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Abstract: Fingerprint classification allows a biometric identification system to reduce search space in databases and
therefore response times. In the literature, fingerprint classification has been addressed through different
approaches where deep learning techniques such as convolutional neural networks have been gaining attention.
However, the proposed approaches use extremely small data sets for large-scale real-world scenarios that
could worsen accuracy rates due to interclass and intraclass variations in fingerprints. For this reason, we
proposed a fingerprint classification approach that allows us to address this problem by considering millions
of samples. For this purpose, a classifier based on neural networks trained using online sequential extreme
learning machines was developed. Likewise, to accelerate the training of the classifier, the matrix operations
inside it was run in a graphic processing unit. In order to evaluate our proposal, the approach was tested on
three datasets with more than two million synthetic fingerprint image descriptors. The results are similar in

terms of accuracy and computational time to recent approaches but using more than 2.5 million samples.

1 INTRODUCTION

One of the most widely used biometric techniques for
identifying people today corresponds to the finger-
print. This is because it contains the necessary infor-
mation about unique characteristics of a person (Zia
etal., 2019). The fingerprint has applications in many
areas, and is mainly used in security and control sys-
tems such as entry to mass events, police control, na-
tional registration of people, assistance in companies,
etc (Galar et al., 2015a; Zabala-Blanco et al., 2020b).

In a fingerprint recognition system, to determine
a person’s identity, their fingerprint is searched in
a database until a match is found. However, this
is quite computationally expensive if the database
is large. For this reason, a fingerprint classifica-
tion is commonly performed, reducing the domain
or search space in the database. Fingerprint images
have structural characteristics based on the pattern
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of the ridges, and according to their morphological
structure they are usually classified into five classes
(known as Henry’s classification), which are the fol-
lowing: Arch, Left Loop, Right Loop, Tented Arch
and Whorl. Furthermore, these classes present a high
level of imbalance between them, like other human
biological characteristics (Peralta et al., 2018; Saeed
et al., 2018; Zabala-Blanco et al., 2020b).

Several approaches have been presented in the lit-
erature to solve this challenging fingerprint classifica-
tion problem. For instance, Rajanna et al. (2010); Cao
etal. (2013) and Luo et al. (2014) proposed classifiers
based on k nearest neighbors (kNN) and support vec-
tor machines (SVM), and assembled as hierarchical
classifiers. Furthermore, to improve the performance
of the classifiers in terms of accuracy, the authors used
feature extractors such as orientation maps, curvelet
transform along with gray level co-occurrence matri-
ces, among others. Rule-based classifiers have also
been applied by Liu (2010); Guo et al. (2014); Galar
et al. (2014) and Dorasamy et al. (2015) as deci-
sion trees (DT), and these in combination with adap-
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tive boosting (AdaBoost). Likewise, to achieve bet-
ter classification results, feature extractors based on
singular points, orientation maps and directional pat-
terns were used. On the other hand, one of the most
used techniques to classify fingerprints is SVM. Thus,
studies presented by Cao et al. (2013); Saini et al.
(2013); Galar et al. (2015b); Gupta and Gupta (2015);
Huang et al. (2015) and Alias and Radzi (2016), pre-
sented SVMs as single classifiers and in combination
with other techniques such as probabilistic neural net-
works (PNN), and also as part of a hierarchical clas-
sifier. In this case, the authors improved the perfor-
mance of the classifiers by using feature descriptors
based on orientation fields, designs based on Wavelet
transforms, singular points, minutiae extraction, and
Fourier spectrum features. Also, classifiers have been
proposed based on adaptive genetic neural networks
(AGNN) by Borra et al. (2018), on naive-bayes by
Vitello et al. (2014), and on conditional probability
by Jung and Lee (2015).

