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Abstract

In this paper, a Modified Short-time Fourier Transform (M-STFT) fingerprint enhancement technique for non-stationary ridges has been
proposed. It improves the local section of image as the fingerprint ridges fade or change with the passage of time. Freely available data-
base (FVC2002 DB3) was used to evaluate the method. To choose the appropriate process window, various experiments on a subset of
database were performed. The proposed approach based on the use of Tukey window analyses the transient data more effectively com-
pared with other windows. The non-stationary nature of images are more efficiently enhanced using Tukey window. This scheme not
only promises better fingerprint enhancement but also results in lesser computational cost than the existing methods.
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1. Introduction

Recognition and authentication of person on the basis of biomet-
rics has become very common now. When the individual’s bio-
metric resources are linked to authentication, the probability of
fraud decreases substantially. A biometric system is mainly a pat-
tern recognition system which is used for secure access to build-
ings, cellular phones, and ATMs etc. Fingerprint is one of the best
technologies among all the biometric techniques and has been
used for the user’s authentication for a long time because of its
wide recognition and dependability. Its patterns play a wide role in
user authentication. Fingerprint verification should be done in
such a manner is not sacrificed for image quality. In case of weak
or unclear image, the enhancement of fingerprint is needed this is
helpful in user recognition. Also, due to old age or wound, finger-
prints are not visible and need to be enhanced with techniques
which improve the accuracy of biometric system. Earlier, various
researchers have used Fourier Transform for the image enhance-
ment when the amplitude and phase is constant with time. The
major drawback with frequency domain processing is that simul-
taneously, spatial information of the image is not made use of. In
1946, Gabor adapted the Fourier transform to analyse only a small
section of the signal at a time, a procedure called windowing the
signal. Gabor's adaptation, called the Short-Time Fourier Trans-
form (STFT), STFT is very common technique used for enhancing
poor quality images. This section recapitulates the literature on
fingerprint and explains various enhancement techniques used for
quality improvement of identification system.

Various research papers were reviewed for fingerprint enhance-
ment. Based on the survey of research papers on fingerprint en-

hancement, it was observed that prior works were based on the
minutiae points, singular points and many other techniques. The
individuality of the fingerprint is judged by its ridge characteris-
tics, so clear ridges play an important role in identifying individual
identity. When the ridge characteristics are not correctly identi-
fied, minutiae extraction algorithms fail to extract the minutiae
properly. The prior work enhanced the image quality at the cost of
missing genuine minutiae and non-existence minutiae were ex-
tracted many a time. A brief overview of important contributions
on fingerprint enhancement and their features are given in Table 1.
Focus in this paper is to bring out a technique which is simple and
less time consuming and does not miss the genuine minutiae and
is, therefore, robust.

This paper is arranged as follows: Section 2 describes the pro-
posed methodology. This consists of pre-processing of fingerprint
image, proposed M-STFT scheme, the detailed description of local
region in fingerprint image, ridge frequency image, the region
mask, the image orientation related to coherence image and image
smoothening. Further, Section 3 reports the experimental results
along with discussion which gives quantitative values correspond-
ing to proposed pseudo code and provides a comparative analysis
of the results. Section 4 concludes the paper.

2. Methodology

2.1. Pre-processing of fingerprint image

In this work, database from the website of Fingerprint Verification
Competition (FVC2002) freely available at
http://bias.csr.unibo.it/fvc2002/download.asp has been used. This
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database contains 800 images out of which a subset containing 8
images of 10 users each is taken [16].

Table 1: Review of the Literature on Fingerprint Enhancement

Enhancement Tech-

Ref No .
nique used

Contribution Key Features

works only on

1] Mehtre et.al Spatial domain grayimages; fails to
(1987) enhancement give good results on
low contrast images
- removes desirable
Sherlock et. Directional Fast U AL Gl
4] al (1994) Fourier Transform DB 11 GO
pared to Mehtre et al
(1987).
An isotropic Gaussian
filter is used to remove
[15] Yang et. al Modified Gabor ncllse. Higher
(2003) Filter (MGF) gher
e  computational
cost of the
MGF.
MSR with Color extracts the images
[8] (RZ%%T)a kel Restoration algo- efficiently at the cost
rithm of naturalness.
Govindraju misses genuine minu-
[12] et. al(2007) S tiae
e  used to find the
orientation of
Oliveira et. al MLlisEE s i . IIJ?:(? tt?(S)- recon-
[10] (2008) gggrphologlcal oper- nect the broken
ridges.
e time consuming
and complex.
Yong et. al Principal Compo- good results on binary
[5]
(2010) nent Analysis images only.
Sawant et. al Spatial domain high computational
[6]
(2010) technique cost.
e, . preserves the halo
[7] \(/;/gg%et. i ?'/\I/llgté)s ealle [ e effect at the cost of
missing information.
provides more security
[11] DLl Gabor filter but computation time
al (2013)
is high.
[13] Bahgat et. al Fast and accurate g’:'sc)t?i’::%?iee:t%;ig?quses
(2013) algorithm map.
- create a unique ID missing minutiae
[14] ';szgﬂ))m e using core point of points & difficulty in
fingerprint generating ID.
2] Sowjanya artificial intelligence it enhances only gray
(2017) tectechniques images
Parkavi Multimodal tech- silean e i
[3] (2017) nique ing and non matching

