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ABSTRACT Latent fingerprint identification is attracting increasing interest because of its important role
in law enforcement. Although the use of various fingerprint features might be required for successful latent
fingerprint identification, methods based on minutiae are often readily applicable and commonly outperform
other methods. However, as many fingerprint feature representations exist, we sought to determine if the
selection of feature representation has an impact on the performance of automated fingerprint identification
systems. In this paper, we review the most prominent fingerprint feature representations reported in the
literature, identify trends in fingerprint feature representation, and observe that representations designed for
verification are commonly used in latent fingerprint identification. We aim to evaluate the performance of
the most popular fingerprint feature representations over a common latent fingerprint database. Therefore,
we introduce and apply a protocol that evaluates minutia descriptors for latent fingerprint identification
in terms of the identification rate plotted in the cumulative match characteristic (CMC) curve. From our
experiments, we found that all the evaluated minutia descriptors obtained identification rates lower than
10% for Rank—1 and 24% for Rank—100 comparing the minutiae in the database NIST SD27, illustrating
the need of new minutia descriptors for latent fingerprint identification.

INDEX TERMS Latent fingerprint identification, minutia descriptor, fingerprint feature representation,

minutia descriptor evaluation.

I. INTRODUCTION

Latent fingerprint identification is an open problem that
is attracting increasing interest due to its relevance to law
enforcement [1]-[4]. A latent fingerprint could reveal the
presence of a person at a crime scene. Further, a latent finger-
print may serve as a clue to lead police to a successful criminal
apprehension; e.g., the discovery of a criminal child pornog-
raphy network in the USA, back in 2017, started from a fin-
gerprint acquired from a digital photograph [5]. Furthermore,
the misidentification of latent fingerprints could also lead to

The associate editor coordinating the review of this manuscript and
approving it for publication was Zhenhua Guo.

the release of a criminal or, even worse, to the apprehension of
an innocent person [6], [7]. For example, as reported by The
Innocence Project [7], a fingerprint of Brandon Mayfield was
erroneously matched to a latent fingerprint found during the
investigations of the train bombing in Madrid [8]; something
similar happened to the Scottish detective Shirley McKie but
at a different crime scene [6].

Existing automatic fingerprint identification systems
(AFISs) are far from satisfying the requirements of jus-
tice departments, at least in terms of identification rate [9].
Table 1 summarizes state-of-the-art performance results
for latent fingerprint identification. Note that the Rank—1
identification rate is lower than 78.4% in the context of
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TABLE 1. Rank-1 identification rate output by state-of-the-art latent
fingerprint identification algorithms. These figures were obtained after
comparing 258 latent fingerprints, taken from NIST SD27, against several
background databases.

Rank—1 Background

Algorithm Year identification = Database Databases

rate (%) size

Jain and SD4, SD14,

Feng [11] 2011 74 29,258 SD27

Medina-Pérez et

al. with 2016 68.6 29,258 23‘2"751) 14,

MCC [12]

Cao and Jain [3] 2018 78.3 10,000 SD14, SD27
SD14, SD27,
and additional

Cao and Jain [2] 2019 64.7 100, 000 fingerprints
from a forensic
agency

FIGURE 1. Fingerprint features. a) Level 1: Core, delta, and ridges.
b) Level 2: Minutiae. c) Level 3: Pores, dots, and ridge contours.

the NIST SD27 database [10]. Therefore, latent fingerprints
are an active research area with room for improvement in the
next years.

Comparing fingerprints is possible through some features
described by the ridges. Maltoni et al. [13] categorized these
fingerprint features into three levels. Level 1 features, such
as ridges, cores, and deltas (see Fig. 1-a), are highly visible
in fingerprints. Level 2 features relate to minutiae. A minutia
is a minute detail on the ridges of a fingerprint [14], often
ridge ending or bifurcation (see Fig. 1-b). Level 3 features
are intraridge details observable at the very fine level, such as
ridge contours, sweat pores, and dots (see Fig. 1-c).

Additionally, although fingerprint acquisition methods
have been classified according to different criteria [15], fin-
gerprint acquisition for law enforcement application is usu-
ally performed using traditional offline methods [13]. Some
experts have classified fingerprints acquired by these meth-
ods into the following categories: rolled impressions, plain
(or flat) impressions, and latent fingerprints [13], [16], [17].
Whereas impressions are acquired under controlled condi-
tions, latent fingerprints are unintentionally left by someone
when manipulating objects and are thus particularly useful at
crime scenes [18].
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FIGURE 2. Diagram of a latent fingerprint identification pipeline.

Impressions and latent fingerprints are the inputs for two
existing applications of fingerprint matching in biometrics:
fingerprint verification and latent fingerprint identification.
Fingerprint verification aims to verify the identity of an indi-
vidual. Given the impression and claimed identity, the algo-
rithm for fingerprint verification matches this impression
with a previously stored impression from the claimed identity,
and it returns whether the comparison is matching or non-
matching [13], [19]. However, latent fingerprint identification
searches a background database for the most similar impres-
sions to the latent fingerprint in question [13], [19].

Matching algorithms (for either verification or identifica-
tion) take two fingerprints to determine whether they have
been obtained from the same finger. Fingerprints are cap-
tured via a fingerprint representation [2], [20]-[28] made
of fingerprint features. Depending on the fingerprint feature
representation, there are three types of matching algorithms:
global, local, or hybrid [13]. A matching algorithm is said
to be global if it works with a feature representation that
captures the whole fingerprint, such as cores, deltas, or the
global position of minutiae, and local if it works with a feature
representation that captures a partial zone of a fingerprint.
Hybrid-matching algorithms are two-step algorithms: they
apply both local and global matching in that order [13].

In a latent fingerprint identification pipeline, the finger-
print feature representation constitutes a connecting data rep-
resentation between the fingerprint feature extraction stage
and the matching stage (see Fig. 2). The algorithms for
feature extraction [1], [29]-[32] generate a representation of
the fingerprint features from raw digital images; however,
in this work, we have employed fingerprint features manually
extracted by human experts. Next, the matching algorithms
compare the latent fingerprint against multiple impressions
using the same feature representation for the impression and
the latent fingerprint to return sorted score values.
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To improve the performance of a matching algorithm,
the associated fingerprint representation must developed so
that “fingerprint images belonging to the same finger form a
compact cluster (low intraclass variations) and those belong-
ing to different fingers occupy different portions of the space
(high interclass variations)” [13].

Although using feature representations proposed for verifi-
cation in latent fingerprint identification is commonly found
in the literature [11], [12], [16], [33], [34], there is neither
a study that aims to assess what feature representations are
more suitable for latent fingerprint identification nor a study
that explains whether the performance of an AFIS, with
a hybrid-matching approach, is attributable to the global-
matching algorithm or to the associated fingerprint feature
representation and the corresponding local-matching algo-
rithm. In contrast to [15], [35], our study aims to fill these
gaps, and we focus on evaluating the relative merit of a feature
representation, without considering feature extraction. Fur-
ther, even though they may not be enough for the general case
of latent fingerprint identification, we focus on evaluating
minutia descriptors, as they are often applicable and thus
quite popular. Each fingerprint in our database is expressed
in terms of basic features (minutiae and ridge flow maps) that
have been extracted by an expert, and so we take them as our
ground truth. Using these basic features, we have reproduced
some minutia descriptors reported in the literature. Our goal
is to analyze how each of these minutia descriptors compares
to one another for latent fingerprint identification in terms of
local matching performance but independent of the global-
matching algorithm. To do so, we introduce an evaluation
protocol for quantifying the identification rate of minutia
descriptors for latent fingerprint identification. In particular,
we discuss the performance of nine minutia descriptors using
the fingerprints in the database NIST SD27 [10]. Since all
the minutiae of latent fingerprints in the NIST SD27 [10]
are manually matched against a minutia of an impression,
this is a closed-set identification application. Therefore, the
performance indicators we use in our comparison are the
identification rates plotted in the cumulative match character-
istic (CMC) curve and the weighted Rank—20 identification
rate computed from the CMC curve, according to the norm
ISO/IEC 19795-1.

The main contributions of this paper are summarized as
follows:

« An analysis of 50 fingerprint feature representations and

their suitability for representing latent fingerprints.

« A new protocol to evaluate the relative merit of minutia
descriptors for latent fingerprint identification.

« An experimental comparison of nine minutia descrip-
tors, which are suitable for latent fingerprint identifica-
tion according to our analysis.

The remainder of this paper is organized as follows.
In section II, we review the most prominent fingerprint fea-
ture representations and analyze their feasibility for latent
fingerprint identification. Section III introduces our protocol
for evaluating the identification rate of minutia descriptors for
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latent fingerprint identification. In section IV, we discuss the
experimental results of the evaluation of nine minutia descrip-
tors using the NIST SD27 database [10]. Finally, in section V,
we present our conclusions and future work.

Il. REVIEW OF FINGERPRINT FEATURE
REPRESENTATIONS

Fingerprint matching has been used for years [14]. How-
ever, fingerprint matching with electronic devices and algo-
rithms has received wider attention with the expansion of its
use in banking and commerce operations [36]-[40]. Early
works, like those of Grasselli [21], Sirovich [41], Liu and
Shelton [42], and Isenor and Zaky [39], presented noteworthy
ideas for fingerprint feature representations and provided a
coordinate system regarding the core and delta of the fin-
gerprint [42] and early fingerprint feature representations
based on the ridge flow, such as sampling matrix [21],
slopes matrix [41], and graph representation [39]. Later, other
works [22], [40], [43] started representing fingerprint features
based on minutiae and their relationships with other finger-
print features. Many researchers [44]-[46] proposed minu-
tia neighborhood representations that incorporate additional
information related to fingerprint features.