In recent years, deep learning (DL) techniques
have focused the attention of researchers for finger-
print classification. Hence, multiples convolutional
neural networks (CNN) have been proposed by Wang
et al. (2016); Michelsanti et al. (2017); Ge et al.
(2017); Shrein (2017); Peralta et al. (2018); E1 Hamdi
etal. (2018), and Zia et al. (2019), considering differ-
ent amounts of convolutional layers, or auto-encoder
(AE) layers, and even pretrained networks like VGG-
F and VGG-S. In this case, CNNs calculate feature
descriptors through internal mechanisms, and other
techniques were not required by the authors. How-
ever, CNNs require large datasets to achieve high ac-
curacy and high computational effort to train due to
their complexity. For this reason, neural networks
trained using extreme learning machines (ELM) are
an alternative to CNNs since they can achieve simi-
lar accuracy rates and their training is extremely fast
(Huang et al., 2006). Thus, ELM neural networks
have been proposed as a classifier in human recogni-
tion from images by several studies (An et al., 2015;
Li et al., 2015; Zhang et al., 2018; Deng et al., 2019;
Lu et al., 2019).Specifically, it has been used for fin-
gerprint classification by Saeed et al. (2018) in its ba-
sic form with radial activation function, considering
the extraction of features in fingerprint images using
orientation fields with histograms of oriented gradient
(HOG). Also, Zabala-Blanco et al. (2020b) proposed
classifiers based on these neural networks in their ba-
sic and weighted form to treat unbalanced classes.
These authors used different feature extractors such
as HongO8, Liu10, and Capelli02, which are the most
common extractors currently for fingerprint classifi-
cation.

Although the approaches presented in the litera-
ture have achieved high accuracy rates (even above
0.95) and training times less than 5,000 seconds
(mostly), the datasets used in them are extremely
small. Furthermore, almost all of them resort to
publicly accessible datasets such as NIST-DB4 OR
FVC2000, 2002, 2004 that do not exceed 4,000 fin-
gerprint samples. Sometimes the SFinGe software
was used to generate synthetic fingerprints, but these
do not exceed 30,000 samples either. These condi-
tions are limiting for the classification of fingerprints
in biometric systems intended for large populations
of people because the fingerprints that best represent
each class must be chosen before performing the clas-
sification. Therefore, this choice is subject to human
error even though it is carried out by experts due to
inter-class similarities and intra-class differences in
fingerprints (Zia et al., 2019; Zabala-Blanco et al.,
2020b). For this reason, in this study we propose an
approach for large fingerprint classification in reason-
able computational times for practical scenarios. For
this purpose, a classifier based on neural networks
trained using the online sequential extreme learning
machine (OS-ELM) is developed. Furthermore, train-
ing of the classifier is accelerated by running its ma-
trix operations to a graphics processing unit (GPU).
Additionally, specialized feature extractors are used
to obtain input data from synthetic fingerprint images.
To validate the proposal, this approach is applied on
three data sets with millions of fingerprint descriptors.

The rest of this document is organized as follows.
Section 2 describes the proposed approach for large
fingerprint classification using neural networks and
sequential learning. Section 3 reports and discusses
the results of computational experiments carried out
on three fingerprint descriptor datasets. Finally, the
4 section presents the main conclusions of this study
and future work.

2 PROPOSED APPROACH

The proposed approach for large fingerprint classifi-
cation is summarized in Figure 1.

Each stage of the approach is briefly described in
the following subsections.

2.1 Large Datasets Generation

Three feature descriptor datasets are generated from
synthetic fingerprint images. To generate fingerprint
images with characteristics and distribution that sim-
ulate real fingerprints, the SFinGe v4.0 software is
used. The Capelli02, Hong08 and LiulO extractors
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Figure 1: Flow of the proposed approach for fingerprint
classification.

Table 1: Distribution of fingerprint classes in each dataset.

