector represents a feature extracted from the NGO
electric steel image.  Thus, a data set was built with the classes
of each sample and the extracted attributes, separating this
information by the CNN architecture used.

Different configurations of CNN architectures were trained:
Visual Geometry Group (VGG), Inception, Neural Architec-
ture Search Network (NASNet), Xception, MobileNet, Residual
Networks (ResNet), and Densely Connected Convolutional
Network (DenseNet). Table 1 shows the CNN settings used
in the project, their main characteristics, and the number of
attributes provided by their adaptations.

2.3.  Classifiers

With the attribute dataset already formed, the classifier train-
ing was performed. The classification activity consists of
receiving attributes from a sample and then predicting to

which class that sample belongs. The classification methods
used are described below.

The Bayesian classifier, Nave Bayes (NB), is a super-
vised method that uses the Bayes Theorem to perform class
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ctric
Fig. 4 – Examples of photomicrographs of NGO ele

prediction [28]. To classify a new sample by informing its
attributes, it is necessary to calculate the a priori probabil-
ity of each of the classes and the a posteriori probabilities of

each of the attributes given that class. With these values, the
a posteriori probabilities of each of the classes are calculated.
Thus, the chosen class is the one with the highest probability
al steel with 1.26% Si and their respective classes.

[28]. The work of Bangaru et al. [29] studied the use of NB to
estimate the degree of concrete hydration by microstructural
analysis.
Multilayer perceptron (MLP) is a neural network that has an
input layer, one or more  hidden layers, and an output layer.
During the training phase, the outputs are compared to the
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Fig. 5 – Schematic representation of the application of the transfer learning algorithm for the classification of NGO electrical
steels.

Table 1 – The characteristics and the number of features returned by each CNN model used in this work.

Architectures Highlights Configurations No. of features

VGG [21] Factorized Convolution: a regularization strategy to avoid
overfitting

VGG16 512

VGG19 512
Inception [22] Inception Module: a building block for reducing the amount of

extracted parameters
InceptionV3 2048

InceptionResNetV2 1536
ResNet [23] Residual Block: a building block focused on optimizing

vanishing-gradient
ResNet50 2048

NASNet [24] NASNet search space: a new architecture model built from the
dataset of interest

NASNetLarge  4032

NASNetMobile 1056
Xception [25] Depthwise separable convolution: convolution performed

independently over each channel, accompanied by a pointwise
convolution

Xception 2048

MobileNet [26] Addition of two news hyperparameters to the Xception model:
Width Multiplier and Resolution Multiplier

MobileNet 1024

DenseNet [27] Dense Block: a block that interconnects all layers DenseNet121 1024
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esired result, and the net weights are adjusted using the error
ackpropagation algorithm. Ruelas-Santoyo et al. [30] use MLP
o assist in recognition of different carbon steel microstruc-
ures through the photomicrograph histogram.

K-nearest neighbor (kNN) is a classification based on the
lasses of the nearest examples [31]. In kNN, the new sample
lass will be the most frequent class of the training samples
losest to the test sample [32]. The k samples with the shortest
istances vote according to their class. Thus, the prediction of
he test sample class will be the one that received the most
otes. The research by Karthikeyan et al. [33] relies on kNN for
he creation of an efficient steel surface defect classification
ystem.

Random Forest (RF) builds several decision trees that are
sed for classification. These trees are trained using differ-
nt random subsets of samples and attributes. In the testing
hase, each tree votes for one of the classes, and the one
ith the most votes is the predicted class. Panda et al. [34]
ropose a carbon steel heat treatment suggestion framework

ccording to the initial and desired microstructure, using the
F classifier.
DenseNet169 1664
DenseNet201 1920

Support vector machine (SVM) aims to generate a hyper-
plane as a decision surface, optimizing it to obtain the longest
minimum distances between the hyperplane and the exam-
ples of different classes [35,36]. SVM has been proposed for
low carbon steel microstructure classification [37].

The classifier hyperparameters were determined using a
random search with 10-fold cross-validation. For the MLP,  the
Levenberg–Marquardt method was used, and the number of
neurons in the hidden layer ranged from 2 to 1000. In the kNN
classifier, odd values from 1 to 9 were used for the number
of neighbors k. For the RF training, the criterion was switched
between Gini and Entropy, the minimum number of samples
required to divide an internal node varied from 2 to 6, the num-
ber of trees was fixed at 3000, and the maximum depth was
considered to be six or nonexistent. For the SVM classifier, lin-
ear, polynomial, and radial basis function (RBF) kernels were
used, with the � and C hyperparameters values of 2n, with n
assuming all integer values between −15 and 3 for �, or -5
and 15 for C. The only classifier that did not change param-

eters was the NB, which used a Gaussian probability density
function.
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Fig. 6 – The confusion matrix structure.