Although minutia descriptors are the most popular fea-
ture representations for latent fingerprints (see Table 2
and Table 3), we briefly discuss some of the advantages and
disadvantages of other representations to ensure this paper is
self-contained. Therefore, we present in this section a review
of 50 fingerprint feature representations and discuss their
suitability for representing latent fingerprints. We start by
providing a general overview of fingerprint feature repre-
sentations (section II-A). Then, in sections II-B and II-C,
the core of this review, we discuss minutia-based descriptors
by dividing our discussion into two parts: minutia descriptors
proposed for verification and minutia descriptors used for
identification. With this division, we aim to show a trend
toward representing latent fingerprints with minutia descrip-
tors that have been previously proposed for fingerprint ver-
ification and the existence of minutia descriptors suitable
for representing latent fingerprints but yet unused for latent
fingerprint identification. Further, in this review, we con-
sider four categories of minutia descriptors: image-based,
minutiae-based, texture-based, and combined minutia. This
last division is a modification of the taxonomy proposed by
Feng and Zhou [47], including an additional category with
minutia descriptors with some other combinations.

A. FINGERPRINT FEATURE REPRESENTATIONS, A
GENERAL OVERVIEW

Fingerprint feature representations have been classified
based on different criteria by some authors [13], [26],
[35], [47], [48]. According to Vij and Namboodiri [48],
fingerprint feature representations are global, local, com-
bined, or transformation-based. A global representation
describes the whole fingerprint, for example, the distance and
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the angle between the core and the delta of a fingerprint or the
positions of minutiae in a fingerprint.

A local representation describes small areas of a finger-
print, generally around a minutia (level 2 feature). Local rep-
resentations are often known as minutia descriptors [47], [49].
A minutia descriptor is a combination of the minutia repre-
sentation, which includes its coordinate and angle from the
origin of the image (ISO/IEC 19794-2:2005), with additional
information about other neighboring features [22], [23], [50].
For example, the orientation-based minutia descriptor [49]
incorporates information about the ridge orientation in a
neighborhood around a minutia, while the m-triplet [26], [51]
incorporates information about the distance and the angles
between three neighboring minutiae.

A combined representation describes the whole fingerprint
by using both global and local feature representations, e.g.,
combining minutia descriptors and the distance of minutiae
from the core. A transform-based representation could be
either global or local but uses some transforms, such as digital
wavelet transform [52], [53], digital cosine transform [54],
Fourier-Mellin transform [55], or short-time Fourier
transform [2].

Although global [40], [56]-[62] or combined [45], [48],
[63] feature representations contribute to a highly accurate
identification, a drawback of using either of these repre-
sentations is that they are not always applicable because
the required features are not always present in latent fin-
gerprints. For example, a coarse visual review of the NIST
SD27 database [10] shows that at least 65 latent fingerprints
—representing 25% of the database— do not present clearly
visible cores. Moreover, latent fingerprints present scars and
background noise that interrupt ridge flow (see Fig. 3). There-
fore, due to the requirement of the presence of global features,
these fingerprint feature representations are not always suit-
able for representing latent fingerprints.

Some authors [2], [27], [52], [54], [55], [60], [64], [65]
have proposed fingerprint feature representations based on
transforms. Nevertheless, transform-based feature represen-
tations are sensitive to brightness and rotation variations in
the fingerprint [48]. Therefore, transform-based representa-
tions are not always suitable for latent fingerprint identifi-
cation because the orientation of some latent fingerprints is
difficult to determine [28], [30] and their brightness varies
often. Indeed, Sankaran et al. [16] experimentally showed
a Rank—10 identification rate of (35.4%) using Finger-
code [64] for latent-to-latent fingerprint matching on the
IIT-D latent database [66], the lowest among seven matching
algorithms.

B. MINUTIA DESCRIPTORS USED SOLELY IN
VERIFICATION

Unlike global representations, minutia descriptors employ
fingerprint features that are present on many latent fin-
gerprints with identification value. Moreover, minutia
descriptors are less sensitive than global, combined,
and transform-based feature representations to nonlinear

VOLUME 7, 2019

FIGURE 3. Examples of latent fingerprints without a visible core. B115 is
the code for the latent fingerprint number 115 of bad quality in the NIST
SD27. B137 is a latent fingerprint with the ridge flow interrupted (we
surrounded the interruption with a white ellipse).

distortions, brightness variations, and lack of features of
latent fingerprints [67]. Therefore, minutia descriptors have
become the most widely used fingerprint feature representa-
tions for latent fingerprints.

1) IMAGE-BASED MINUTIA DESCRIPTORS
An image-based minutia descriptor is a fingerprint feature
representation of the raw image, binarized image, or enhanced
image around a minutia in a circular or square region [47]
(see Fig. 4-a,b,c). Some authors [2], [35], [67], [68] have
proposed square areas of 8 x 8, 16 x 16, and 24 x 24 pixels for
computational efficiency. Consequently, image-based minu-
tia descriptors are also fixed-radius minutia descriptors [13].
An inconvenience of image-based minutia descriptors is
that they require more computational time than other minutia
descriptors to be compared regarding the window size [35].
Additionally, the image information around a minutia could
be represented using transforms [2], [27], [55], becoming
a transform-based feature representation and suffering sim-
ilar issues as the transform-based feature representations.
Another disadvantage of image-based minutia descriptors is
related to noisy areas in latent fingerprints, which can largely
differ from their mated area in the impressions because latent
fingerprints present noisy backgrounds, brightness variations,
image quality variations, and scars (see Fig. 3). These char-
acteristics make image-based minutia descriptors less suit-
able for representing latent fingerprints than other minutia
descriptors.

2) MINUTIA-BASED MINUTIA DESCRIPTORS

A minutia-based minutia descriptor represents the relation-
ship between minutiae in a neighborhood, such as distance
and direction difference. Some authors have defined this
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FIGURE 4. Mated fingerprint pair (impression and latent fingerprints)
number 137 of bad quality (B137) in the NIST SD27 database showing the
low quality and noise of a latent fingerprint. a) Impression, b) raw
grayscale image of the latent fingerprint, and c) binarized image of the
latent fingerprint.

neighborhood using nearest-neighbor minutiae, while others
have defined this neighborhood as all the minutiae in a fixed-
radius area [47].

A disadvantage of nearest-neighbor minutia descriptors
relates to the presence of absent or spurious minutiae,
which is common on latent fingerprints. For example,
Zhang and Wang [69] introduced the 4-nearest-neighbor
minutiae, describing the neighborhood of a minutia with
the four nearest minutiae. The authors code each neighbor-
ing minutia as a vector with its distance from the main
minutia, orientation difference, angle between its orientation
and the connecting edge, and the angle between its con-
necting edge and the connecting edge of the main minutia
with the next minutia in the clockwise direction. Similarly,
Chikkerur et al. [70] proposed K-Plet for representing fin-
gerprint features using minutiae. K-Plet consists of a neigh-
borhood of K minutiae around a main minutia. Each minutia
of the neighborhood is defined according to its local radial
coordinates, including distance, orientation difference, and
angle with respect to the main minutia of the neighborhood.
Neighboring minutiae are selected by quadrants to achieve
a representation of each quadrant. However, this selection
makes K-Plet unsuitable for representing latent fingerprints,
which suffer from the existence of spurious or absent minu-
tiae and lack of minutiae in some quadrants, mostly in noisy
zones.

Another nearest-neighbor minutia descriptor widely used
for minutiae is the minutiae triplet. A special case of minu-
tiae triplets is the Delaunay triangulation [71] used by some
authors for fingerprint matching [72], [73]. The limitation
of the Delaunay triangulation for representing latent finger-
prints relates to the high number of absent and spurious
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minutiae: different Delaunay triangulations may be obtained
from mated fingerprints when they present different sets of
minutiae, resulting in misidentification.

Jea and Govindaraju [74] presented a modification to the
minutia descriptor of Jiang and Yau [23] by considering the
two nearest minutiae to each main minutia according to the
angular distances rather than the Euclidean distance proposed
by Jiang and Yau [23]. They also removed the minutia type
and ridge count, thus making this minutia descriptor suitable
for representing partial and noisy fingerprints according to
their analysis. They reported an improvement in the minutia
descriptor of Jiang and Yau [23] based on their experimental
results on fingerprint verification. Hence, we compare both
minutia descriptors on latent fingerprint identification but
without employing a global-matching algorithm.

Fixed-radius minutia descriptors are less affected by absent
and spurious minutiae. However, minutiae near the border
area could be in or out of the neighborhood due to nonlinear
distortions. For instance, the structural data model proposed
by Hrechak and McHugh [22] creates a minutia descriptor as
a nine-dimensional vector including the number of minutiae
of each type in a neighborhood of fixed radius. Thus, for a low
radius, the number of minutiae decreases the identification
value of the descriptor, and for a large radius, nonlinear distor-
tion means that minutiae in the border area could be in or out
of the descriptor. Additionally, the authors defined eight types
of minutiae: termination, bifurcation, island, spur, crossover,
bridge, and small crests. Nevertheless, some authors [25],
[74]-[76] have claimed that the use of several minutia types is
not suitable for representing latent fingerprints because they
can easily be confused due to the difference of pressure of
the finger over the surface and the background noise of the
surface.

Wahab et al. [46] modified the structural data model to
improve the local-matching algorithm. However, their pro-
posal presented similar deficiencies for latent fingerprint
identification.

3) TEXTURE-BASED MINUTIA DESCRIPTORS

A texture-based descriptor employs the texture information
around a minutia to represent fingerprints. Texture informa-
tion may include ridge orientation, frequency, or period. Sev-
eral authors [56], [77], [78] have employed the texture infor-
mation around minutiae to represent fingerprints. They have
created minutia coordinate systems based on ridges or have
included additional components to the (ISO/IEC 19794-
2:2005) minutiae representation.