Fingerprint class | No. of samples
Arch 660,573
Left Loop 5,947,535
Right Loop 5,599,876
Tented Arch 515,757
Whorl 4,973,608

are used to calculate the feature descriptors on the
generated syntactic fingerprint images. These extrac-
tors are used since the descriptors they generate have
a high quality and capacity to represent the most im-
portant visual characteristics of a fingerprint image
(Zabala-Blanco et al., 2020b). Each dataset has a to-
tal of 17,697,349 fingerprint descriptors, and each de-
scriptor is labeled. The classes considered are: Arch,
Left Loop, Right Loop, Tented Arch and Whorl, as
shown in the following Figure 2.

The distribution of these five classes of finger-
prints is not uniform in the three datasets, representing
the following percentages of the total samples: Arch
(3.73 %), Left Loop (33.61 %), Right Loop (31.64
%), Tented Arch (2.91 %) and Whorl (28.10 %) (as
shown in Table 1).

These datasets are used considering balanced
classes to achieve better classification performance.
This balancing is carried out through random subsam-

pling.

2.2 C(lassification Using Sequential
Learning

The extreme learning machine (ELM) neural network

is a feed-forward network with a single hidden layer
(SLFN), with its respective input and output layer.
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This neural network is classified as a network with
random weights. The training of this network consists
of randomly assigning the weights and biases of the
hidden layer, and analytically computing the weights
between the hidden layer and the output layer (Huang
et al., 2006, 2015; Cao et al., 2018).

In Huang et al. (2006), this ELM neural network
is formally defined as follows:

Given N different arbitrary samples (x;,t;), where
X; = [xilaxi2a~~~7xin]T eR"and t; = [tilatianvtim]T €
R™, the standard single hidden layer feed-forward
neural network with L neurons and activation func-
tion g(x) is mathematically modeled as:

L L
ZBigi(Xj) = ZBig(Wi*Xj+bi) =0, ]: 1,...,N
i=1

i=1

ey
where w; = [w;1, w2, ..., wm]T is the vector of weights
connecting the i-th hidden neuron and the input neu-
rons, B; = [Bi1,Bi, ..., Bim|” is the vector of weights
connecting the i-th hidden neuron and the output neu-
rons, and b; is the bias of the i-th hidden neuron.
w; x X; denotes the inner product of w; and x;. The
output neurons are chosen linear.

The standard single-layer feed-forward neural net-
work hidden with L neurons and with activation func-
tion g(x) can approximate these N samples with zero
mean error ):?:1 Hojfth = 0, that is, they exist
Bi,w; and b; such that:

L

Y Big(wixx;j+b;)=t;, j=1,..N 2)
i=1

The N equations above in (2) can be written in
compact form as:
HB=T 3

where the matrix H is:
H(wy,...,wr,b1,...,br,X1,....XN) =

g(Wl * X1 —‘rb1) g(WL * X -‘rbL)

“

g(wyxxy+bp) g(wpxxy+bp)

NxL

the vector of weights between hidden layer and output
layer:
Bl

B =1 : ) 5)
B { Lxm
and the vector of labels or targets of the N samples is:
t
T=]: 6)

T
tN Nxm
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Figure 2: Fingerprint classes.

The matrix H, is the output matrix of the hidden
layer of the neural network. The i-th column of H is
the output of the i-th hidden neuron with respect to
the inputs x1,x2, ..., Xy.

Considering that both H as T are known, the
weight vector between the hidden layer and the output
layer B, is determined by:

B=H'T ()
where H' is the Moore-Penrose inverse or also known
as the pseudoinverse of the matrix H (Greville, 1959).
This generalized inverse can be obtained by means of
the following expression.

H' = H «H) " «H (8)
In addition to equation (8) (known as orthogonal
projection), there are different algorithms that allow
calculating the generalized inverse of a matrix, among
these are algorithms based on singular value decom-
position (SVD), extended orthogonal projection (with
regularization parameter) (EOP), Cholesky factoriza-
tion, among others (Golub and Kahan, 1965; Cour-
rieu, 2008; Lu et al., 2015). Specifically, the EOP al-
gorithm performs a fast and effective calculation of
the generalized inverse, achieving a high level of pre-
cision (Lu et al., 2015). For this reason, this algorithm
is useful in training an ELM neural network. The EOP
is defined as the equation (9) below:

H' = {(%T*H%T)ITHTI’ UNZL
H' «(H«H" + &)™, otherwise
where I and C in (9), correspond to an identity matrix
and a regularization parameter respectively.