rates.

To enhance images which are non-stationary in nature, a transfor-
mation is needed which can handle transient nature of image ef-
fectively. Researchers have largely used Fourier transform for this
purpose. However, as the Fourier transform cannot take the inher-
ent variation of parameters of poor quality fingerprint images

existing in both space and time, the results obtained by this tech-
nique are not encouraging so far. Short-time Fourier Transform is
better in such situations because here, the image is divided into
small segments and Fourier transform is performed on each seg-
ment for a short period of time with a fixed window length. To
evaluate the proposed method, we used freely available database
http://bias.csr.unibo.it/fvc2002/download.asp. This database con-
tains 800 images out of which we have taken a subset containing 8
images of 10 users each [16]. In this process, the dc component
(mean value) of the image is calculated very effectively as dis-
cussed in [12].

The image is divided into overlapping windows assuming that
fingerprint image is stationary for that specified short interval of
window. The General Block diagram is shown in Fig 1 for the
proposed scheme.

Input Image
‘ 4
Calculate Ca.lcglate
) Calculate Orientation Region
Ridge frequency Mask

M-STFT ANALYSIS

Calculate
Coherence Image

Enhanced Image

Fig. 1: General Block Diagram of Proposed Scheme.
2.2. Proposed modified-STFT (M-STFT) scheme

STFT partitions a long time signal into short segments of equal
length and then computes the Fourier transform on each short
segment separately. STFT provides information about time inter-
val of the occurrence of a signal event and the corresponding fre-
quencies. As the window size of STFT is fixed, information can
only be obtained with limited precision. When a long window is
used, the frequency resolution is higher and the time resolution is
lower. The situation is reversed when a short window is used. To
overcome this issue of compromise between time and frequency
information, a different window function [17] known as Tukey
window has been used in the proposed modified-STFT (M-STFT).
The use of Tukey window can be used to handle image transition
more effectively than STFT.

A two-dimensional Short-time Fourier Transform of an image f(t)
is described as:

STRT/(t.0) = f|F Wt —t)e 127 ot @

Where W (t-t’)is the window function centered at t = t’. At each
location of the window, it overlaps the pixels with the previous
pixels’ location to sustain the ridge continuity and limits the
blocking effect, which is common with other block-processing
operations. At every position, we get a single value for an orienta-
tion and the frequency of that particular region is centered at its t =
t.

Tukey Window [17] is used in the proposed work. It is also
known as cosine-tapered window. It is best imagined as a cosine
lobe of width (aN/2) convolved with a rectangle window of width
(oN/2) N. The window ranges from the rectangle to the Hanning
Window as the parameter (o varies from 1 to 0). At a =1, it be-
comes rectangular and at o =0, it becomes a Hanning window.
The window is defined as given in Eq. (2):
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Where a is the ratio of the total length of the cosine tapered sec-
tion to the whole signal length, N is the length of window, n=0, 1,
2,3, 4., N-1 and w (n) is the window function.

2.3. Local region capturing

Feature is characterized into two types - local feature vector and
global feature vector. Global feature vector is used to describe an
entire image and cannot be seen with bare eyes, such as ridge
pattern, curvature, orientation etc. Any specific location of an
image describes the local feature vector which gives information
about local region, for example, minutiae points. Local features
are invariant in comparison to global features. However, there
may be cases when two or more impressions of the same finger
have indistinguishable global features but still differ from each
other because they have local features (minutiae points) that are
dissimilar.

The fingerprint local region, can be accessed as a surface wave

(f, 0) using orientation (0) as well as frequency (f) using Eq. (3).