For example, Lee et al. [77] included the ridge frequency
as a new component of the minutia representation. They
defined the ridge frequency as the number of ridges within
a predefined window around minutia. The ridge frequency
was used later in latent fingerprint representation by other
authors [11], [79] and improved the identification rate.

Other studies [56], [78], [80]-[82] proposed minutia
descriptors similar to the orientation-based minutia descrip-
tor proposed by Tico and Kuosmanen [49] (discussed in
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subsection II-C3). However, these studies made the
orientation-based minutia descriptor rely on the global fea-
tures of the fingerprint, creating descriptors that are more
affected by nonlinear distortion, which is often present on
latent fingerprints.

As an exception, the work of Shi and Govindaraju [81] does
not employ global features but rather modifies the criteria to
select the sampled points using a spiral partition scheme for
fingerprint verification. In addition, they combined the tex-
ture information with minutiae in a neighborhood. Accord-
ing to their experimental results on fingerprint verification,
we propose that it is worth exploring this variation to improve
the performance of orientation-based minutia descriptors for
latent fingerprint representation.

4) COMBINED MINUTIA DESCRIPTORS

The combination of various fingerprint features in minutia
descriptors is beneficial for representing latent fingerprints
with a small area but with an identification value [83].
Indeed, several studies [11], [24], [57], [60], [63], [79], [81],
[84] have combined minutia descriptors based on different
fingerprint features and obtained encouraging results. For
example, Feng [24] proposed a minutia descriptor combining
a frequency-based descriptor and a minutiae-based descrip-
tor. This combined minutia descriptor was subsequently
adapted to represent latent fingerprints by Jain et al. [79] and
Jain and Feng [11] and improved the identification rate that
had been reported thus far.

In contrast, some proposed combinations are not suit-
able for latent fingerprint identification. For example, the
performance of the location-based spectral minutiae
representation and the orientation-based spectral minu-
tiae representation [55] decreases when the number of
absent or spurious minutiae is greater than 20%. Similarly,
the keypoint [84] is a combination of minutiae-based, texture-
based, and orientation-based descriptors. However, a valid
keypoint should contain at least n neighboring minutiae
within a circle of radius R. Both minutia descriptors are
sensitive to the lack of minutiae often suffered by latent
fingerprints.

Some minutiae-based descriptors introduced the ridge
count between minutiae in a neighborhood [23], [43], [50],
[85], creating combined-feature minutia descriptors. For
instance, Chen and Kuo [43] proposed a minutiae-based
descriptor that includes the ridge count between minutiae in
a specified neighborhood with respect to the main minutia
(the minutia selected as the coordinate origin of the minutia
descriptor). Furthermore, Jiang and Yau [23] described a
minutia descriptor by minutia type, distance, ridge count,
direction, and radial angle from the main minutia to each
of the l-nearest minutiae in a neighborhood. In contrast,
some authors [74], [86] have claimed that ridge count and
minutia type are not feasible for some latent fingerprints
because minutia type can be easily confused and ridge count
is affected by scars or noisy zones that are often present in
latent fingerprints (see Fig. 3). Thus, to use ridge count in
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latent fingerprints, it would be necessary to determine the
quality of the ridges. However, because Cao and Jain [2]
proposed exploring the use of ridge count for latent finger-
print identification, we determined its effect by comparing the
identification rates of a pair of minutia descriptors with [23]
and without [74] ridge count.

C. MINUTIA DESCRIPTORS USED FOR IDENTIFICATION
1) IMAGE-BASED MINUTIA DESCRIPTORS
Most image-based minutia descriptors [55], [60], [63], [65],
[87]-[89] have been employed only for fingerprint verifica-
tion due to their limited applicability for latent fingerprint
identification. However, some authors [1], [2], [28], [32],
[90], [91] have recently employed deep learning for latent
fingerprint identification by primarily using raw images of
latent fingerprints. For example, Cao and Jain [2], [3] trained
14 different convolutional neural networks with multiple
patches extracted for the same minutia with different sizes
and at different locations. All patches of a minutia corre-
sponded to the same class. They employed different images
of the same fingerprint impression to obtain different patches.
Each convolutional neural network output a 128-dimensional
vector as the feature vector of the minutia. Hence, a minutia
descriptor is the concatenation of a subset of the 14 feature
vectors output by the 14 convolutional neural networks.
Additionally, the authors generated a set of virtual minu-
tiae, one by each nonoverlapping block, to overcome the lack
of real minutiae in latent fingerprints. Consequently, they rep-
resented the whole latent fingerprint using minutia descrip-
tors with the output of the convolutional neural networks
for virtual and real minutiae. The matching score between
two minutia descriptors is computed based on the cosine
distance. One of the main contributions of this study is the
Rank—1 identification rate achieved (64.7%) for comparing
latent fingerprints in the NIST SD27 database against a back-
ground database with 100, 000 impressions, which involved
fully automated the feature extraction, except in the region of
interest.

2) MINUTIA-BASED MINUTIA DESCRIPTORS

Minutia-based minutia descriptors are the most widely used
fingerprint feature representation for latent fingerprint iden-
tification [12], [26], [33], [34], [92]. One of the most popular
descriptors is the Minutia Cylinder-Code (MCC), proposed
by Cappelli et al. [25] (see Table 3). The main minutia of
the MCC is rotated with a predefined step, and each rota-
tion of the minutia incorporates a slice to a cell-discretized
cylinder. Each slice presents a predefined number of cells.
For each cell, a numerical value is calculated by accumu-
lating the contributions of the minutiae belonging to the
neighborhood. Several authors [12], [33], [34], [92] have
successfully employed MCC for latent fingerprint identifi-
cation. Since MCC encodes the spatial and directional rela-
tionships between the minutia and its neighbor in a fixed-
radius area, it is a suitable fingerprint feature representation
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for latent fingerprints. The expanded triangle set proposed by
Herndndez-Palancar et al. [76] uses Delaunay triangulation
to represent latent fingerprints. Delaunay triangulation builds
minutia descriptors by relating near points [71] (minutiae in
a fingerprint), which is suitable for latent fingerprint repre-
sentation. However, absent and spurious minutiae affect these
fingerprint representations. Indeed, the authors reported a
Rank—1 identification rate of 58.13% when comparing 258
latent fingerprints against a background database of 29, 258
impressions, and this Rank—1 identification rate was lower
than that reported by Medina-Pérez et al. [12] (68.6%), who
also used a minutia-based descriptor [51] based on the rela-
tion among three minutiae.

Hoyle et al. [93] mined minutia triangles to find distinctive
features. They used a minutia-triplet descriptor, where any
combination of three minutiae with a distance lower than a
threshold formed a triplet. The authors used pairwise dis-
tances, ridge count, and whether each pairwise minutia lies
on a shared-ridge segment. However, the authors did not
report the performance of their algorithm on a latent fin-
gerprint database. In addition, by removing the ridge count,
the minutia-triplet descriptor is similar to another proposed
by Medina-Pérez et al. [51]

Medina-Pérez et al. [51] introduced m-triplets. An m-
triplet includes three minutiae arranged clockwise in a set
and contains the maximum, middle, and minimum distances
between minutiae, the angles required to rotate the direction
of a minutia to superpose it to the vectors associated with the
other two minutiae in the triplet, and the angle required to
rotate the direction of a minutia to superpose it to the direction
of the other two minutiae. Later, Medina-Pérez et al. [12]
used the m-triplets [51] for latent fingerprint representation,
achieving a Rank—1 identification rate of 68.6% when com-
paring the latent fingerprints in the NIST SD27 [10] against
a background database of 29, 258 impressions from three
different NIST databases. The latent fingerprint identifica-
tion algorithm achieves similar identification rate using three
minutia descriptors: m-triplets 68.6%, MCC 69% [25], and a
neighboring minutia-based descriptor 64.3% [11], indicating
that the global-matching algorithm performs well with these
three minutia descriptors.

3) TEXTURE-BASED MINUTIA DESCRIPTORS

Bohné and Despiegel [75] presented the local skeleton
descriptor, which is a coordinate system based on a selected
curve segment along the direction of the ridge flow. Minutiae
around a predefined neighborhood are projected on the local
skeleton descriptor. The coordinate of the minutia is the
algebraic curvilinear distance between the projection of the
minutia on the curve segment and the signed ridge count
between the minutia and the projection of the minutia on
the curve segment. Although this fingerprint feature repre-
sentation was used for latent fingerprints, the performance
achieved was low; namely, the Rank—1 identification rate
was below 35% when comparing latent fingerprints in the
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NIST SD27 database [10] against a background database with
1, 258 impressions.

The orientation-based minutia descriptor, published by
Tico and Kuosmanen [49], characterized each minutia loca-
tion according to the orientation of the ridges in sampled
points around a minutia regardless of the position and ori-
entation of the finger. This descriptor is a fixed-radius and
texture-based minutia descriptor that describes ridge ori-
entation in local representations around a minutia. These
properties make it suitable for latent fingerprint feature
representation.

The orientation-based minutia descriptor [49] has been
improved by other authors [11], [24], [79] for fingerprint
verification and latent fingerprint identification. Feng [24]
proposed a texture-based minutia descriptor incorporating the
ridge frequency to the ridge orientation at each sampled point
in a fixed-radius neighborhood for fingerprint verification.
Later, other authors [11], [79] employed this texture-based
minutia descriptor with other descriptors for improving the
identification rate of latent fingerprint identification.

4) COMBINED MINUTIA DESCRIPTORS

Jain and Feng [11] combined various minutia descriptors
for latent fingerprint identification. Although the authors did
not report a new minutia descriptor, they showed the conve-
nience of combining many fingerprint features and minutia
descriptors. They improved the Rank—1 identification rate to
up to 74% when comparing latent fingerprints in the NIST
SD27 database [10] against a background database of 29, 257
impressions from three different NIST databases.