Several extensions of the basic ELM have been
developed, with features to solve different types of
problems and/or scenarios (Huang et al., 2015). One
of these extensions is the online sequential extreme
learning machine, which is described below.

2.2.1 Sequential Learning

The online sequential extreme learning machine (OS-
ELM) is a feed-forward neural network training algo-
rithm, based on the standard ELM and the recursive

least squares (RLS) algorithm. Where the main dif-
ference with the standard, is that the OS-ELM does
not need to process all the data at once, since it can
perform the training by processing smaller batches of
data and update the output weights of the hidden layer
in the neural network iteratively. In OS-ELM, the
data batches to be processed can maintain a fixed size
(equal number of samples per batch) during training,
and can even vary in size, making the training process
even more flexible (Liang et al., 2006).

The OS-ELM achieves excellent generalizability
in a feed-forward neural network, and in extremely
short times, thus preserving the fundamental proper-
ties of the standard ELM (Liang et al., 2006; Huang
etal., 2015).

Algorithm 1 describes the procedure associated
with the OS-ELM:

To strengthen the calculation of the inverse matrix
in the equation (10) (in Algorithm 1), the calculation
of a usual inverse can be replaced by a generalized or
pseudoinverse (equation 9). This allows to avoid the
distortion produced in the inverse of a matrix, due to
the proximity of the original matrix to a singularity
condition (Liang et al., 2006; Huang et al., 2015).

2.3 Performance Evaluation

To evaluate performance, a simple cross-validation
scheme is applied. In this simple cross-validation
scheme, each original dataset is divided into two sub-
sets, one to perform the training and the other to test
the trained classifier and verify its performance, with
new data. In some cases, a third subset is consid-
ered to find good values for the hyperparameters of
a classifier (Raschka, 2018). Therefore, each dataset
is finally divided in a 80:20 ratio, obtaining a sub-
set for training-validation (with 80% of the total sam-
ples) and a subset for testing (with 20% of the total
samples), as performed by Peralta et al. (2018) and
Zabala-Blanco et al. (2020b).

Classification performance is measured through
accuracy (ACC) for all the experiments associated
with the three datasets. These performance measures
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Require: Initial training data block £y = {(xi7ti)}§\/:‘)1 of a given training set
£={(x;,t;)|x; € R",t; € R™ i = 1,...}, an activation function g(x) and a number of neurons L, where

Ny > L.
1. Initialization Phase:

Step 1: Randomly assign input weights and biases w;, b;,i = 1,...,L.
Step 2: Calculate initial output matrix of hidden layer Hp, where

g(wix; +b1)
Hy =
g(wy xxy, +b1)

g(wr*x1+bp)

g(wr*xy, +br) NosL

Step 3: Estimate the initial output weights B = Po x H] * T where Py = (H] xHy)~! and

To = [tr,....tap] -
Step 4: Set k = 0.
2. Sequential Learning Phase:
Present the (k+ 1)-th batch of data

k1
LisoN;

L = {00} 2 e
i

where Nj1 1 denotes the number of samples in the batch &+ 1.
Step 1: Calculate partial output matrix of hidden layer Hy; for batch data £ ;.

g(wi *X(Th N+ +01)

g(wp * Xy oNj)+1 +by)

k
4=

Hiy = : ’
g(Wixxpery, +51) g(WLxXgsiy, +b1) N1l
T
Step 2: Set Ty, | = t():’;ZONj)+1>""tZ'jiéN/
Step 3: Calculate the output weights p*!
Pii1 =P — P HL | (T+Hyp # P HE )7 s Hy + Py (10)
BOTD = B* 4Py # HE (Tt — Heyp %)) (11)

Step 4: Setk =k+1. Go to 2.

