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Abstract—Since fingerprint is considered to be practically
unchanged throughout life, it is one of the most reliable methods
for the identification of a subject. A fingerprint is a pattern of
peaks and valleys on the surface of the fingertip. Terminations
and bifurcations are known as minutiae. Many methods are con-
structed using these characteristics as the basis for identification
of subjects. This work aims to study, implement, and analyze
the effectiveness of a method for fingerprint matching based
on minutiae. For the quality of extracted minutiae evaluation,
we provide to this method as input data, minutiae extracted
by an automatic technique available in the literature and as
reference annotations, minutiae manually indicated, i.e., perfect
extraction. Two databases are used in our experiments: 80
pairs of fingerprints from technical and administrative staff of
the University of Ouro Preto, acquired anonymously, and 40
quadruples of fingerprints from public competitions fingerprint
verification databases, i.e., FVC2000 and FVC2004. From the
results analysis, we can observe that the the source of extracted
(automatically or manually) minutiae plays an important hole in
the matching, miss and rejection rates of the studied method.
Index Terms—Extraction, minutiae, matching, evaluation.

I. INTRODUCTION

The use of fingerprints to identify people has grown in
recent decades. This is because methods involving this charac-
teristic feature have a high reliability for such task, according
to [1]. Moreover fingerprints are unique to each subject en-
suring individuality that is defined by the topographic surface
of the ridge structure and the presence of minutiae. These
elements can be seen in Figure 1.

There is a large number of applications that use fingerprint
recognition to identify people. For example, recognition of
employees in a company or even criminals identification by
the police. Due to this fact, a lot has been invested in the

Figure 1. Elements present in fingerprint

automation process [1]. Regarding to the automatic recognition
of fingerprints, there are several methods available in the
literature. Those involving matching of minutiae are the most
common. Other methods found in literature involve the use of
the pores, ridges and mapping the orientation of their fields.
In the approach proposed by [2], for example, pores of the
fingerprint are used, due to the abundance of this feature,
even in small sections of the fingerprint. A drawback of
this method is that to extract those features the images must
have high definition (above 1200 dpi). Some authors have
used combinations of characteristics in order to obtain more
promising results in recognition, such as in [3].

A system of fingerprint recognition can be divided into
the following steps: preprocessing, feature extraction and
matching. The preprocessing aims to improve the appearance
of image, to highlight its details, rebuilding parts or removing
noise from it. The second stage of process, feature extraction,
seeks to identify information that can be used later to recognize
and retrieve the fingerprint. The effectiveness of the fingerprint
matching methods based on minutiae depends a lot on the
quality of the extracted minutiae. The desired ideal input is the
one with no false positive and no missing true positive. How-
ever, in practice the implementations available for automatic
minutiae extraction are not close to the perfection. On the other
hand, in some forensic scenarios, the manual annotations of
minutiae is usually adopted.

The last stage, the matching one, refers to the process of
comparing two fingerprints. These three stages are closely
related, that is, the effectiveness of preprocessing affects
directly the effectiveness of the feature extraction step that in
turn affects the matching process. Usually this type of system
has storage a signature, a.k.a. template. In other words, image
of the database for quick access, which is a description of
the fingerprint’s features. The image to be searched is called
query, and also has its signature.

In this work, the method proposed by [4] is described,
implemented and evaluated regarding the quality of extracted
minutiae. In addition to the steps provided by [4], thresholds
were also inserted in some steps to reduce the number of
incorrect matchings due to the use of spurious minutiae. Its
effectiveness is evaluated regarding the quality of extracted
minutiae using minutiae extracted automatically and manually
on two databases composed of 320 fingerprint images. We
choose to study this work because it is based on minutiae and
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it is easy to reproduce its implementation.
The remainder of this work is organized as follows. In

Section 2, we present the preprocessing techniques used in
this work to improve the fingerprint quality and for minutiae
extraction. Section 3 describes the technique used to generate
the minutiae descriptors, i.e., its signature. Section 4 presents
the methodology for the generation of scores from the minutiae
correspondence. In Section 5, we discuss the results obtained
by the method in both scenarios, i.e., automatic and manu-
ally/perfect minutiae extraction on two databases, and finally,
in Section 6, we conclude our work and present future work.