Finally, other authors [44], [89], [94] have reported finger-
print feature representation with level 3 features. However,
Jain and Feng [11] published a study showing that level
3 features do not improve the identification rates achieved
with level 2 features on latent fingerprint identification,
at least using the NIST SD27 database [10].

D. SUMMARY OF THE REVIEW OF FINGERPRINT FEATURE
REPRESENTATIONS

Table 2 and Table 3 summarize our review of 50 fin-
gerprint feature representations classified according to five
taxonomies. We have included the classification of the finger-
print feature representations in terms of two more taxonomies
proposed by Maltoni et al. [13] according to the topology
of the representation and the level of the features employed.
Table 2 and Table 3 show that 39 of the 50 fingerprint feature
representations revised include local representations; further-
more, 30 are minutia descriptors, which supports our interest
in minutia descriptors.

In Section II-B and Section II-C, we discussed the robust-
ness of 30 minutia descriptors to nonlinear distortions,
background noises, brightness variations, and the insuffi-
cient number of features on latent fingerprints. Moreover,
we analyzed whether these descriptors were used for latent
fingerprint identification. From these analyses, we ended
up choosing nine minutia descriptors to conduct our
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TABLE 4. Minutia descriptors selected to be evaluated with the proposed
evaluation protocol. We have defined a minutia descriptor ID indicating
the authors to be used in our experiments.

desl\c/lrlilll)l:(t)l:ID Minutia descriptor Reference
J&Y I-nearest-neighbor descriptor [23]
T&K Orientation-based descriptor [49]
A modification to the I-nearest-neighbor
J&G descriptor without ridge count and [74]
minutia type
Feng Texture-based minutia descriptor [24]
Jain et al. Minutia-Neighborhood [79]
S&G ﬁ. quiﬁcation to the orientation-based (81]
escriptor
MCC Minutia Cylinder Code [25]
MTP m-triplets [51]
C&J Minutia descriptor using ConvNets [2]

experimental comparison (see Table 4). Among these nine
minutia descriptors, we included two pairs of minutia descrip-
tors (J&Y and J&G) and (T&K and Feng) with the aim of
evaluating the impacts of ridge count, minutia type, and ridge
frequency on latent fingerprint identification. The minu-
tia descriptor proposed by J&Y [23] employs ridge count
and minutiae type, but the minutia descriptor proposed by
J&G [74] is a modification that does not use ridge count
and minutiae type. Moreover, the descriptor proposed by
Feng [24] incorporates ridge frequency in the orientation-
based minutia descriptor T&K [49].

Ill. EVALUATION PROTOCOL FOR MINUTIA
DESCRIPTORS IN LATENT FINGERPRINT

Having selected minutia descriptors in terms of suitability
for latent fingerprint identification, we now proceed to elab-
orate on the evaluation protocol to be used for obtaining an
overall conclusion. Our evaluation protocol aims to quantify
the suitability of minutia descriptors for representing latent
fingerprints by performing only local matching and using the
same fingerprint database: NIST SD27 [10]. We use the local
matching algorithm proposed with each minutia descriptor
to compute the similarity between each minutia of the latent
fingerprint and each minutia of the impressions [11].

Our evaluation protocol for minutia descriptors is par-
tially inspired by the one proposed by Feng and Zhou [47].
Feng and Zhou [47] evaluated minutia descriptors for finger-
print verification. Therefore, their protocol compares minutia
descriptors computed from mated impressions. They used
fingerprint features automatically extracted from the database
FVC2002 DB1_A [103]. Further, they employed (precision
vs. recall) as the evaluation metric. In contrast, we compare all
minutiae in latent fingerprints against all minutiae in impres-
sions of the database to determine the performance of each
minutia descriptor. Additionally, we evaluate the results of the
local-matching algorithms against a ground truth manually
marked by latent examiners and ridge flow maps manually
marked by the authors. Furthermore, we employ CMC [104]
curves as an evaluation measure adopting the norm ISO/IEC
19795-1, which indicates that CMC curves should be used
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for closed-set identification, while CMC and DET or ROC
curves [105], [106] should be used for open-set identification.

As numerical measures of the CMC curve, we use the
Rank—1, Rank—100, and weighted Rank—20 identification
rates [107]. The Rank—1 and Rank—100 identification rates
are well-known metrics of the CMC curve that quantify the
ratio of correct identifications in the first place and among
the 100 first ranks, respectively, returned by an identifica-
tion algorithm. On the other hand, the weighted Rank—M
identification rate proposed by DeCann and Ross [107] is the
weighted sum of the identification rate of the first M ranks
in the CMC curve, assigning higher weights to lower ranks.
Those weights are computed as the inverse of the rank number
(wi = I#nki and normalized such that ) w; = 1 [107].

The input for our evaluation protocol is a set of minutia
descriptors extracted from latent fingerprints, a set of minutia
descriptors extracted from impressions, an algorithm (§) that
locally matches the minutia descriptors of the latent finger-
prints against the minutia descriptors of the impressions, and
the set of matching minutiae as the manually marked latent
examiners (see Algorithm 1).

First, we match every minutia descriptor of the latent fin-
gerprints against every minutia descriptor of the impressions.
Next, we compare the matching results of the local-matching
algorithm with a ground truth, adding each matching pair
to matching or nonmatching lists. Finally, from these lists,
we compute the CMC curve to measure the identification rate
of the minutia descriptor. Fig. 5 shows the flow diagram of
the evaluation protocol. An implementation of this evaluation
protocol for minutia descriptors of latent fingerprints using
C# is available at: Evaluation protocol code.

IV. RESULTS AND DISCUSSION

Our experiments show the identification rates of nine minu-
tia descriptors in terms of their CMC curves. We evalu-
ated two possible scenarios for local matching according
to the orientation difference between minutiae described by
Kovacs-Vajna [67]: minutia pairs with an orientation differ-
ence between [—m /4, /4] (restricted rotation) and minutia
pairs without orientation restriction (free rotation).

The latent fingerprint database employed in our experi-
ments is the NIST SD27 database [10], which is a public
database with 258 latent fingerprints and their mated impres-
sions with matching minutiae manually marked by latent
examiners; the database comprises 5,460 minutiae in the
latent fingerprints and 27, 426 minutiae in the impressions.
To explore both scenarios, we computed the orientation dif-
ferences of the mated minutiae pairs on NIST SD27 [10]
and found that 457 (8.37% of the database) mated minutiae
pairs have an orientation difference > =+ /4. Additionally,
we used a proprietary database to train the minutia descrip-
tor C&J [2] since we do not have access to the databases
employed in their experiments.

Finally, in our experimental setup, to avoid differences
related to hardware, we performed our experiments simulta-
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Algorithm 1 Evaluation Protocol for Minutia Descriptors
on Latent Fingerprints

function evaluationProtocol (L, T, §, H)
Data:

o L={Ly,Ly,...,L,}, where L; is the set of minutia
descriptors extracted from the i-th latent fingerprint.

o T =({T1,Ty,..., Ty}, where T} is the set of minutia
descriptors extracted from the j-th impression.

e 38(L;, Tj) is an algorithm that locally matches the
minutia descriptors of L; and Tj. It returns a set M of
matching triplets (g, p, s), where g and p are
minutiae of the latent fingerprints and impressions
(respectively) being compared; s is the similarity
value of g and p computed from their respective
minutia descriptors; and M is empty at first.

« H is the set of true matching minutia pairs (g, p)
provided by latent examiners (ground truth), where g
belongs to a latent fingerprint and p belongs to the
true matching impression.

Result: CMC curve points

begin

Let M <— ¢ be the set of matching triplets
Let N <— ¢ be the set of nonmatching triplets
foreach L; € L do

foreach 7; € T do
Match locally the latent fingerprint with

descriptors L; against the impression with
descriptors 7} and store the resulting
matching triplets in R; i.e. R < 8(L;, T))
end
oreach (g, p, s) € Rdo
if (¢, p) € H then

| M <~ MU({(q.p.s)}
else

| N < NU{(@g.p.9)}
end

-y

end
end
Compute and return the CMC curve from M and N

end

neously on a server with an Intel Xeon E5-2670 v3 processor
(48 virtual processors), 1 TB of RAM, and a 1 TB hard drive.

A. ANALYSIS OF THE IDENTIFICATION RATE OF THE
MINUTIA DESCRIPTORS REGARDING THE CMC CURVE
The CMC curve reports comparisons between the minutiae
of latent fingerprints (5, 460) against minutiae of impres-
sions (27,426) on NIST SD27 [10]. We plotted the x-axis
of this curve on a logarithmic scale to emphasize the iden-
tification rate of the local-matching algorithms for the first
100 ranks. We chose a logarithmic scale because fingerprints
usually present between 100 and 200 minutiae [13], and thus,
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FIGURE 5. Flow diagram of the evaluation protocol for minutia
descriptors on latent fingerprints.

matching algorithms rarely compare more than 100 minu-
tiae. Notice that there are observable differences between
minutia descriptors in terms of their CMC curves for the
first 100 ranks, indicating that the selection of the minutia
descriptor might impact the performance of an AFIS.

Since NIST SD27 has 8.37% of the matching minutiae
pairs with an orientation difference > =+ /4, local-matching
algorithms with restricted fingerprint rotation falsely reject
around 8% of the matching minutiae pairs, which explains
the horizontal line of the curves starting at an identification
rate of ~ 82% in Fig. 6-a.

Table 5 corroborates the visual results depicted in Fig. 6 by
three values of identification rates.