Algorithm 1: Online Sequential Extreme Learning Machine.

are calculated using the following equation (12).

TP+TN

Acc= TP+FN+TN+FP (12)
where the values of true positive (7P), true nega-
tive (TN), false positive (FP) and false negative (FN).
Equation (12) allows calculating the classification ac-
curacy considering the number of total hits on the
number of total samples. Although these equation
(12) is defined for binary classification, the exten-
sion to multi-class classification implies only in (12)
adding the correct answers for each class over the to-
tal samples of all classes.

To maximize ACC performance in the neural net-
work trained by the OS-ELM, a estimation of optimal
hyperparameter values is performed. The hyperpa-
rameters considered are the number of hidden neurons
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(L) and C (regularization parameter). This estima-
tion consists of performing simple cross-validations
(training-validation), on a set of combinations of spe-
cific values for the two mentioned hyperparameters.
In the case of L, these values range from 500 to 5,000
neurons in steps of 500 neurons. On the other hand,
the value of the regularization parameter ranges from
10720 to 10%, in steps of 1 in the exponent. In this
way, a wide search space of 410 points is approached
for fingerprint classification problem (Zabala-Blanco
et al., 2020b). Furthermore, indicate that a smaller
portion of samples is used to estimate hyperparame-
ters of the classifier, since it is computationally ex-
pensive to use the total number of samples in this pro-
cess. For this estimation, a portion of samples will be
considered such as those used by Zabala-Blanco et al.
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Table 2: Details of the server used in the experiments.

Ttem Description

CPU | Intel® Xeon® Gold 6140

RAM 128GB

GPU Geforce GTX 1080ti
oS Debian 10 64 bit

(2020b) in base ELM neural networks. Thus, 30,000
samples are used in total: 18,000 for training, 6,000
for validation, and 6,000 for testing.

3 RESULTS

3.1 Software and Hardware

The OS-ELM algorithm was coded in C++ v11, us-
ing the CUDA v9.2, cuBLAS v9.2 and cuSOLVER
v9.2 libraries (from the NVIDIA platform) to acceler-
ate matrix operations such as multiplication and cal-
culation of inverses. It should be noted that the spe-
cific operations of the OS-ELM algorithm that were
brought to the GPU correspond to matrix multiplica-
tions, calculation of activation functions and calcula-
tion of pseudoinverse matrices. All experiments were
carried out on the server detailed in Table 2.

3.2 Experimental Results

It should be noted that in all the experiments carried
out, the weights W and biases b between the input
layer and the hidden layer of the neural network were
random values generated by a uniform distribution
in the intervals [-1 , 1] and [0,1] respectively Huang
et al. (2006). Likewise, the activation function used
in the hidden layer of the neural network corresponds
to a sigmoid function defined as: g(x) = ﬁ, given
its universal approximation capability in a SLFN us-
ing algorithms based on ELM (Zabala-Blanco et al.,
2020a).

3.2.1 Hyperparameter Estimation

It can be seen in Figures 3, 4, and 5, that there is a
concentration of high ACC within the range 1070 to
10'9 in C, where the central values in this range reach
the ACC maximums. Likewise, there is a trend to-
wards better ACC when the number of hidden neu-
rons increases, especially in quantities greater than
3,000 neurons. However, in Figure 5 there are also
good values between 1,500 and 2,500 neurons. Ac-
cording to the above, it can be established that those
hyperparameter values that maximize ACC are within
the mentioned regions.
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Figure 3: Accuracy for different hyperparameter values on
Hong08 descriptor dataset.
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Figure 4: Accuracy for different hyperparameter values on
Liu10 descriptor dataset.
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Figure 5: Accuracy for different hyperparameter values on
Capelli02 descriptor dataset.

The hyperparameter values that maximize ACC in
the neural network are presented in the following Ta-
ble 3.