1(x,y) = A{ cos(Z;zf (x cosé + ysin 0))} 3)

The constraints of surface wave can be achieved from the Fourier
spectrum that has two impulses giving information about frequen-
cy as well as orientation component of the wave. But these meth-
ods result into errors so we converted it into polar form which
contains magnitude as well as phase angle of the image. The Fou-
rier spectrum of the fingerprint image is calculated across all fre-
quencies and ridge orientations and ridge frequencies.

2.3.1. Ridge orientation

Assume that the orientation, E (0) is a random variable which has
the probability density function p (0). The expected value of the
orientation is calculated by performing a vector averaging accord-
ing to Eq. (4).

E(H)zszl{w} @
2 Ip(6) cosodo

The various probabilities used in this equation are given in Eq. (5),
(6) and (7). The advantage of doing vector averaging is that it
eliminates the noise from the images.

p(@) = [ p(r,O)dr (5)
r
p(r)=[p(r,0)do (6)
0
or.0) - —IFC.0f @

| [IF.ofdrae

Where F (r, 0) is the Fourier spectrum, p (r, 0) is the joint proba-
bility density function and p (), p (r) are the marginal density
functions.

Ridge orientation is calculated with respect to the orientation of its
immediate neighbourhood. It is only calculated where ridges are
present and is denoted by O (x, y) of Eg. (8).

oY) :%{tan’ Sin26(x, y)  f (x, y)} 8)

Cos26(x,y) * T (X, y)

Where f (X, y) is the Gaussian smoothing kernel. Mostly, it is cho-
sen to be 3 x 3, because it provides better results than the bigger
kernel size.

2.3.2. Ridge frequency image

It is calculated like the orientation of the fingerprint image. It is
assumed to be a random variable with the probability density func-
tion, p (r) as in Eq. (9).

F(r) = [ p(r)rdr )
r

After obtaining the frequency map, process of anisotropic diffu-
sion is applied this reduces the noise by keeping significant parts
of the image intact.

2.3.3. Energy image

The energy content in the Fourier transform is much less when the
area of the background of the fingerprint image is a noisy region.
It indicates the energy portion of the corresponding region as
shown in Eq. (10). The fingerprint region is calculated by differen-
tiating the background of the image by thresholding the energy
image, E (X, y)

E(x,y) = Iog{ [[IFe e)fdrde} (10)

The region mask is obtained by thresholding, which is calculated
by Otsu’s optimal thresholding [18]. With the help of a region
mask, we are able to determine the area where the ridges are pre-
sent.

2.4. Coherence image

The block processing approaches are associated with a lack of
continuity in the ridge flow at the boundaries of the block. This is
more problematic in regions where area is of high curvature and is
nearer to the core, and deltas have more than one dominant direc-
tion [21]. To counteract this problem, [4] used a singular point
position which is obtained from the orientation. [19] suggested a
map which displays the noise in the images. Our main concern,
however, is on flow-orientation [19], which is more robust than a
method proposed in [20]. The main focus of the coherence image
is to check the correlation between the two images. The coherence
related to the dispersion measure of the circular data is expressed
in Eq. (11). The coherence is high when both orientation of the
central block and its neighboring block resemble.

3G ) e Weos(0(x,, v, ) - 0%, ¥, ))
Clx.y)= W xW (11)

Where (Xo, Yo) is the orientation of central block and (i, yi) is that
of the neighbouring block.

After STFT, the image is enhanced using an energy image along
with image orientation. The ridge frequency of the image is calcu-
lated. With the help of energy image, the background and the fin-
gerprint part of the image are separated. The angular coherence of
the image is calculated using image orientation. Smoothening is
done after calculating the ridge frequency, then the boundaries of
the fingerprint-foreground region are obtained using isotropic
diffusion (noise smoothening). Coherence image is calculated.
After thresholding, image passes through an enhancement process
by simultaneously finding an angular and a radial filter. Thus, by
applying Fourier Transform, image is converted into frequency-
domain. This allows one to find the frequency components present
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in the image, which can be evaluated to enhance the image. The Proposed Pseudo Code [or CalCulating ridge diScontimiity in FiNgerprint Image
Inverse fast Fourier Transform (IFFT) converts the image back
into time domain; this causes the non-stationary ridges of the im-
age to be enhanced. This process is repeated continuously on all

STEF 1. [Declare the Images - input, Ii{x;,7;) as well as emhanced image, T.(x:,yi).
STEF Z: | Perform binarization on DOLH the images

the images until all of the images are enhanced. The flowchart is STEP 3: | Calculate ridge discontinuity in input image, IT Li(x7;/is equal to 1
shown I_n Flg' 2. The performanpe of the syst_erp is calculated yla STEF 4. | Calculate ridge QiscONCINUity in input image. Calculate white pixel in imput |
comparing the proposed technique with existing method using inage.

proposed pseudo code explained in Fig. 3.