MCC describes the best CMC curves until Rank—100 in
both scenarios. MCC intrinsically combines all information
of minutiae and ridges by neighborhood. Each cell of a slice
in a cylinder captures the contribution of their nearest minu-
tiae with similar orientation to the main minutia, which is
how MCC combines the information of minutiae and ridges:
ridges determine the orientation of a minutia, and MCC cap-
tures all minutiae in a neighborhood. Moreover, MCC has soft
borders of the neighborhood to solve the problem of minutiae
near the border, which may be in or out of the local structure
depending on the nonlinear distortion of the fingerprint. Con-
sequently, MCC achieved the highest identification rates for
most of the rank values lower than 100 in both scenarios.
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FIGURE 6. CMC curve Rank—27, 426 of the selected minutia descriptors
comparing minutiae in the NIST SD27 database. The x-axis is plotted on a
logarithmic scale to emphasize the identification rate of the
local-matching algorithms for the first 100 ranks. We performed two
minutia descriptor evaluations considering a) restricted fingerprint
rotation and b) free fingerprint rotation.

Nevertheless, note that the identification rates do not
indicate that the problem of local representation of latent
fingerprints with minutia descriptors is solved. Indeed,
MCC ranks the matching minutia descriptor of the 100 first
ranks 21.56% of the time with restricted rotation. Therefore,
further research is needed to decrease the percentage of time
(approximately 80%) that the matching minutia descriptor is
not identified among the 100 first ranks.

In addition, the curves and metrics depict that J&Y
achieved a greater identification rate than J&G regarding
all metrics in both scenarios. Consequently, we claim that
employing ridge count and minutia type is suitable for latent
fingerprint identification, at least for local matching and con-
sidering the 100 top-scored minutiae of the impressions in the
NIST SD27 [10] database. Furthermore, Fig. 6 and Table 5
show that the minutia descriptor Feng achieved lower iden-
tification rates than T&K in both scenarios. Therefore, ridge
frequency is not an extended feature that improves the latent
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TABLE 5. Identification rate output by the evaluation protocol for the
selected minutia descriptors. We list the identification rates for two
scenarios considering a) restricted fingerprint rotation and b) free
fingerprint rotation. Minutia descriptors are sorted in descending order
according to the Rank-1 identification rate. We use bold typeface to
emphasize the highest identification rate for each rank; the higher the
identification rate is, the better performance of the minutia descriptor.

(a)
Minutia Rar.lk—% Ranl.(— IQO weighted
descriptor Identification Identification Rank—20
Rate Rate (%) (%)
MCC [25] 9.23 21.56 12.34
S&G [81] 2.84 18.24 5.54
J&Y [23] 2.36 10.51 4.55
MTP [51] 0.97 23.21 4.86
C&J (2] 0.24 3.00 0.51
T&K [49] 0.13 6.79 0.75
Jain et al. [11] 0.05 9.32 0.70
J&G [74] 0.04 3.61 0.26
Feng [24] 0.02 2.82 0.12
(d
Minutia Rar'lkf% Ranl'(fl(')O weighted
descriptor Identification Identification Rank—20
Rate Rate (%) (%)
MCC [25] 7.51 17.25 10.15
S&G [81] 2.67 16.72 5.28
J&Y [23] 1.47 8.15 2.91
T&K [49] 0.29 5.11 0.77
MTP [51] 0.24 16.08 1.58
C&J (2] 0.09 1.50 0.34
Feng [24] 0.09 2.29 0.3
J&G [74] 0.04 2.03 0.13
Jainetal. [11] 0.02 3.10 0.17

fingerprint identification while considering the 100 top-
scored minutiae of the impressions in NIST SD27 [10].

We also found that the variations between the identification
rates with restricted and free rotation are lower than 2%
for Rank—1, 4% for weighted Rank—20, and 8% for
Rank—100. Considering that 8.37% of the matching minutiae
pairs in NIST SD27 have an orientation difference > +m /4,
we claim that fingerprint rotation does not affect the perfor-
mance of minutia descriptors in terms of the identification
rates Rank—1, Rank—100, and weighted Rank—20, at least
in the NIST SD27 database.

Finally, we emphasize the results of the minutia descriptor
C&J. Although this descriptor can be used for automatic
fingerprint feature extraction and we trained it with a different
database than the one employed by the authors, its identifica-
tion rates are similar to most of the other minutia descriptors
(see Table 5). Additionally, we should note that C&J is an
emerging minutia descriptor that uses deep learning, which
has opened the door to new research topics in the area of latent
fingerprint identification. Therefore, new minutia descriptors
based on deep learning could reduce the gap between latent
fingerprint identification and fingerprint verification in terms
of their respective error rates in the near future.

V. CONCLUSIONS

From our review, we found that minutia descriptors are
the most widely used fingerprint feature representations for
fingerprint verification and latent fingerprint identification.
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We provide a table with 50 fingerprint feature representations
classified as five taxonomies, of which most (30) are minutia
descriptors. We selected nine of those minutia descriptors
based on their robustness to noise, brightness variation, non-
linear distortion, and lack of features suffered by latent fin-
gerprints to evaluate their performance for latent fingerprint
identification. Hence, we developed an evaluation protocol
to compute the identification rates of these nine minutia
descriptors in the NIST SD27 database.

Our results show differences among minutia descriptors in
terms of their CMC curves, indicating that the selection of the
minutia descriptor might impact the performance of an AFIS.
The best performance was obtained for the MCC descriptor
in the NIST SD27 database. Nevertheless, the identification
rates achieved by its local-matching algorithm indicate that
there is large room for improvement (the identification rates
were lower than 10%, 13%, and 24% for Rank—1, weighted
Rank—20, and Rank—100, respectively).

Additionally, we found that a rotation difference > £ /4
between minutiae in the latent fingerprint and impression
affects the performance of the minutia descriptors by less
than 2% for Rank—1, 4% for weighted Rank—20, and 8%
for Rank—100 in the NIST SD27 database.

Finally, we observed that ridge count and minutia type
are suitable features for latent fingerprint identification by
comparing the identification rates of the minutia descrip-
tors proposed by Jiang and Yau and Jea and Govindaraju
in our evaluation protocol. However, ridge frequency does
not improve the performance for latent fingerprint identifi-
cation when locally matching latent fingerprints in the NIST
SD27 database, according to the identification rates of the
minutia descriptors proposed by Tico and Kuosmanen and by
Feng.

In future work, we recommend developing new minutia
descriptors that combine fingerprint features starting from
the most accurate descriptors found in these experiments and
considering ridge count, minutia type, and minutia descrip-
tors based on deep learning. Furthermore, we are working
on a similar analysis for latent palm print due to the lack
of analysis of the suitability of palm print representation for
latent palm print identification.

REFERENCES

[1] J. Li, J. Feng, and C.-C. J. Kuo, “Deep convolutional neural network
for latent fingerprint enhancement,” Signal Process., Image Commun.,
vol. 60, pp. 52-63, Feb. 2018.

[2] K.Cao and A. K. Jain, “Automated latent fingerprint recognition,” JEEE
Trans. Pattern Anal. Mach. Intell., vol. 41, no. 4, pp. 788-800, Apr. 2019.

[3] K. Cao and A. K. Jain. (2018). “‘Latent fingerprint recognition: Role of
texture template.”” [Online]. Available: https://arxiv.org/abs/1804.10337

[4] A. Manickam et al., “Score level based latent fingerprint enhancement
and matching using SIFT feature,” Multimedia Tools Appl., vol. 78, no. 3,
pp- 3065-3085, 2019.

[S]1 FBI Biometric Identification Award 2017, Federal Bur. Invest., Dept.
Justice United States America, Washington, DC, USA, Mar. 2018.

[6] I.E.DrorandS. A. Cole, “The vision in ‘blind’ justice: Expert perception,
judgment, and visual cognition in forensic pattern recognition,” Psycho-
nomic Bull. Rev., vol. 17, no. 2, pp. 161-167, 2010.

[7]1 P.Neufeld and B. Scheck. (2018). The innocence project. New York, NY,
USA. [Online]. Available: https://www.innocenceproject.org

48496

[8

=

[91

[10]

[11]

[12]

[13]
[14]
[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

Review of the FBI's Handling of the Brandon Mayfield Case, Office
Inspector General, US Dept. Justice, Washintong, DC, USA, 2006.

D. Maltoni, R. Cappelli, and D. Meuwly, “Automated fingerprint iden-
tification systems: From fingerprints to fingermarks,” in Handbook of
Biometrics for Forensic Science. Cham, Switzerland: Springer, 2017,
ch. 3, pp. 37-61.

M. D. Garris, “NIST special database 27: Fingerprint minutiae from
latent and matching tenprint images,” US Dept. Commerce, Nat. Inst.
Standards Technol., Gaithersburg, MD, USA, Tech. Rep. (NIST SP)-
6534, 2000.

A. K. Jain and J. Feng, “Latent fingerprint matching,” IEEE Trans.
Pattern Anal. Mach. Intell., vol. 33, no. 1, pp. 88-100, Jan. 2011.

M. A. Medina-Pérez er al, ‘“Latent fingerprint identification
using deformable minutiae clustering,” Neurocomputing, vol. 175,
pp. 851-865, Jan. 2016.

D. Maltoni et al., “Handbook of fingerprint recognition,” in Handbook
of Fingerprint Recognition. London, U.K.: Springer, 2009.

A. K. Datta, H. C. Lee, R. Ramotowski, and R. E. Gaensslen, Advances
in Fingerprint Technology. Boca Raton, FL, USA: CRC Press, 2001.

A. Sankaran, M. Vatsa, and R. Singh, “Latent fingerprint matching:
A survey,” IEEE Access, vol. 2, pp. 982-1004, 2014.

A. Sankaran, T. I. Dhamecha, M. Vatsa, and R. Singh, “On matching
latent to latent fingerprints,” in Proc. IEEE Int. Joint Conf. Biomet-
rics (IJCB), Oct. 2011, pp. 1-6.

A. Sankaran, M. Vatsa, and R. Singh, “Learning representations for
matching fingerprint variants,” Ph.D. dissertation, Dept. Comput. Sci.
Eng., Indraprastha Inst. Inf. Technol. New Delhi, India, 2017.
“Nouvelles technologies et justice penale new technologies and penal
justice,” in Les Cahiers De Recherches Criminologiques Centre Int.
De Criminologie Comparée. Montréal, QC, Canada: Univ. de Montréal,
1988, ch. 9.