II. PREPROCESSING

Before the application of methods for feature descriptor
of fingerprints, it is necessary to make a preprocessing. This
process is important because it prevents that scanned informa-
tion in fingerprint to be erroneous and inaccurate. After the
preprocessing, it is possible to eliminate noise, or false infor-
mation that appears at the time of the fingerprint acquisition.
It is also possible to recover information that has been lost at
the time of scanning, for example, broken stretches of ridges
forming spurious minutiae (such as false endings). Moreover,
through this process, the image becomes sharper in a manner
so that the ridges become more visible. This has a positive
impact on the process of feature/minutiae description. During
preprocessing, three operations are performed in each of the
fingerprint: segmentation, smoothing and skeletonization, and
finally the minutiae are extracted.

A. Segmentation

Our process of fingerprint segmentation consider a binary
image and so the image has to be binarized. This binarization
is done by the Otsu’s method [5]. Then a morphological
closing operation is applied using a structuring element 1.5
times bigger than the average distance between ridges, i.e.,
the inverse of the fingerprint frequency. This operation consists
of a dilation followed by an erosion. This makes spaces that
have appeared incorrectly at the time of scanning possible
to fill , and rejoin the ends of a stretch ridges accidentally
fragmented. Then one applies the morphological opening
operation using a structuring element of the same size of the
average distance between ridges. This operation consists of an
erosion followed by a dilation, which allows to eliminate small
noises that appear during the fingerprints scanning. Finally,
after this process on the binary image, it is possible to obtain
a consistent region representing the entire fingerprint (set of
ridges) in the image. This region delimits the fingerprint [6].

B. Smoothing

The smoothing process is used in order to reduce the noise
contained in the image. This was done applying the Gabor
filter over the image.

To use this filter it is necessary to set same parameters.
The correct setting of Gabor Filter helps to capture the
information of the fingerprint ridges and removes the noise
effectively. The parameters that must be adjusted to its use are:

frequency and orientation ridges, δx and δy . These parameters
must be chosen carefully. High values for these parameters
make the filter robust to remove noise, however they reduce
the quality of the ridges. Low values provide the opposite
situation: better quality of ridges and low noise removal. For
this procedure we used the method implemented by Chikkerur
& Govindaraju [7].

C. Skeletonization

The method used for skeletonization consists in applying
successive erosions (i.e., morphological operation) in the im-
age [8] being carefull not to disconnect the sets/ridges. The
result of this process is an image which shows fingerprint
ridges containing only one pixel wide. An example of this
process result can be seen in the Figure 2.

Figure 2. Example of fingerprint skeletonization

D. Minutiae Extraction

At this stage the fingerprint features are ready to be ex-
tracted and then to be used in the matching method. These
features are the minutiae, which are called here as bifurcation
or terminations (Figure 3).

Figure 3. Example of minutiae

For the extraction of the minutiae we used the concept of
Condition Number (CN) [9]. For its application the skele-
tonized image is used. To verify the existence of minutiae
we iterate in the image using a block size of 3 × 3 with
overlapping. This verification is done as follows: check the
central pixel of the block. If this pixel is marked (i.e., it
belongs to the ridge), count the other pixels in its neighborhood
that are marked. An illustration of these conditions can be seen
in the example in Figure 4.

In the illustration, cn(p) stand for the number of pixels
marked in the neighborhood of the center pixel, and cn(p) = 1
represents a termination and cn(p) = 3 a bifurcation. Other



Figure 4. Example of minutiae found

values of cn(p) are not useful for this work, since cn(p) = 2
indicates a point in the middle of the ridge, and cn(p) ≥ 4
represent complex minutiae, not treated in this work. It is
important to observe that the endings/terminations found at
the edge of the fingerprints region (i.e., in the boundary of
the image) are not considered minutiae, and then they are
discarded. This process is executed using as interesting region
of minutiae the mask image generated in the segmentation
process eroded using an structuring element twice the average
distance between ridges.