STEF 5: | Repeat STEPZ same for enhanced image using proposed technique and check
L(x,7y)is equal to L.

Dratabase of STEF 6: | SIEP & 15 again repeated [or enhanced image Obtained Using existing method and
"':'-“-""J"WI’“‘ check the ridge discontimuity in enhanced image.
~ile ]
where k=
12N STEP 7: | Calculate the ridge continuity improvement percentage in both the images.
Improvement using existing methed=input image - cutput obtained using existing
] approach;
?é Improvement using proposed method=input image - cutput obtained using propesed
v EE alculate Angular filter approach;
s STEP 8: | Tukey (proposed)enhancenent percentage=(Input image -Tukey (proposed))*100;
E STET (existing) erhancement percentage= (Input image- STFT(existing)) *100:
o STEP 9: ) Tukey (proposed) enlancenient percentage
Calculate mean value of the irr\agg( % Calculate Radial filte Tukey (proposed) emhancement= Input Image 10
=
[
i}
STFT (existing)enh it Itage .
= STET (existing) enhancenen tomnoouie eMANCEIEN prCAage )\,
£ uftiply By specirall ukey windo Input [mage
% Calculate FFT STEP 10: | Overall [ingerprint enhancement=Tukey (proposed) emhancement
8 | - STFT (existing) enhancement.
B Fig. 3: Pseudo Code for Ridge Discontinuity of Fingerprint Image.
@ | Calculate FFT | Calculate IFFT
| Perform root filtering | A
Y
o
= 5 Calculate energy image orientation
E {g image and ridge frequency image

!

| Caloulate coherence image |

|Irr1age smoothening by gaussian kemel I—

Fig. 2: Flowchart for Proposed Fingerprint Enhancement Scheme.

2.5. Enhancement of smoothened image

STFT encompasses ridge orientation image, the ridge frequency - Orctaton mage 741388 Energy bnage
image, and the block energy stages. Ridge orientation and ridge
frequency image change very gently through the image. Therefore,
the orientation image is rarely calculated at full-resolution whereas
ridge frequency image is calculated only once for each non-
overlapping blocks of the image. STFT is liable for calculating all
the intrinsic images of the fingerprint. In this process, fingerprint
image is divided into analogous windows assuming that the image
is stationary within the small window. Then, analysis phases are
done with all the operations to implement contextual filtering. The
transformed result is converted into the original image by an IFFT.
Finally, the image is enhanced, and all of the other images are
checked to see if they are also enhanced. Output at every stage by
selecting tapering length 0=0 and o=1 is shown in Fig.4, Fig.5 and
Fig.6.

ikl
‘lh..

\”

Fig. 5: M-STFT Enhancement Phases of Input Image at A=0.
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Fig. 6: M-STFT Enhancement Phases of Input Image at A=1.

3. Experimental results and discussion

Performance and validation of the proposed technique was done
by comparing the results with enhancement of the non-stationary
ridges using STFT [12]. The window used in our technique is
different from a raised cosine window that is used in [12].

The input image is shown in 7 (a). Enhancement is done first us-
ing technique used in [12]. Fig. 7 (b) shows enhanced image using
[12]. Then input image is enhanced using the proposed technique
described in flowchart of Fig. 1 with tapering length a=0 (rectan-
gular window). Fig. 7 (c) shows the enhanced image using pro-
posed technique with a=0. Comparison of the two approaches is
done according to the proposed ridge discontinuity pseudo code of
Fig. 3. It was observed that on average, ridge breakage is 1.1661%
times improved than as demonstrated by [12]. Various set of ex-
periments are performed on database [16] for choosing appropriate
window.

The database shows remarkable performance using proposed win-
dow in terms of recovery of poor quality images where the ridges
are not present. A subset of total database is chosen for testing and
validation of proposed technique where the proposed technique
gives improved performance.

Similar analysis was carried out for a=1 (Hanning Window).

Fig. 8 shows the enhanced image using proposed technique in this
case. Again, comparison was done with [12]. It was seen that ex-
traction of the minutiae in Govindaraju et.al work is difficult as
they have missed the genuine minutiae whereas proposed tech-
nique gives much better results in this case also. On the average,
by selecting tapering length o=1, the ridge discontinuity is
6.5112% improved when compared with the method presented by
[12], the existing approach.