P. Komarinski, Automated Fingerprint Identification Systems (AFIS).
Amsterdam, The Netherlands: Elsevier, 2005.

W. J. Hankley, “Automatic fingerprint interpretation and classification
via contextual analysis and topological coding,” Ph.D. dissertation, Dept.
Elect. Eng., Ohio State Univ., Columbus, OH, USA, 1967.

A. Grasselli, “On the automatic classification of fingerprints—some con-
siderations on the linguistic interpretation of pictures,” in Methodolo-
gies of Pattern Recognition, S. Watanable, Ed. New York, NY, USA:
Academic, 1969, pp. 253-273.

A. K. Hrechak and J. A. McHugh, “Automated fingerprint recog-
nition using structural matching,” Pattern Recognit., vol. 23, no. 8,
pp. 893-904, 1990.

X. Jiang and W.-Y. Yau, “Fingerprint minutiae matching based on the
local and global structures,” in Proc. 15th Int. Conf. Pattern Recognit.,
Sep. 2000, pp. 1038-1041.

J. Feng, “Combining minutiae descriptors for fingerprint matching,”
Pattern Recognit., vol. 41, no. 1, pp. 342-352, 2008.

R. Cappelli, M. Ferrara, and D. Maltoni, “Minutia cylinder-code: A new
representation and matching technique for fingerprint recognition,” JEEE
Trans. Pattern Anal. Mach. Intell., vol. 32, no. 12, pp. 2128-2141,
Dec. 2010.

M. A. Medina-Pérez, M. Garcia-Borroto, A. E. Gutierrez-Rodriguez,
and L. Altamirano-Robles, “Robust fingerprint verification using M-
triplets,” in Proc. Int. Conf. Hand-Based Biometrics, Nov. 2011,
pp- 1-5.

L. Haloui, N. Dad, N. En-Nahnahi, S. E. Ouatik, and M. Oumisis,
“Improvement of fingerprint matching by describing the minutiae neigh-
borhood using a set of quaternion disc-harmonic moments,” in Proc.
IEEE/ACS 11th Int. Conf. Comput. Syst. Appl. (AICCSA), Nov. 2014,
pp. 273-279.

S. Liu, M. Liu, and Z. Yang, “‘Sparse coding based orientation estimation
for latent fingerprints,” Pattern Recognit., vol. 67, pp. 164-176, Jul. 2017.
Y. Tang, F. Gao, J. Feng, and Y. Liu, “FingerNet: An unified deep
network for fingerprint minutiae extraction,” in Proc. IEEE Int. Joint
Conf. Biometrics (IJCB), Oct. 2017, pp. 108-116.

C. Gottschlich, B. Tams, and S. Huckemann, “Perfect fingerprint orien-
tation fields by locally adaptive global models,” IET Biometrics, vol. 6,
no. 3, pp. 183-190, May 2017.

L. N. Darlow and B. Rosman, “Fingerprint minutiae extraction using
deep learning,” in Proc. IEEE Int. Joint Conf. Biometrics (IJCB),
Oct. 2017, pp. 22-30.

D.-L. Nguyen, K. Cao, and A. K. Jain, “Robust minutiae extractor:
Integrating deep networks and fingerprint domain knowledge,” in Proc.
Int. Conf. Biometrics (ICB), Feb. 2018, pp. 9-16.

VOLUME 7, 2019



D. Valdes-Ramirez et al.: Review of Fingerprint Feature Representations and Their Applications

IEEE Access

[33]

[34]

[35]

[36]

[37]

[38]
[39]

[40]

[41]

[42]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

A. A.Paulino, J. Feng, and A. K. Jain, “‘Latent fingerprint matching using
descriptor-based Hough transform,” IEEE Trans. Inf. Forensics Security,
vol. 8, no. 1, pp. 3145, Jan. 2013.

F. Zheng and C. Yang, “Latent fingerprint match using minutia spher-
ical coordinate code,” in Proc. Int. Conf. Biometrics (ICB), May 2015,
pp. 357-362.

D. Peralta et al., ““A survey on fingerprint minutiae-based local matching
for verification and identification: Taxonomy and experimental evalua-
tion,” Inf. Sci., vol. 315, pp. 67-87, Sep. 2015.

J. P. Riganati, R. D. Capello, G. D. Brown, N. L. Bolton, and A. Csiszer,
“Method and apparatus for automatic extraction of fingerprint cores and
TRI-RADIIL,” U.S. Patent 4 156 230, May 22, 1979.

C. W. Swonger, D. M. Bowers, and R. M. Stock, ‘““Fingerprint-based
access control and identification apparatus,” U.S. Patent 4210899,
Jan. 7, 1980.

V. L. Peterson, “Apparatus and method of personal identification by
fingerprint comparison,” U.S. Patent 4 246 568, Jan. 20, 1981.

D. K. Isenor and S. G. Zaky, “Fingerprint identification using graph
matching,” Pattern Recognit., vol. 19, no. 2, pp. 113-122, 1986.

X. Shen, M. Cheng, Q. Shi, and G. Qiu, “A new automated fingerprint
identification system,” J. Comput. Sci. Technol., vol. 4, no. 4, p. 289,
1989.

F. Sirovich, “Un algoritmo per la classificazione di impronte digitali,”
CALCOLO, vol. 5, no. 2, pp. 10661089, 1968.

C. N. Liu and G. L. Shelton, “Computer-assisted fingerprint encoding
and classification,” IEEE Trans. Man-Machine Syst., vol. 11, no. 3,
pp. 156-160, Sep. 1970.

Z. Chen and C. H. Kuo, “A topology-based matching algorithm for fin-
gerprint authentication,” in Proc. 25th IEEE Int. Carnahan Conf. Secur.
Technol., Oct. 1991, pp. 84-87.

J. D. Stosz and L. A. Alyea, “Automated system for fingerprint
authentication using pores and ridge structure,” Proc. SPIE, vol. 2277,
pp. 210224, Oct. 1994.

A. Jain, L. Hong, and R. Bolle, “On-line fingerprint verification,” IEEE
Trans. Pattern Anal. Mach. Intell., vol. 19, no. 4, pp. 302-314, Apr. 1997.
A. Wahab, S. H. Chin, and E. C. Tan, “Novel approach to automated
fingerprint recognition,” IEE Proc.-Vis., Image Signal Process., vol. 145,
no. 3, pp. 160-166, Jun. 1998.

J. Feng and J. Zhou, “A performance evaluation of fingerprint minutia
descriptors,” in Proc. Int. Conf. Hand-Based Biometrics, Nov. 2011,
pp. 1-6.

A. Vij and A. Namboodiri, “Learning minutiae neighborhoods: A
new binary representation for matching fingerprints,” in Proc. IEEE
Conf. Comput. Vis. Pattern Recognit. (CVPR) Workshops, Jun. 2014,
pp. 64-69.

M. Tico and P. Kuosmanen, “‘Fingerprint matching using an orientation-
based minutia descriptor,” IEEE Trans. Pattern Anal. Mach. Intell.,
vol. 25, no. 8, pp. 1009-1014, Aug. 2003.

N. K. Ratha, R. M. Bolle, V. D. Pandit, and V. Vaish, “Robust finger-
print authentication using local structural similarity,” in Proc. 5th IEEE
Workshop Appl. Comput. Vis., Dec. 2000, pp. 29-34.

M. A. Medina-Pérez, M. Garcia-Borroto, A. E. Gutierrez-Rodriguez, and
L. Altamirano-Robles, “Improving fingerprint verification using minu-
tiae triplets,” Sensors, vol. 12, no. 3, pp. 3418-3437, 2012.

M. Tico, E. Immonen, P. Ramo, P. Kuosmanen, and J. Saarinen,
“Fingerprint recognition using wavelet features,” in Proc. IEEE Int.
Symp. Circuits Syst., vol. 2, May 2001, pp. 21-24.

M. Tico, P. Kuosmanen, and J. Saarinen, “Wavelet domain features
for fingerprint recognition,” Electron. Lett., vol. 37, no. 1, pp. 21-22,
Jan. 2001.

T. Amornraksa and S. Tachaphetpiboon, ‘“Fingerprint recognition using
DCT features,” Electron. Lett., vol. 42, no. 9, pp. 522-523, Apr. 2006.
H. Xu, R. N. J. Veldhuis, A. M. Bazen, T. A. M. Kevenaar,
T. A. H. M. Akkermans, and B. Gokberk, “Fingerprint verification using
spectral minutiae representations,” IEEE Trans. Inf. Forensics Security,
vol. 4, no. 3, pp. 397-409, Sep. 2009.

J.Qi, S. Yang, and Y. Wang, “‘Fingerprint matching combining the global
orientation field with minutia,” Pattern Recognit. Lett., vol. 26, no. 15,
pp. 2424-2430, 2005.

J. Feng, Z. Ouyang, and A. Cai, “Fingerprint matching using ridges,”
Pattern Recognit., vol. 39, no. 11, pp. 2131-2140, 2006.

D. Wan and J. Zhou, “Fingerprint recognition using model-based den-
sity map,” IEEE Trans. Image Process., vol. 15, no. 6, pp. 1690-1696,
Jun. 2006.

VOLUME 7, 2019

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

J. Feng and A. Cai, “Fingerprint representation and matching in ridge
coordinate system,” in Proc. 18th Int. Conf. Pattern Recognit., vol. 4,
Aug. 2006, pp. 485-488.

X. Wang, J. Li, and Y. Niu, “Fingerprint matching using orientationcodes
and polylines,” Pattern Recognit., vol. 40, no. 11, pp. 3164-3177, 2007.
C. Moujahdi, G. Bebis, S. Ghouzali, and M. Rziza, “Fingerprint shell:
Secure representation of fingerprint template,” Pattern Recognit. Lett.,
vol. 45, pp. 189-196, Aug. 2014.