2.4.  Confusion  matrix  and  evaluation  metrics

NGO electrical steels electromagnetic efficiency classification
was evaluated based on the accuracy and F1-Score metrics,
and on the extraction time, training time, and test time.

Eqs. (1)–(4) refer to the calculation of the evaluation metrics
used in this work. The parameters TN, TP, FN, and FP represent,
respectively, the number of true negative, true positive, false
negative, and false positive predictions.

Acc = TP + TN

TP + TN + FP + FN
(1)

Precision = TP

TP + FN
(2)

Recall = TP

TP + FP
(3)

F1 = Precision · Recall

Precision + Recall
(4)

A confusion matrix is a tool commonly used in classifica-
tion problems. This matrix allows the visualization of classifier
errors and hits by presenting the actual classes of the samples
and the classes predicted for them. In Fig. 6, class D represents
the class to be obtained, while Ia and Ib are unwanted classes.
Thus, when a sample is predicted as class D, it is considered a
TP result if the sample is actually from class D, but is consid-
ered FP if it is from another class. A TN result occurs when a
sample from class Ia or Ib is predicted as one of these classes.
For cases where a sample is predicted as Ia or Ib but belongs
to class D, it is considered FN.

Accuracy represents the overall performance of the

method, indicating how often the classifier is correct. In this
case, it indicates how many  samples of electrical steel were
correctly classified compared to the total amount of samples.
Its calculation is presented in Eq. (1).
2 0 2 0;9(4):8580–8591

F1-Score is the harmonic mean of two other metrics: pre-
cision and recall. Precision depicts the proportion of correct
positive classifications, and Eq. (2) gives its calculation. For
example, precision checks how many  of the samples classi-
fied as the desired electrical steel actually were that type of
steel. The recall metric corresponds to the proportion of sam-
ples of the desired class that were correctly predicted, and its
value is found in Eq. (3). As an example, this metric shows how
many samples of the desired electrical steel were classified
as an unwanted type. Since the recall metric is as important
as precision, the F1-Score metric is evaluated and is given by
calculating the harmonic mean of the two, as shown in Eq. (4).

In addition to accuracy and F1-Score, the times of extrac-
tion, training, and testing are also analyzed. Extraction time
is the time that the adapted CNN takes to return the attribute
vector from the moment it receives the image.  The training
time is counted from the initialization of the classifier until
the moment it is assumed that it is ready to perform the clas-
sification. On the other hand, the test time is the period it takes
for the classifier to receive the attribute vector and predict the
class of that image.  Therefore, training time is relevant during
model building, which is when classifiers are trained. After
this step, the extraction and test times become more  critical
because the sum of the two represents the classification time,
which is the duration between receiving the photomicrograph
and returning its class.

2.5.  IoT  system  for  NGO  electrical  steel  electromagnetic
efficiency  classification

The framework Lapisco Image  Interface for Development of
Applications (LINDA) was used in all computational steps. This
platform allows users to upload a set of images and use the
Transfer Learning concept to extract attributes with CNN and
then classify images with classic machine learning methods.

This system was created to be an online collaborative net-
work for sharing knowledge of intelligent machines based on
deep learning, embedded in the context of IoT [38]. Although
the original focus is on the medical field, projects in other
areas have been carried out using this platform, such as mobile
robot localization [38] and classification of pump vibration pat-
terns [39].

Initially, the user selects on LINDA whether to perform
training or prediction. If the first option is chosen, the images
must be uploaded to the web service. Then the user selects
the desired extractors. In the end, charts and tables present
the results for each of the combinations. This way, the user
analyzes the performance of the extractors and the classifiers.
Then the best combination is chosen and made available as
the desired classification system configuration.

If the user initially chooses to perform the prediction only,
the required classification system must be informed. Thus, it
is only necessary to upload the image,  that then the prediction
API will return the class to which that sample belongs.

All extraction and training are processed in a computa-
tional cloud, with a server located at the Instituto Federal de

Educao, Cincia e Tecnologia do Cear (IFCE) in the state of Cear,
Brazil.

One of the most significant advantages that this platform
has is that it can make the generated classification model
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Fig. 7 – Confusion matrices of combinations (a) InceptionV3 with kNN, (b) MobileNet with kNN, and (c) Xception with SVM
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vailable on the web, allowing others to use it. Also, this
odel can be easily accessed on different platforms, such

s smartphones, allowing professionals to be able to classify
GO electrical steel photomicrographs through their mobile
hones.