III. MINUTIAE DESCRIPTORS

The descriptors of minutiae are generated to represent each
minutia found in each preprocessed image. These descriptors
were constructed based on the work in [4]. A descriptor is used
to describe a minutia so that it becomes unique. For such aim,
the orientation field of the region center at the minutia and
surrounding points is computed. To obtain the orientation field
of a point (i, j) neighborhood of w × w pixels is considered.
This angle (the orientation filed) is then formed by the ridges
that intersect this neighborhood with x-axis, i.e.,

θ(i, j) =
1
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in which, Gx(u, v) and Gy(u, v) stand for the Prewitt gradient
operator in horizontal and vertical directions (windows of 3×3
pixels), respectively [10]. In Figure 5, we can observe some
examples of blocks used in computing the orientation filed and
their respective angles.

When taking into account only the points near the minutia,
the orientation field has small variations. To circumvent this
fact, we developed a descriptor consisting of a circular struc-
ture around the minutia. This structure encompasses a wider
area in order to get more information and is composed of
equidistant sampling points Pk,` and ` concentric circles of
radius r, as can be seen in Figure 6.

The number of sampling points that must be considered in
each circle, k`, is defined according to the image resolution
(dpi) and the average period of the ridges. This number is
calculated by obtaining the length of a straight line that
connects two ridges, defined by k` = (π∗r`τ ) [4], in which
τ is the average period of the ridges and r` the radius of the
circle `. In this project, the average length of ridge is defined

Figure 5. Examples of blocks used in computing the orientation field and
their respective angles, for w = 32

Figure 6. Circles for sampling generation

as 0.463 mm (as suggested in [4]) and R which represent the
image resolution is expressed in dots per inch (dpi), where 1
inch equals 25.4 mm. That is, k` = ( 25.4∗π∗r`

0.463∗R ) = (172∗r`
R ).

To select the sampling points in each circle, the trigonomet-
ric cycle (360◦) is divided into k` parts, in a counterclockwise
direction. At the beginning of each of these parts is considered
one sampling point, i.e., the m point. It is important to note
that the first sampling point depends on the minutia, as can
be seen in Figure 6.

This descriptor is composed by the dissimilarity between the
angle of the minutia α (the m point) and the orientation angles
of the sampling points. Let β be one of the sampling points.
The dissimilarity between α and β is obtained by calculating
the relative angle between these orientations. This angle is
defined as Λ(α, β) and is calculated as follows:

Λ(α, β) = (
2

π
)min{λ(α, β), λ(β, α)} (1)

in which λ(a, b) stands for the positive angle that the orienta-
tion a requires to achieve the orientation b. This measure indi-
cates the smallest angle of rotation required for the orientation



field of α to become parallel to the orientation field of β. The
values of Λ(α, β) range from 0 to 1, where 0 indicates that the
orientation fields are parallel and 1 that are orthogonal. If the
sample point is outside the fingerprint area, then to Λ(α, β)
is assigned a value outside the range 0-1, which means that
this point is invalid. Finally from the dissimilarity values, the
descriptor f of the minutia can be constructed and defined as:

f = {{λ(θk,`, θ)}K`

k=1}
L
`=1 (2)

IV. MATCHING

In this section we describe the steps necessary for the
fingerprints matching. The steps of this process comprises the
comparison between the minutiae of the fingerprints providing
a similarity value between them, the generation of a matrix
called possibility whose objective is to penalize minutiae that
have high values of similarity for more than a minutia, the
alignment between the fingerprint and its minutiae, and, finally,
the generation of a set called correspondence, from which the
score value between two fingerprints is calculated.