Y. B. Reddy, “Latent fingerprint matching in large databases using
high performance computing,” in Proc. Int. Conf. Comput., Netw., Com-
mun. (ICNC), Feb. 2016, pp. 1-5.

P.Li, X. Yang, Q. Su, Y. Zhang, and J. Tian, ““A novel fingerprint matching
algorithm using ridge curvature feature,” in Proc. Int. Conf. Biometrics,
Alghero, Italy, Jun. 2009, pp. 607-616.

A. K. Jain, S. Prabhakar, L. Hong, and S. Pankanti, “FingerCode:
A filterbank for fingerprint representation and matching,” in Proc. IEEE
Comput. Soc. Conf. Comput. Vis. Pattern Recognit., vol. 2, Jun. 1999,
pp- 187-193.

A.Ross, A. Jain, and J. Reisman, ““A hybrid fingerprint matcher,” Pattern
Recognit., vol. 36, no. 7, pp. 1661-1673, Jul. 2003.

A. Sankaran, M. Vatsa, and R. Singh, “Hierarchical fusion for matching
simultaneous latent fingerprint,” in Proc. IEEE 5th Int. Conf. Biometrics,
Theory, Appl. Syst. (BTAS), Sep. 2012, pp. 377-382.

Z. M. Kovacs-Vajna, “A fingerprint verification system based on trian-
gular matching and dynamic time warping,” IEEE Trans. Pattern Anal.
Mach. Intell., vol. 22, no. 11, pp. 1266-1276, Nov. 2000.

A. M. Bazen, S. H. Gerez, L. Veelenturf, B. van der Zwaag, and
G. T. Verwaaijen, “A correlation-based fingerprint verification system,”
in Proc. 11th Annu. Workshop Circuits, Syst. Signal Process. (ProRISC),
2000, pp. 205-213.

W. Zhang and Y. Wang, “Core-based structure matching algorithm of fin-
gerprint verification,” in Proc. Object Recognit. Supported User Interact.
Service Robots, vol. 1, Aug. 2002, pp. 70-74.

S. Chikkerur, A. N. Cartwright, and V. Govindaraju, “K-plet and coupled
BFS: A graph based fingerprint representation and matching algorithm,”
in Proc. Int. Conf. Biometrics (ICB), 2006, pp. 309-315.

B. Delaunay, “Sur la sphere vide. A la mémoire de Georges Voronoi,”
Bulletin de I’Académie des Sci. de I'URSS. Classe des Sci. Mathématiques
et Naturelles, vol. 6, pp. 793-800, 1934.

G. Parziale and A. Niel, “A fingerprint matching using minutiae trian-
gulation,” in Biometric Authentication. Berlin, Germany: Springer, 2004,
pp. 241-248.

H. Deng and Q. Huo, “Minutiae matching based fingerprint verification
using Delaunay triangulation and aligned-edge-guided triangle match-
ing,” in Proc. Int. Conf. Audio-Video-Based Biometric Person Authen-
tication. Berlin, Germany: Springer, 2005, pp. 270-278.

T.-Y. Jea and V. Govindaraju, ‘A minutia-based partial fingerprint recog-
nition system,” Pattern Recognit., vol. 38, no. 10, pp. 1672-1684, 2005.
J. Bohné and V. Despiégel, “Fingerprint skeleton matching based on
local descriptor,” in Proc. IEEE 3rd Int. Conf. Biometrics, Theory, Appl.,
Syst. (BTAS), Sep. 2009, pp. 1-6.

J. Hernandez-Palancar, A. Muiioz-Brisefio, and A. Gago-Alonso, “Using
a triangular matching approach for latent fingerprint and palmprint iden-
tification,” Int. J. Pattern Recognit. Artif. Intell., vol. 28, no. 7, 2014,
Art. no. 1460004.

D. Lee, K. Choi, and J. Kim, ““A robust fingerprint matching algorithm
using local alignment,” in Proc. Object Recognit. Supported User Inter-
act. Service Robots, vol. 3, Aug. 2002, pp. 803-806.

X. Tong, J. Huang, X. Tang, and D. Shi, “Fingerprint minutiae matching
using the adjacent feature vector,” Pattern Recognit. Lett., vol. 26, no. 9,
pp. 1337-1345, 2005.

A. K. Jain, J. Feng, A. Nagar, and K. Nandakumar, “On matching latent
fingerprints,” in Proc. IEEE Comput. Soc. Conf. Comput. Vis. Pattern
Recognit. Workshops, Jun. 2008, pp. 1-8.

E. Zhu, J. Yin, and G. Zhang, “Fingerprint matching based on global
alignment of multiple reference minutiae,” Pattern Recognit., vol. 38,
no. 10, pp. 1685-1694, 2005.

Z. Shi and V. Govindaraju, “Robust fingerprint matching using spiral
partitioning scheme,” in Proc. Int. Conf. Biometrics, Alghero, Italy,
Jun. 2009, pp. 647-655.

E. Liu, H. Zhao, J. Liang, L. Pang, H. Chen, and J. Tian, “Random local
region descriptor (RLRD): A new method for fixed-length feature repre-
sentation of fingerprint image and its application to template protection,”
Future Gener. Comput. Syst., vol. 28, no. 1, pp. 236-243, 2012.

48497



IEEE Access

D. Valdes-Ramirez et al.: Review of Fingerprint Feature Representations and Their Applications

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

48498

M. D. Indovina et al., “Evaluation of latent fingerprint technologies:
Extended feature sets [evaluation #2],” Nat. Inst. Standards Technol., U.S.
Dept. Commerce, Tech. Rep. 7859, May 2012.

R. Garg and S. Rane, “A keypoint descriptor for alignment-free fin-
gerprint matching,” in Proc. IEEE Int. Conf. Acoust., Speech, Signal
Process., May 2013, pp. 2994-2998.

J. Bringer and V. Despiegel, ‘‘Binary feature vector fingerprint represen-
tation from minutiae vicinities,” in Proc. 4th IEEE Int. Conf. Biometrics,
Theory, Appl. Syst. (BTAS), Sep. 2010, pp. 1-6.

A. A. Paulino, E. Liu, K. Cao, and A. K. Jain, “Latent fingerprint
indexing: Fusion of level 1 and level 2 features,” in Proc. 6th Int. Conf.
Biometrics, Theory, Appl. Syst. (BTAS), Sep./Oct. 2013, pp. 1-8.

W. F. Leung, S.-H. Leung, W. H. Lau, and A. Luk, “Fingerprint recogni-
tion using neural network,” in Proc. IEEE Workshop Neural Netw. Signal
Process., Sep./Oct. 1991, pp. 226-235.

C. L. Wilson, C. I. Watson, and E. G. Paek, “Combined optical
and neural network fingerprint matching,” Proc. SPIE, vol. 3073,
pp. 373-383, Mar. 1997.

Q. Zhao and A. K. Jain, “On the utility of extended fingerprint features:
A study on pores,” in Proc. IEEE Comput. Soc. Conf. Comput. Vis.
Pattern Recognit.-Workshops, Jun. 2010, pp. 9-16.

K. Cao and A. K. Jain, “Latent orientation field estimation via convolu-
tional neural network,” in Proc. Int. Conf. Biometrics (ICB), May 2015,
pp. 349-356.

Y. Zhu, X. Yin, X. Jia, and J. Hu, “Latent fingerprint segmentation
based on convolutional neural networks,” in Proc. IEEE Workshop Inf.
Forensics Secur. (WIFS), Dec. 2017, pp. 1-6.

R. Cappelli, M. Ferrara, and D. Maltoni, “Large-scale fingerprint identi-
fication on GPU,” Inf. Sci., vol. 306, pp. 1-20, Jun. 2015.

K. E. Hoyle, N. J. Short, M. S. Hsiao, A. L. Abbott, and E. A. Fox,
“Minutiae + friction ridges = triplet-based features for determining
sufficiency in fingerprints,” in Proc. IET Conf., Nov. 2011, pp. 1-6.

A. K. Jain, Y. Chen, and M. Demirkus, ‘“‘Pores and ridges: High-resolution
fingerprint matching using level 3 features,” IEEE Trans. Pattern Anal.
Mach. Intell., vol. 29, no. 1, pp. 15-27, Jan. 2007.

A. K. Jain, L. Hong, S. Pankanti, and R. Bolle, “An identity-
authentication system using fingerprints,” Proc. IEEE, vol. 85, no. 9,
pp. 1365-1388, Sep. 1997.

X.Luo, J. Tian, and Y. Wu, “A minutiae matching algorithm in fingerprint
verification,” in Proc. 15th Int. Conf. Pattern Recognit. (ICPR), vol. 4,
Sep. 2000, pp. 833-836.

D. Peralta, 1. Triguero, S. Garcia, F. Herrera, and J. M. Benitez, “DPD-
DFF: A dual phase distributed scheme with double fingerprint fusion for
fast and accurate identification in large databases,” Inf. Fusion, vol. 32,
pp. 40-51, Nov. 2016.

X. Tan and B. Bhanu, “Fingerprint matching by genetic algorithms,”
Pattern Recognit., vol. 39, no. 3, pp. 465—477, 2006.

J. Feng, S. Yoon, and A. K. Jain, “Latent fingerprint matching: Fusion of
rolled and plain fingerprints,” in Proc. Int. Conf. Biometrics (ICB), 2009,
pp. 695-704.

X. Tong, S. Liu, J. Huang, and X. Tang, “Local relative location error
descriptor-based fingerprint minutiae matching,” Pattern Recognit. Lett.,
vol. 29, no. 3, pp. 286-294, 2008.

