
 
Abstract—As fingerprint verification depends strongly on the 

quality of fingerprint ridge orientation estimation , so the more 
accurate fingerprint ridge orientations estimate, the better 
verification will result in. In this paper, we have proposed a new 
technique for improving the coarse fingerprint orientation 
estimation smoothing using fingerprint orientation model based 
on 2D Fourier expansion with a special Modification on it (M-
FOMFE). The modification we have used in this paper is taking 
into account the information of Coherence Matrix for fingerprint 
ridge orientation estimation. This matrix is used to retrieve the 
uncertainty of each ridge orientation block and improves the 
accuracy of old FOMFE coarse ridge orientation smoothing 
method. For evaluating the proposed method we use a fingerprint 
continuous classification system and also an exclusive one based 
on Poincare-Index algorithm for singular point detection. 
Compared to competing method, the experimental results show 
that the proposed method has better orientation estimation and 
classification results. 
 

Index Terms—Coherence matrix, Fingerprint Orientation, 
Fingerprint Penetration Rate, Modified Fourier expansion, 
singular points. 
 

I. INTRODUCTION 

owadays, having a secure access to personal information 
and possessions is one of the most important needs. 
Among all the privacy access methods, biometrics are 

more reliable and useful than others and fingerprint as one of 
the biometrics, has a significant rule in the recent technologies 
of biometric authentication. One of the reasons which make 
fingerprint as a biometric so important is its special ridge 
shape. The ridge’s special shape is to some extent unique for 
different individual, even for alike twins. The methods of 
estimating of fingerprint ridge orientation are the main subject 
of this paper. As both fingerprint-based security systems 
means: 1) fingerprint verification systems (FVSs) and 2) 
fingerprint identification systems (FISs), rely on an accurate 
recognition of fingerprint features, therefore, the more 
accurate orientation field (OF) estimation, the more reliable 
fingerprint 

                                                           
 

 
matching will occur. Although fingerprint orientation 
estimation is important in both fingerprint matching 
techniques, i.e. minutiae and image-based approaches, but the 
latter depends heavily on raw OF features of fingerprint 
images and doesn’t need pre and post-processing operations 
such as minutiae extraction, purification and point registration 
for extracting reliable minutiae features [1], [2].There have 
been many proposed methods to extract and smooth 
fingerprint OF such as OF description using the square root of 
a rational polynomial function based on singular points (SP) 
[3] or developing a rational power-series polynomials (PSP) 
[4]. However, the most popular method for ridge orientation 
estimation is the gradient-based method [5-8]. It computes the 
gradient vector at each pixel using a sobel or other proper 
masks. In the other hand, a fingerprint is the pattern of ridge 
and furrows on the surface of a fingertip; so, dirt, moisture, 
creases and other factitious noise on fingertips can largely 
affect the result of gradient-based fingerprint ridge orientation 
estimation. These unwanted effects prove the necessity of 
deploying post-processing techniques to smooth and correct 
the coarse OF. Some of these smoothing methods are like 
passing coarse OF through a Gaussian filter which indeed 
reduces the noisy effects by averaging. However, such 
averaging processes tend to smooth out high curvature of 
coarse OF, specially in SPs regions. Moreover, most existing 
fingerprint orientation smoothing models suffer from a 
common limitation and that is, they all need prior knowledge 
regarding SPs in order to refine model descriptions. According 
to the preceding concepts, the proposed method almost 
improve the drawbacks of the previous  method, FOMFE and 
also give better results in OF continuous classification and an 
exclusive classification using Poincare-Index (PI) based on SP 
extraction[9]. This method is a modification of FOMFE 
method which has the same mathematical computation basis 
like the previously proposed FOMFE method [10], yet our 
proposed method retrieves the drawbacks of preceding method 
by using the squared gradient matrix named Coherence 
Matrix. This ������  refers to the uncertainty of correctness of 
ridge OF estimation in the blocking concept. Our statistical 
experiments on a public fingerprint database show that the M-
FOMFE can significantly improve the accuracy of a 
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fingerprint penetration platform based on ridge orientation 
estimation, even in poor-quality fingerprint images. We have 
compared the capability of our proposed method with other 
competing methods and have proved that the M-FOMFE has 
more efficient than all of them. We also show the efficiency of 
the M-FOMFE in SP extraction and fingerprint classification 
using Poincare-Index method. 