A. Similarity

The first step to make the matching between fingerprints is
to calculate how similar each pair of minutiae from template
and query impressions are. Considering two minutiae a and
b, belonging to a query and template images, respectively,
and which descriptors are respectively f(a) = αk,l and
f(b) = βk,l. The calculation of the similarity between pairs
of minutiae can be defined by:

S(a, b) =
1

K

L∑
`=1

K∑̀
k=1

s(xk,`) (3)

where K, K`, L and xk,l indicate the total number of sampling
points, number of sampling points of the circumference, total
number of circles and the dissimilarity between a sampling
point in position k on the circumference l of a and b,
respectively. The function s(x) has the objective of maxi-
mizing the value of similarity between pairs that match or
reduce this value, otherwise. In this project s(x) is defined
as s(x) = exp(−16x) as suggested by [11] to provide better
results than the other functions assessed in that work, i.e., 1−x
and u(x)− u(x, 0.1).

The values of S(a, b) varies from 0 to 1, and the closer to
1 the greater the similarity between two minutiae.

B. Possibility

After calculating the similarity between all pairs of finger-
print minutiae to be matched, there may be query minutiae
that have a high similarity value for more than a minutia
template. This occurs when there are several very close minu-
tiae, making it difficult to distinguish the correct pair. This
ambiguity can harm the matching process. Thus, to overcome
this situation, a value is generated for each minutia, called
possibility. This value indicates that two minutiae a and b are
matched if the value of S(a, b) is high and both minutiae a and
b have low similarity values in relation to other minutiae of

Q and T . Formally, the value of P possibility can be defined
as:

P (ai, bj) =
S(ai, bj)

2

(

N∑
i′=1

S(ai′ , bj) +

N∑
j′=1

S(ai, bj′))− S(ai, bj)

By calculating values of possibility for all possible pairs of
minutiae of Q and T , we obtain a matrix called possibility
where the columns represent the minutiae of fingerprint query
and lines the minutiae of fingerprint template. If there are many
spurious minutiae in the fingerprints a threshold can be added
to avoid several spurious possibility values. That is, if the value
of possibility is smaller than a threshold, it is assigned the
value 0 for the possibility of the pair of minutiae.

C. Alignment

In the process of matching is common that fingerprints
do not possess the same orientation and position, or have
translation or rotation between them. Thus, it is necessary to
align them. This prevents minutiae with different orientations
and positions to be matched and used to calculate the score.

The translation and rotation parameters are obtained from
the pair of minutiae that provide the largest possible value,
here denoted as b∗q and a∗p. The angle of rotation is obtained
from the difference between the orientation of minutiae ac-
cording to the equation below.

ϕ = θ(b∗q)− θ(a∗p), (4)

The translation is obtained by applying the rotation matrix
in the coordinates of all the minutiae of the fingerprint to be
transferred by adding the values of translation obtained by

t = m(bq)−Rϕm(ap). (5)

After application of geometric transformations in the set of
minutiae of B, we get the list B′, composed by the position
and orientation of minutiae. It is then calculated the Euclidean
distance and the difference in orientation between the minutiae
of B′ and A, and checked whether these values are lower than
a certain threshold (i.e., distance). If not, the possible values
for that pair is changed to 0, since this pair does not correspond
geometrically in the fingerprints.

D. Correspondence

Even after the rejection of minutiae in the stage of pos-
sibility and obtaining the list of minutiae B′, still one may
exist minutiae that have a pairing different of 1 : 1. To be
able to resolve this situation, it is constructed by a greedy
algorithm a set called correspondence. This algorithm, at each
step, removes from the matrix the possibility pair (A,B′) with
greater value and inserts it in the correspondence list resetting
then in the possibility matrix the values of the pair and the
rows and columns associated with it.

The variables Ab and Ba indicate how many A minutiae
are in the overlapping region of B′ and how many B′ minutiae



are in the overlapping region of A, respectively. That is, for
each pair removed from the possibility value, it is incremented
one to the value of these variables. In other words, for each
line (column), it increases one in Ab (resp. Ba). This process
is repeated until the matrix of possibilities has only 0 values.

An illustration of this process can be seen in Figure 7.