N
RN W
b o NN
y ~ "\.“\\'\‘ \
- - . . »
. \‘\\\ "
’ ’ / . \ \‘ \‘
-~ \\
» TANAND
.
\\\
v’y
-

Fig. 7: A) Input Fingerprint Image.

Fig. 7: C) Proposed Technique Using A=0 Shows Enhanced Recoverable
Area Overlapped by Corresponding Input Image.

Fig. 8: Proposed Technique Using A=1 Shows Enhanced Recoverable
Area Overlapped by Corresponding Input Image

4. Conclusion

The performance of a fingerprint feature extraction and the en-
hancement of the fingerprint image significantly depend upon the
quality of the image. The fingerprint enhancement algorithm
based on M-STFT analysis with the Tukey Window by varying
tapering length 0 to 1 and the use of non-stationary filtering in the
Fourier domain has been presented. This algorithm has numerous
advantages over the techniques discussed in literature such as
ridge orientation and the ridge frequency. The region masks of the
fingerprint image are calculated simultaneously from STFT analy-
sis.

The existing latest technique presented by Govindaraju et. al uses
raised cosine window whereas the proposed technique makes use
of Tukey window. Comparison with [12] shows 1.1661% im-
provement by the proposed method when tapering length o=0. At
tapering length o=1, the proposed work shows 6.5112% improve-
ment in recoverable images. Moreover, this technique is more
suitable for poor quality images. In a nutshell, the proposed tech-
nique is more competent in enhancing genuine images than exist-
ing methods.

References

[1] Mehtre BM, Murthy NN & Kapoor S et al, “Segmentation of Fin-
gerprint Images Using the Directional Image”, Pattern Recognition,
vol. 20,no. 4, (1987), pp.429-435.Available  online:
https://doi.org/10.1016/0031-3203(87)90069-0.



https://doi.org/10.1016/0031-3203(87)90069-0

7020

International Journal of Engineering & Technology

[2]

[3]

[4]

[5]

[6]

[71

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

Sowjanya K & Kumar PR, "Gray level image enhancement using
nature inspired optimization algorithm: An objective based ap-
proach”, World Journal of Modelling and Simulation, vol.13, no.1,
(2017), pp. 66-80.

Parkavi R, Babu KRC & Kumar JA, “Multimodal biometrics for
user authentication” 11th IEEE International Conference on Intelli-
gent Systems and Control (ISCO), (2017), pp. 501-505, Available
online: https://doi.org/10.1109/1ISCO.2017.7856044.

Sherlock BG, Monro DM & Millard K, “Fingerprint Enhancement
by directional Fourier filtering”, Visual Image and Signal Pro-
cessing, vol.141, no. 2, (1994), pp. 87-94 https://doi.org/10.1049/ip-
vis:19949924.

Yong Z, Waibin H & Zhike H, “An Enhancement Algorithm Based
on Fingerprint Image with Signature” International Forum on In-
formation Technology and Applications, (2010), pp.324-326,
Auvailable online: https://doi.org/10.1109/IFITA.2010.348.

Sawant HK & Deore M, “A comprehensive review of image en-
hancement techniques”, Int. J. Comput. Technol. Electron. Engg,
(2010), pp.39-44

Li B, Wang S & Geng Y, “Image enhancement based on Retinex
and lightness decomposition” in Proc. IEEE Int. Conf. Image Pro-
cess, (2011), pp. 3417-3420
https://doi.org/10.1109/IC1P.2011.6116445.

Rahman Z, Jobson DJ & Woodell GA, “Retinex Processing for Au-
tomatic Image Enhancement”, Journal of Electron Imaging, vol.13,
no.l, (2004), pp.100-110.Availableonline:
https://doi.org/10.1117/1.1636183.

Neethu S, Sreelakshmi S & Sankar D, “Enhancement of fingerprint
using FFTx|FFT|" filter” International Conference on Information
and Communication Technologies (ICICT 2014), Procedia Com-
puter Science.vol.46, (2015), pp.1561-1568. Awvailable online:
https://doi.org/10.1016/j.procs.2015.02.083.

Oliveira MA & Leite NJ, “A multiscale directional operator and
morphological tools for reconnecting broken ridges in fingerprint
images”, Pattern Recognition, vol. 41, no. 1,(2008), pp.367-
77.Available online: https://doi.org/10.1016/j.patcog.2007.05.019.
Dhanabal R, Bharathi V& Prithvi Jain G et al, “Gabor Filter Design
for Fingerprint Application Using Matlab and Verilog HDL”, In-
ternational Journal of Engineering and Technology, vol. 5,
no.2,(2013),pp. 1386-91.