The optimal hyperparameters indicated in Table 3,
were used in all experiments in Subsection 3.2.2.
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Table 3: Optimal hyperparameter and maximum ACC ob-
tained.

Hyperparameter ACC
Dataset L C Validation | Test
Hong08 | 4,500 10 0.92 0.92
Liul0 4,000 1 0.83 0.84
CapelliO2 | 2,000 100 0.74 0.74

Table 4: Classification results on large fingerprint datasets.

ACC Time (sec)
Train | Test Train Test
Hong08 0.94 | 0.94 | 4,980.95 | 79.30
Liul0 0.83 | 0.83 | 4,655.93 | 64.38
CapelliO2 | 0.75 | 0.75 | 2,638.78 | 47.14

Dataset

3.2.2 Fingerprint Large Classification

An experiment was carried out with a large amount
of data to evaluate the performance of the neural net-
work trained by OS-ELM. This experiment consists
of a training and testing on datasets with balanced fin-
gerprint. For this purpose, 2,578,785 samples were
used for each dataset, where each one is divided into
two subsets, a training subset with 80% of the total
samples (2,063,025 samples) and a test subset with
20 % of the total samples (515,760 samples). Table 4
shows the results.

Table 4 shows that regardless of the data set
used, ACCs above 0.70 are achieved. However, it
is observed that Hong08 and LiulO show superior-
ity in terms of ACC. On the other hand, when using
Capelli0O2 the computational times are reduced almost
by half compared to Hong08 and Liul0, mainly due
to the smaller size of the hidden layer in the neural
network. Although using Capelli02 requires less time
than using HongO08, with the latter it improves by al-
most 0.2 of ACC, showing superiority in fingerprint
classification.

In order to evaluate our proposal, the best results
achieved were compared with other studies in the lit-
erature. Table 5 presents some measures of interest
for comparative purposes.

It can be seen in Table 5 that our proposal is com-
petitive in terms of testing ACC. Because the differ-
ence in ACC is not greater than 0.05 compared to
other studies. Regarding training times, our proposal
shows notable superiority since it achieves a learn-
ing speed almost 21 times greater than the fastest
approach presented by Zabala-Blanco et al. (2020b).
The learning speed is given by the quotient: no. of
training samples/training time. Furthermore, it should
be noted that our proposal allows us to deal with fin-
gerprint classification for a large number of samples,
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by processing almost 60 times more samples than the
largest scenarios presented in the literature. There-
fore, this approach is a suggestive alternative for prac-
tical application, since it is suitable to be introduced
into large-scale person identification systems such as
entry to mass events, entry into countries at airports,
police control, among others.

4 CONCLUSIONS

In this study, we developed an approach to deal for
fingerprint large classification problem. For this pur-
pose, a single hidden layer feed-forward neural net-
work trained by online sequential extreme learning
machine was used. This approach was applied on
three datasets with millions of descriptors (or sam-
ples) obtained from synthetic fingerprints. To achieve
high classification accuracy, specialized fingerprint
descriptors such as Hong08, Liul0 and Capelli02
were used. Regarding the results, our approach classi-
fied fingerprints with an accuracy of 0.94 when using
Hong08 descriptors. Furthermore, to achieve this ac-
curacy performance, less than 5,000 seconds of train-
ing time were required. This result is remarkable
because a classifier based on neural networks was
trained with millions of samples. Furthermore, this
proposal shows a significant improvement in learning
speed when compared to other approaches presented
in the literature. These improvements are suggestive,
since they allow us to address large-scale fingerprint
classification when introduced into biometric systems
intended for mass identification of people, which ac-
cording to the authors’ knowledge has not been ad-
dressed.

Finally, future work remains to address the iden-
tification of fingerprints with unbalanced classes, the
use of deep features to improve performance in terms
of accuracy, and extend the approach to process
raw fingerprint images creating a fully automatic ap-
proach.
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