(a) Iteration 1 (b) Iteration 2

(c) Iteration 3 (d) Iteration 4

(e) Iteration 5
Figure 7. Generating the set of correspondence

E. Score

The last step of matching is to generate the score between
fingerprints. This value is obtained by summing up the sim-
ilarity between pairs of minutiae in the correspondence set,
and then normalizing it by Ab×Ba, as follows

score =
1

AbBa

 ∑
(i,j)∈C

S(ai, bj)

2

. (6)

The score value is between 0 and 1. The closer to 1,
the greater the chances of the pair of images to be cor-
respondent/matching. And the matching pair is chosen as
the one with highest score. A rejection in matching can be
implemented. If the highest score of fingerprints is below a
score, then the query fingerprint is discarded and not matched.

V. EXPERIMENTS

For the experiments of this work, it is used two database:
one composed of 40 quadruples (i.e., from 40 subjects being 4
from each one) of fingerprints from FVC2000 and FVC2004
databases, and another one from the UFOP administrative staff
composed of 80 pairs of fingerprints adding up 320 images
(160 from UFOP and 160 from FVC’s) with a resolution of
500 dpi and 600 dpi for FVC’s and UFOP, respectively. For
the experiments, each time an image/fingerprint is selected and
tested against the remainder database which is called template
fingerprints. This process is run for all fingerprint in a leave-
one-out fashion.

A. Adjusting parameters

In order to achieve satisfactory results in the matching
process, some parameters of the method must be set in
preliminary experiments using a restricted database of 10 pairs

of fingerprints randomly chosen. These comprise the selection
of the number of sampling points and circumferences for the
descriptors, size and type of block used for the calculation
of minutiae direction and sampling points (the orientation
field), minimum values of possibility, correspondence, score
and cutoffs (thresholds) for orientation and euclidean distance
between minutiae in the alignment step.

For the construction of the descriptors were evaluated,
initially, the influence of the radii variation and the amount of
sampling points by using only one circumference. The values
of the radii evaluated have 30, 60, and 90 pixels, and the
number of sampling points were 10, 20, 30 and 40. From these
preliminary experiments, it was observed that values of radius
greater than 60 pixels does not provide a significant difference
in results. The same is observed by inserting large amount of
sampling points which allows the use of the equation provided
in Section 3 of this work, i.e., k` = 172∗r`

R , to provide a
balanced point value in function of the radius.

After evaluating of the sampling points and radii distance,
it was evaluated the use of 2, 3, and 4 circumferences, where
the first circumference has a radius of 40 pixels and for the
other distances between them it was evaluated 9, 11, 13,
15, and 17 pixels. The radius of the first circumference has
a larger size because one small value would give a small
variation in the sampling area. The objective of this approach
is, mainly, characterize the minutiae using a wide area around
it. The distance values between the circles were selected
considering the distance between the fingerprint ridges which
has a value about 11 pixels, and looking to maintain the largest
circumference radius between 60 and 90 pixels, as previously
mentioned, values bigger than these does not provide signifi-
cant improvements in the accuracy of the methods. The best
results were obtained when using three circles.

The orientation of minutiae and sampling points used by
descriptors were obtained using circular (C) and non-circular
(NC) blocks with sizes: 9, 11, and 13. Their values where also
selected considering the distance between ridges. The size of
blocks that had the best results are 9 for the UFOP and 13 for
FVC databases, as can be seen in Tables I and II indicating that
the block should have the values of their sides approximately
equal to the average value of the distance between ridges.

Besides the choice of the number of sampling points and
circumferences, the values used in the intermediate step of the
matching process were also adjusted. This step includes the
generation of the possibility matrix, alignment and correspon-
dence list. In the stage of possibility, it was used a threshold
to eliminate minutiae that are in a region that presents many
spurious minutiae, and to separate the genuine ones from
the incorrected detected minutiae, reducing, in this way, the
processing time. The selected values were: 0.02, 0.04, 0.06,
0.08, 0.1, and 0.12. To both databases, it was chosen the value
of 0.06. Below these values, various spurious pairs are used in
the following steps interfering the matching of genuine pairs.

Usually, the fingerprints images of a same individual have
rotation or translation between them. It is hard to obtain an
exact overlap of fingerprints using our alignment technique.