K. Cao, X. Yang, J. Tian, Y. Zhang, P. Li, and X. Tao, “Fingerprint match-
ing based on neighboring information and penalized logistic regression,”
in Proc. Int. Conf. Biometrics (ICB), 2009, pp. 617-626.

R. Cappelli, M. Ferrara, and D. Maltoni, “‘Fingerprint indexing based on
minutia cylinder-code,” IEEE Trans. Pattern Anal. Mach. Intell., vol. 33,
no. 5, pp. 1051-1057, May 2011.

D. Maio, D. Maltoni, R. Cappelli, J. L. Wayman, and A. K. Jain,
“FVC2002: Second fingerprint verification competition,” in Proc. 16th
Int. Conf. Pattern Recognit., vol. 3, Aug. 2002, pp. 811-814.

P. Grother, R. J. Micheals, and P. J. Phillips, “Face recognition vendor
test 2002 performance metrics,” in Proc. Int. Conf. Audio-Video-Based
Biometric Person Authentication. Berlin, Germany: Springer, 2003,
pp. 937-945.

A. Martin, G. Doddington, T. Kamm, M. Ordowski, and M. Przybocki,
“The DET curve in assessment of detection task performance,” in Proc.
5th Eur. Conf. Speech Commun. Technol., Rhodes, Greece, Sep. 1997.

T. Fawcett, “An introduction to ROC analysis,” Pattern Recognit. Lett.,
vol. 27, no. 8, pp. 861-874, Jun. 2006.

B. DeCann and A. Ross, “Relating ROC and CMC curves via the biomet-
ric menagerie,” in Proc. IEEE 6th Int. Conf. Biometrics, Theory, Appl.
Syst. (BTAS), Sep./Oct. 2013, pp. 1-8.

DANILO VALDES-RAMIREZ received the B.Sc.
and M.Sc. degrees in computer science from the
Universidad Central “Marta Abreu” de Las Vil-
las, Cuba, in 2006 and 2013, respectively. He is
currently pursuing the Ph.D. degree in computer
science with the Tecnologico de Monterrey, Cam-
pus Estado de Mexico, where he is a member of the

- GIEE-ML (machine learning) Research Group. He
q is also a Professor with the Department of Com-
- puter Sciences, Universidad de Ciego de Avila,
Cuba. His research interests include machine learning, fingerprint recogni-
tion, and optimization problems.

MIGUEL ANGEL MEDINA-PEREZ received
the Ph.D. degree in computer science from the
National Institute of Astrophysics, Optics, and
Electronics, Mexico, in 2014. He is currently a
Research Professor with the Tecnologico de Mon-
terrey, Campus Estado de Mexico, where he is
a member of the GIEE-ML (machine learning)
Research Group. He has been involved in sev-
eral research projects involving pattern recogni-

. tion and has published 28 research papers, 18
of which are in JCR-indexed journals, such as the IEEE TRANSACTIONS
oN INFORMATION FORENSICS AND SECURITY, Pattern Recognition, Information
Fusion, Knowledge-Based Systems, Information Sciences, and Neurocom-
puting.

RAUL MONROY received the Ph.D. degree in
artificial intelligence from Edinburgh University,
in 1998, under the supervision of Prof. A. Bundy.
He is currently a (Full) Professor in computing
with the Tecnologico de Monterrey, and leads
GIEE-ML, a group of computer scientists inter-
ested in machine learning models. Since 1998,
he has been a member of CONACyT’s National
Research System, currently ranked 3, a Fellow to
the National Academy of Sciences, and a Founding
Fellow of the Mexican Academy of Computing. His research is concerned
with the discovery and application of machine learning techniques for
anomaly detection, robot motion planning, and the uncovering and correction
of errors in either a system or its specification.

OCTAVIO LOYOLA-GONZALEZ received the
B.Eng. degree in informatics engineering and the
M.Sc. degree in applied informatics from the Uni-
versity of Ciego de Avila, Cuba, in 2010 and 2012,
respectively, and the Ph.D. degree in computer sci-
ence from the National Institute of Astrophysics,
Optics and Electronics, Mexico, in 2017. He is
currently a Research Professor with the Tecno-
logico de Monterrey’s Puebla Campus, where he
is a member of the GIEE-ML (machine learning)
Research Group. Additionally, he is currently a Member of the Mexican
Researchers System (Rank 1). He has been involved in many research
projects about pattern recognition that have been applied to biotechnol-
ogy and dactyloscopy problems. His research interests include contrast
pattern-based classification, data mining, one-class classification, masquer-
ader detection, fingerprint recognition, and palmprint recognition.

VOLUME 7, 2019



D. Valdes-Ramirez et al.: Review of Fingerprint Feature Representations and Their Applications

IEEE Access

JORGE RODRIGUEZ received the M.Sc. degree
in computer science and the Ph.D. degree in engi-
neering sciences from the Tecnologico de Mon-
terrey, in 2013 and 2017, respectively. He previ-
ously worked in HP Labs, Palo Alto, CA, USA,
where he was involved in machine learning and
cloud computing projects. He currently holds a
Postdoctoral position with GIEE-ML involved in
latent palmprint and fingerprint identification, and
a member of the Mexican National Researchers
System (SNI) level C. His research interests include the application of
machine learning and artificial intelligence for physical and information
security.

AYTHAMI MORALES received the M.Sc. degree
in telecommunication engineering from the Uni-
versidad de Las Palmas de Gran Canaria, in 2006,
and the Ph.D. degree from the La Universidad
de Las Palmas de Gran Canaria, in 2011. Since
2017, he has been an interim Associate Profes-
sor with the Universidad Autonoma de Madrid.
He has conducted research stays at the Biometric
Research Laboratory, Michigan State University,
the Biometric Research Center, The Hong Kong
Polytechnic University, the Biometric System Laboratory, University of
Bologna, and the Schepens Eye Research Institute. His research interests
include pattern recognition, computer vision, machine learning, and bio-
metrics signal processing. He has authored more than 70 scientific articles
published in international journals and conferences. He has received awards
from ULPGC, La Caja de Canarias, SPEGC, and COIT. He has partici-
pated in National and EU projects in collaboration with other universities
and private entities, such as UAM, UPM, EUPMt, Indra, Union Fenosa,
Soluziona, or Accentur.

VOLUME 7, 2019

FRANCISCO HERRERA (SM’15) received the
M.Sc. degree in mathematics and the Ph.D. degree
in mathematics from the University of Granada,
Spain, in 1988 and 1991, respectively, where he is
currently a Professor with the Department of Com-
puter Science and Artificial Intelligence. He has
been the Supervisor of 42 Ph.D. students. He has
published more than 370 journal papers, receiv-
ing more than 58000 citations (Scholar Google
and H-index 120). He has coauthored the books
Genetic Fuzzy Systems (World Scientific, 2001), Data Preprocessing in Data
Mining (Springer, 2015), The 2-tuple Linguistic Model. Computing with
Words in Decision Making (Springer, 2015), and Multilabel Classification.
Problem Analysis, Metrics and Techniques (Springer, 2016). His current
research interests include soft computing (including fuzzy modeling, evolu-
tionary algorithms, and deep learning), computing with words, information
fusion and decision making, and data science (including data preprocessing,
prediction, and big data). He currently acts as the Editor-in-Chief of the inter-
national journals Information Fusion (Elsevier) and Progress in Artificial
Intelligence (Springer). He also acts as an Editorial Member of a dozen jour-
nals. He has received the following honors and awards: the ECCAI Fellow
2009, the IFSA Fellow 2013, the 2010 Spanish National Award on Computer
Science ARITMEL to the “Spanish Engineer on Computer Science,” the
International Cajastur “Mamdani”’ Prize for Soft Computing (Fourth Edition,
2010), the IEEE Transactions oN Fuzzy Systems Outstanding 2008 and
2012 Paper Award (bestowed in 2011 and 2015, respectively), the 2011 Lotfi
A. Zadeh Prize Best Paper Award (IFSA Association), the 2013 AEPIA
Award to a scientific career in artificial intelligence, the 2014 XV Andalucia
Research Prize Maiménides, the 2017 Security Forum I+D+I Prize, and
the 2017 Andalucia Medal (by the regional government of Andalucia).
He has been selected as a Highly Cited Researcher http://highlycited.com
in the fields of computer science and engineering by Clarivate Analytics,
since 2014.

48499



	INTRODUCTION
	REVIEW OF FINGERPRINT FEATURE REPRESENTATIONS
	FINGERPRINT FEATURE REPRESENTATIONS, A GENERAL OVERVIEW
	MINUTIA DESCRIPTORS USED SOLELY IN VERIFICATION
	IMAGE-BASED MINUTIA DESCRIPTORS
	MINUTIA-BASED MINUTIA DESCRIPTORS
	TEXTURE-BASED MINUTIA DESCRIPTORS
	COMBINED MINUTIA DESCRIPTORS

	MINUTIA DESCRIPTORS USED FOR IDENTIFICATION
	IMAGE-BASED MINUTIA DESCRIPTORS
	MINUTIA-BASED MINUTIA DESCRIPTORS
	TEXTURE-BASED MINUTIA DESCRIPTORS
	COMBINED MINUTIA DESCRIPTORS

	SUMMARY OF THE REVIEW OF FINGERPRINT FEATURE REPRESENTATIONS

	EVALUATION PROTOCOL FOR MINUTIA DESCRIPTORS IN LATENT FINGERPRINT
	RESULTS AND DISCUSSION
	ANALYSIS OF THE IDENTIFICATION RATE OF THE MINUTIA DESCRIPTORS REGARDING THE CMC CURVE

	CONCLUSIONS
	REFERENCES
	Biographies
	DANILO VALDES-RAMIREZ
	MIGUEL ANGEL MEDINA-PÉREZ
	RAÚL MONROY
	OCTAVIO LOYOLA-GONZÁLEZ
	JORGE RODRÍGUEZ
	AYTHAMI MORALES
	FRANCISCO HERRERA