To access these tools, the user can register for free at 1,
nforming name, email address, and link to their curriculum.
he LINDA interface is intuitive and easy to handle, allow-

ng people with little computer skills, and even no computer
ision skills, to classify the images they want.

.  Results  and  discussion

his section presents and discusses the results obtained by
ombining the feature extractors with the classifiers applied to
he electrical steel images. The extraction, training, and test-
ng steps were performed on a machine with Ubuntu 16.04,
ntel Core i5 processor with 3.7 GHz, 16 GB RAM, and GeForce
TX 2060 graphics card with 6 GB RAM.

The average and the standard deviation of accuracy and
1-Score for each of the extractor and classifier combinations
re presented in Table 2.

Table 2 shows that all machine learning methods achieved
t least 89% accuracy, combined with a specific architecture.
he kNN classifier stood out, reaching more  than 90% accuracy
nd F1-Score for all extractors used. Also, it is observed that
hree combinations achieved average accuracy greater than
8%: InceptionV3 with kNN, MobileNet with kNN, and Xcep-
ion with SVM RBF. However, the combination that excelled
as the InceptionV3 architecture with the kNN classifier,
sing k = 1. This combination pair achieved 100% on both met-
ics, which means it got all classifications right.

The confusion matrices of these three combinations can
e seen in Fig. 7. MobileNet with kNN classified some class

 samples as class 2, while Xception with SVM RBF classified
ome class 2 samples as class 3.

The extraction times of each of these three CNN architec-
ures combined with the traditional classifiers are given in

able 3. Also shown in this table are the test and training times
or the three best extractor–classifier combinations.

1 http://lapiscoapi.ifce.edu.br
Although the MobileNet and NB combination achieved
the shortest test time, 0.080 ± 0.037 �s, its accuracy was only
86.28 ± 5.54%. With the attributes extracted by this archi-
tecture, the kNN machine learning method achieved a test
time of 0.547 ± 0.020 �s and a training time of 0.711 ± 0.013 �s.
Therefore, when presenting a new image, this pair classi-
fies it in less than 3.5 �s. Still, from Table 2, it can be seen
that the combination that obtained 100% average classifi-
cation accuracy, InceptionV3 with kNN, had a test time of
only 0.920 ± 0.035 �s. The architecture used in this combina-
tion had an extraction time of 14.927 ± 1.449 ms.  Thus, a new
image presented to this combination is classified in less than
16 ms.  The Xception model with the SVM classifier in the
RBF configuration achieved 13.680 ± 1.286 �s of extraction time
with 56.445 ± 3.171 �s training time and 0.417 ± 0.027 �s test
time.

Even though the MobileNet and NB combination obtained
the shortest classification time, its accuracy was only
86.28 ± 5.54%. As can be seen from the confusion matrix in
Fig. 8, several classifications were incorrect, especially from
class 2 samples. Also, the system will generally be applied
in an environment in which correct classification is more
important than an extremely fast classification. Therefore, the
InceptionV3 and kNN combination, which achieved 100.00%
accuracy, represents the most appropriate pair for the prob-
lem, even though it has an image  classification of about
12.5 ms  slower than the MobileNet and NB combination.

All of the trained and adapted CNN configurations pre-
sented in this paper, and all the classifiers discussed are
available on LINDA. Also, the metrics used to analyze perfor-
mance are made possible by LINDA.

3.1.  Comparison  with  literature  works

Several works address the use of Digital Image  Processing, pat-
tern recognition, transfer learning, and CNN in the field of
materials science. However, these researches used these com-
putational methods in materials such as cast iron. As far as we
know, through extensive research in the literature, the only
works in the literature that perform the classification of NGO

electrical steel using the microstructure or the CODF images
are, respectively, the works of Filho et al. [12] and Ivo et al. [13].

Filho et al. [12] also used photomicrographs, applying Gray-
Level Co-occurrence Matrix (GLCM) as the extractor and kNN

http://www.lapiscoapi.ifce.edu.br


8588
 

j
 m

 a
 t

 e
 r

 r
 e

 s
 t

 e
 c

 h
 n

 o
 l

 .
 2

 0
 2

 0
;9

(4
):8580–8591

Table 2 – Accuracy and F1-Score results of the extractor and classifier combinations.