Table I
MATCHING RESULT WITH MANUAL EXTRACTION

FVC UFOP
Block Type Match Miss Reject Match Miss Reject

9 C 47.5% 1.9% 50.6% 86.3% 0.6% 13.1%
9 NC 82.5% 1.3% 16.3% 85.6% 0.0% 14.4%
11 C 73.1% 1.9% 25.0% 68.1% 1.9% 30%
11 NC 78.7% 1.9% 19.4% 51.2% 8.1% 40.6%
13 C 71.9% 1.3% 26.9% 73.1% 3.7% 23.1%
13 NC 83.8% 0.6% 15.6% 61.3% 5.0% 33.8%

Due to this fact, it is necessary to insert tolerance values for
the rotation and translation. For both databases, orientation
thresholds were evaluated for pi/20, pi/16, pi/12, pi/9 and
pi/6 and Euclidean distance thresholds 5, 10, 15, 20, and 25.
The value that provide the best results, i.e., that allow variation
without eliminating fingerprint matching pairs, was pi/16 for
the orientation difference and 10 pixels for the Euclidean
distance threshold. These thresholds for the alignment were
selected for both databases.

Finally, we set the thresholds for obtaining the matching
score. The threshold correspondence prevents that fingerprints
having few minutiae in common are scored and eventually
generate a bad matching. The threshold values evaluated were
4, 5, 6, 7, 8, 9, 10, and 11, obtaining 6 as the optimal value for
both databases. Above that value, there are a higher number
of rejections, including eliminating genuine pairs. Below this
value, the hit and error rates increase at same time. The choice
of this parameter aims to obtain a tradeoff of these rates. The
threshold score is the last parameter to be set. It is used to
accept or reject a pair of fingerprints matched. The avaliated
values were: 0.10, 0.15, 0.20 and 0.25. For this cutoff value, it
was selected 0.15 for both bases. Like other thresholds, values
above this reduce the hit and error rates and values below that
produce the reverse situation. For each pair of fingerprint that
reach this final stage, its score value is stored in a list. After
comparing the query image with all other images, it is selected
the pair with the highest score and the corresponding template
image is indicated as the matching one.

B. Final results

Tables I and II illustrate the number of correct and incorrect
matches made by the method using minutiae extracted man-
ually and automatically, respectively. From these results, we
can see that the block size for calculating the orientation field
of the minutiae and sampling points influence the accuracy
rate of the method. Thus, to ensure that the method provides
higher results, the length of the block should correspond
to approximately the average length of the ridges of the
fingerprint. Besides that, another important aspect for a good
tradeoff among accuracy, error, and rejection is related to
the quality of the extracted features. The influence of the
use of incorrect features can be observed in the error rate
of matching in Table II. Here, to deal with the presence of
spurious minutiae thresholds were used at some stages of the

method. These should be chosen carefully to avoid a high
Table II

MATCHING RESULT WITH AUTOMATIC EXTRACTION

FVC UFOP
Block Type Match Miss Reject Match Miss Reject

9 C 80.0% 11.3% 08.7% 81.9% 2.5% 15.6%
9 NC 79.4% 12.5% 08.1% 80.0% 3.1% 16.9%
11 C 74.4% 15.0% 08.7% 81.9% 3.1% 15.0%
11 NC 83.1% 08.1% 08.7% 88.1% 0.6% 11.3%
13 C 56.2% 26.3% 17.5% 84.4% 2.5% 13.1%
13 NC 83.1% 06.9% 10.0% 85.6% 3.1% 11.3%

rejection rate.

VI. CONCLUSION AND FUTURE WORK

In this paper, we described, implemented and evaluated
a method for fingerprint matching. The method proposed
by [4] exhibited a reasonable success rate in FVC and UFOP
databases for both minutiae extracted manually and automati-
cally. These rates can become even higher if the parameters are
tuned according to the databases to be evaluated. We plan to
improve the minutiae extraction technique in order to diminish
the spurious minutiae location.

We also plan to implement a method that uses the fingerprint
ridge as feature for matching [3]. The combination of that
method with the one presented here, by weighting the scores,
such as in [1], can increase the recognition rate, reducing the
rejection and error rates without the need to adjust parameters
for each type of database.
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