Cartwright AN, Chikkerur S & Govindaraju V, “Fingerprint en-
hancement using STFT analysis”, Pattern Recognition,vol.
40,n0.1,(2007),pp.198-211.Available online:
https://doi.org/10.1016/j.patcog.2006.05.036.

Bahgat GA, Khalil AH & Abdel Kader NS. et al, “Fast and accu-
rate algorithm for core point detection in fingerprint images”, Egyp-
tian Informatics Journal, vol.14, no. 1, (2013), pp.15-25. Available
online: https://doi.org/10.1016/j.eij.2013.01.002.

Ambadiyil S, Soorej KS & Mahadevan Pillaic VP, “Biometric
based Unique ID Generation and One to One Verification for Secu-
rityDocuments” (ICICT 2014), Procedia Computer Science, vol.
46,(2015), pp.507-516. Available online:
https://doi.org/10.1016/j.procs.2015.02.075.

Yang J, Liu L & Jiang T et al, “A modified Gabor filter design
method for fingerprint image enhancement” Pattern Recognition
Letters, vol. 24, no.12, (2003), pp. 1805-1817. Available online:
https://doi.org/10.1016/S0167-8655(03)00005-9.

Available  online:  Fingerprint  verification ~ competition,
http://bias.csr.unibo.it/fvc2002/.

Harris J, “On then Use of Windows with the Discrete for Harmonic
Analysis Fourier Transform.” proceedings of IEEE, vol. 66, no.1,
(1978),pp.51-83.Available-online:
https://doi.org/10.1109/PROC.1978.10837.

Otsu N, “A Threshold Selection Method from Gray-Level Histo-
grams” |EEE Transactions on Systems, Man, and Cybernetics
vol9, no. 1, (1979), pp.62-66. Available online:
https://doi.org/10.1109/TSMC.1979.4310076.

Srinivasan VS, Murthy NN, “Detection of Singular Points in Fin-
gerprint Images”, Pattern Recognition, vol. 25, no. 2, (1992), pp.
139-153.  Available  online: https://doi.org/10.1016/0031-
3203(92)90096-2.

Rao AR, A Taxonomy of Texture Descriptions and Identification,
Springer-Verlag, Berlin, 1990. https://doi.org/10.1007/978-1-4613-
9777-9.

Greenberg S, Aladjem M &Kogan D., “Fingerprint Image En-
hancement using Filtering Techniques”, Real-Time Imaging, vol. 8,
no.3, (2002), pp. 227-236. Auvailable online:
https://doi.org/10.1006/rtim.2001.0283.



https://doi.org/10.1109/ISCO.2017.7856044
https://doi.org/10.1049/ip-vis:19949924
https://doi.org/10.1049/ip-vis:19949924
https://doi.org/10.1109/IFITA.2010.348
https://doi.org/10.1109/ICIP.2011.6116445
https://doi.org/10.1117/1.1636183
https://doi.org/10.1016/j.procs.2015.02.083
https://doi.org/10.1016/j.procs.2015.02.083
https://doi.org/10.1016/j.procs.2015.02.083
https://doi.org/10.1016/j.procs.2015.02.083
https://doi.org/10.1016/j.patcog.2007.05.019
https://doi.org/10.1016/j.patcog.2006.05.036
https://doi.org/10.1016/j.eij.2013.01.002
https://doi.org/10.1016/j.procs.2015.02.075
https://www.sciencedirect.com/science/article/abs/pii/S0167865503000059#!
https://www.sciencedirect.com/science/article/abs/pii/S0167865503000059#!
https://www.sciencedirect.com/science/article/abs/pii/S0167865503000059#!
https://doi.org/10.1016/S0167-8655(03)00005-9
http://bias.csr.unibo.it/fvc2002/
http://bias.csr.unibo.it/fvc2002/
https://doi.org/10.1109/PROC.1978.10837
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=21
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=21
https://doi.org/10.1109/TSMC.1979.4310076
https://doi.org/10.1109/TSMC.1979.4310076
https://doi.org/10.1016/0031-3203(92)90096-2
https://doi.org/10.1016/0031-3203(92)90096-2
https://doi.org/10.1007/978-1-4613-9777-9
https://doi.org/10.1007/978-1-4613-9777-9
https://doi.org/10.1006/rtim.2001.0283