Extractor Classifier Accuracy (%) F1-Score (%) Extractor Classifier Accuracy (%) F1-Score (%)

MobileNet NB 86.281 ± 5.541 85.768 ± 5.792 Xception NB 89.223 ± 3.366 88.720 ± 3.748
MLP 95.095 ± 5.478 94.754 ± 6.087 MLP 95.138 ± 5.220 95.099 ± 5.260
kNN 99.048 ± 1.905 99.056 ± 1.888 kNN 96.090 ± 3.596 96.082 ± 3.588
RF 93.090 ± 5.047 92.737 ± 5.570 RF 95.038 ± 4.496 94.889 ± 4.660
SVM linear 98.000 ± 4.000 97.943 ± 4.114 SVM linear 96.190 ± 3.563 96.201 ± 3.549
SVM polynomial 98.000 ± 4.000 97.943 ± 4.114 SVM polynomial 37.995 ± 7.848 24.435 ± 5.016
SVM RBF 95.143 ± 4.369 95.144 ± 4.371 SVM  RBF 98.095 ± 2.333 98.082 ± 2.349

InceptionV3 NB 82.297 ± 5.455 81.738 ± 5.534 VGG19 NB 60.393 ± 4.167 50.311 ± 3.896
MLP 95.077 ± 4.410 94.819 ± 4.707 MLP 89.238 ± 6.568 88.714 ± 7.082
kNN 100.000 ± 0.000 100.000 ± 0.000 kNN 91.138 ± 1.812 91.016 ± 1.843
RF 91.115 ± 4.807 90.295 ± 5.822 RF 89.233 ± 4.609 88.275 ± 5.430
SVM linear 93.115 ± 6.682 92.324 ± 7.673 SVM linear 92.143 ± 6.778 91.751 ± 7.385
SVM polynomial 89.206 ± 5.428 88.365 ± 6.177 SVM polynomial 32.902 ± 7.261 16.708 ± 6.891
SVM RBF 95.167 ± 6.000 94.703 ± 6.584 SVM RBF 91.190 ± 6.609 90.676 ± 7.192

DenseNet121 NB 85.133 ± 8.845 83.711 ± 9.803 NASNetLarge NB 87.111 ± 5.814 87.045 ± 5.682
MLP 93.143 ± 5.065 93.003 ± 5.257 MLP 92.016 ± 2.600 91.859 ± 2.767
kNN 94.095 ± 3.769 93.860 ± 4.027 kNN 96.143 ± 3.577 96.151 ± 3.575
RF 89.085 ± 5.778 88.391 ± 6.324 RF 92.968 ± 2.731 92.795 ± 2.899
SVM linear 97.048 ± 2.412 97.031 ± 2.427 SVM linear 92.810 ± 5.615 92.727 ± 5.704
SVM polynomial 36.060 ± 13.564 21.386 ± 16.236 SVM polynomial 37.540 ± 7.229 26.291 ± 8.751
SVM RBF 95.190 ± 5.217 94.896 ± 5.758 SVM RBF 93.810 ± 6.317 93.834 ± 6.235

DenseNet169 NB 84.318 ± 8.048 80.868 ± 11.662 NASNetMobile NB 75.415 ± 7.962 73.607 ± 8.884
MLP 95.143 ± 6.101 94.952 ± 6.400 MLP 90.114 ± 7.298 89.845 ± 7.468
kNN 94.238 ± 6.993 94.121 ± 7.199 kNN 94.933 ± 3.340 94.912 ± 3.399
RF 92.238 ± 4.869 91.738 ± 5.230 RF 86.305 ± 7.216 85.298 ± 7.961
SVM linear 94.143 ± 5.613 93.952 ± 5.905 SVM linear 88.200 ± 10.441 88.245 ± 10.281
SVM polynomial 32.902 ± 7.261 16.708 ± 6.891 SVM polynomial 81.329 ± 7.163 81.205 ± 6.997
SVM RBF 95.190 ± 5.217 94.992 ± 5.566 SVM RBF 89.157 ± 3.629 88.246 ± 4.547

DenseNet201 NB 87.317 ± 4.674 86.213 ± 5.578 ResNet50 NB 75.333 ± 11.790 74.373 ± 11.857
MLP 94.190 ± 5.621 94.009 ± 5.902 MLP 89.968 ± 5.592 89.660 ± 5.758
kNN 94.238 ± 6.993 94.132 ± 7.200 kNN 91.063 ± 3.650 90.954 ± 3.751
RF 92.333 ± 4.829 92.056 ± 5.130 RF 87.905 ± 5.484 87.513 ± 5.668
SVM linear 95.143 ± 4.369 95.098 ± 4.409 SVM linear 92.810 ± 4.739 92.849 ± 4.534
SVM polynomial 28.698 ± 0.720 13.963 ± 2.850 SVM polynomial 43.460 ± 7.475 32.215 ± 6.230
SVM RBF 93.238 ± 4.916 93.126 ± 5.157 SVM RBF 92.810 ± 4.739 92.849 ± 4.534

InceptionResNetV2 NB 87.024 ± 5.293 85.356 ± 6.595 VGG16 NB 63.467 ± 3.634 53.296 ± 3.893
MLP 92.933 ± 5.390 92.325 ± 6.234 MLP 93.177 ± 5.005 93.006 ± 5.253
kNN 92.077 ± 5.090 91.965 ± 5.224 kNN 96.942 ± 4.165 96.748 ± 4.507
RF 89.933 ± 4.759 88.957 ± 5.676 RF 88.310 ± 5.695 87.434 ± 6.678
SVM linear 91.986 ± 4.131 91.554 ± 4.797 SVM linear 97.229 ± 3.659 97.223 ± 3.663
SVM polynomial 55.177 ± 11.006 42.510 ± 12.696 SVM polynomial 31.384 ± 7.381 16.598 ± 7.051
SVM RBF 90.077 ± 3.196 89.785 ± 3.730 SVM RBF 96.229 ± 3.442 96.223 ± 3.444
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Table 3 – Extraction time (ET), training time (TrT), and test time (TsT) for the three combinations of CNN architecture and
classifier that stood out in the metrics.

Model Classifier ET (�s) TrT (�s) TsT (�s)

MobileNet kNN 3.334 ± 0.276 0.711 ± 0.013 0.547 ± 0.020
InceptionV3 kNN 14.927 ± 1.449 1.185 ± 0.031 0.920 ± 0.035
Xception SVM – RBF 13.680 ± 1.286 56.445 ± 3.171 0.417 ± 0.027

Table 4 – Comparison of the results obtained between the proposed method and other approaches [12,13].

Work Acc (%) F1 (%) ET (ms) TsT (ms)

Proposed 100.00 100.00 14.92 0.00092
Filho et al. [12] 97.44 98.55 340.00 15.40
Ivo et al. [13] 89.00 80.
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Acknowledgement
ig. 8 – Confusion matrix of MobileNet-NB combination.

s the classifier. The authors achieved 97.44% accuracy and
8.55% in the F1-Score. Ivo et al. [13] analyzed another type of
mage to differentiate the classes: the CODF. The researchers
lso performed feature extraction with GLCM, but classified
mages with Polynomial SVM. This approach obtained an aver-
ge accuracy of 89.00% and an F1-Score of 80.51%.

Table 4 shows the comparison of the results achieved in
his work with the results of the only two works that aimed to
lassify NGO electrical steels. Among the three methods, the
ne suggested in this paper presents metrics with the best
esults.

In general, the method proposed in this project presented
horter times than the models suggested in the mentioned
orks. However, it cannot be said that the proposed system

s faster because the extractions, tests, and training were

erformed using machines with different configurations. Nev-
rtheless, it can be said that it is much more  accurate in
lassification.
51 230.00 0.60

4.  Conclusion

The paper proposes a new approach to the classification of
NGO electrical steel. The method was successful in classi-
fying this type of steel using its photomicrographs. For this,
we used CNN architectures based on the concept of Transfer
Learning as attribute extractors and machine learning tech-
niques as classifiers. These steps were performed through the
LINDA framework, which also enabled the availability of the
intelligent classification system for easy online access.

The best performing extractor and classifier combination
was the InceptionV3 architecture with the kNN method. This
pair showed great results, getting accuracy and F1-Score of
100.00 ± 0.00%. In addition, this combination was also quick,
as it had an extraction time of 14.927 ± 1.449 ms,  test time of
0.920 ± 0.035 �s, and training time of 1.185 ± 0.031 �s.

The proposed approach obtained higher accuracy than
state-of-the-art NGO electrical steel classification methods.
Therefore, the project is a useful tool for categorizing this type
of steel in terms of its microstructural state. Additionally, the
system is available on an online web service and can be used
for free. In this way, it can assist researchers and professionals
in the field in identifying samples with low magnetic losses,
which can then be used in the construction of more  energy-
efficient electric machines.

In future work, we intend to develop NGO electrical steel
classification methods, also using CODF images and hysteresis
curves. Also, we want to integrate these two new methods with
the one proposed in this paper, aiming at an automatic, fast,
and robust system for the classification of NGO electrical steel
regarding its level of magnetic losses.
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