The remainder of this paper is organized as follows: In 
section II, we present the FOMFE, the associated approaches 
for coarse OF estimation smoothing. In section III, due to the 
FOMFE drawbacks, we proposed our method to improve 
them. Section IV evaluates the M-FOMFE performance in 
terms of fingerprint OF estimation based on both, continuous 
and exclusive classification systems for a FVC2000 DB2_A 
test bed in comparison with other competing methods. Finally, 
section V, as a brief conclusion section will summarize the 
paper. 

II.  MATHEMATICAL APPROACH TO THE M-FOMFE METHOD 

As fingerprint ridge OF contains a summery of fingerprint 
pattern information which is useful for fingerprint feature 
retrieval and processing, so it is very important that the 
estimated OF has the least of orientation discontinuity 
( � 0« ). For this purpose, it is recommended to map the OF 
into a new vector field where each orientation element is 
denoted as a 2D vector V=( , )c sn n  with ,c sn n being the phase 

functions of (2 ) , (2 )Cos Sinq q , respectively, and q  being the 

orientation angle [6]. 
2V q

 stands for the phase doubled vector 

field in the mathematical computations of this paper. The 
phases of a vector field can be sufficiently described by a set 
of differential equations [7]. In general, a differential 
equations system can be expressed dynamically as: 

 
.

x =f(x)  (1) 

 
In 2D space form, we have 2x ( , )Tx y R= Î . The whole 

solution curves in 2R for (1) are the phase portrait of this 
dynamic system. According to [8], [11], for a linear equation 

x =Ax
.

describing the local orientations in a small 

neighborhood, can use SP as a special solution 0x in the phase 

portrait 0x 0= . Whereas, a linear system can only describe a 

phase portrait that contains at most one critical point, which is 
not suitable to model the global OF with often more than one 
SP. Therefore, some nonlinear models have been proposed by 
using Taylor expansions [12], [13], with a prior knowledge 
about SP coordinates. In addition, solving these nonlinear 
systems is not a trivial activity [12]. On the other hand, we 
know that almost any arbitrary function( , )f x y on some 
intervals of random variables can be expressed by a series of 
basis functions in the general form of the following 
formulations: 
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Where k < +¥ Î �  is the order and ( , )x ye  is the residual. 

Here, corresponding to [10], we use the same procedure to 
estimate fingerprint ridge OF function ( , )f x y with a 2D 

Fourier expansion. The resulting fingerprint orientation model 
can be written in a more compact matrix expression: 
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Where ,c sV V  are the input data given by 
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And P(x) and Q(y) which are the x or y variable matrices 
correspond to the total M coordinate points in the phase 
portrait, can be expressed in the following form: 
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In which / 2 / 2l x l- £ £  , / 2 / 2h y h- £ £  and / ln p= , 

/u hp= . 
As it is understood from (3), the specific problem in the 

FOMFE is to find this method’s coefficient matrices,c sB B , 

such that the resulting FOMFE can generate a phase portrait 
that best fits the given input[ , ]c sn n . In this way, we use a 

solution that minimizes the squared errors between the inputs 
and the modeling outputs as mentioned below: 

 
2

min b
a

aL -  (6) 

One of the above problem solutions is to find 
,c sB B parametric matrices based on a classical linear least 

square (LSQ) [14]. According to this method and (6), the 
decision matrix L  and the observation vector b are calculated 
as follows: 
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There are also various techniques for solving a linear LSQ 
problem such as QR Factorization or Cholesky Factorization, 
that the former is more accurate and robust with higher 
computational-cost and the latter is faster but with inaccurate 
responses. Since in the case of chosen fingerprint OF 
modeling, we prefer robustness and accuracy to speed; 
therefore, we solve the specified LSQ problem based on the 
QR Factorization. Note that this solution is valid in the 
case ( )rank L is not deficient [15]. In order to extract OF using 

the FOMFE, it’s necessary that first calculate the phase 
doubled vector [ , ]c sn n  achieved from the coarse ridge 

orientation estimation based on a classical gradient calculation 
and then pass the result through (7) for training. Note that the 
size of blocks N and the trigonometric polynomial order k 
have important rules on the accuracy of resulting OF 
smoothing model. 

III.  THE PROPOSED APPROACH 

The FOMFE, as a fingerprint orientation-modal based on 
trigonometric polynomials does not require prior knowledge 
of SPs. One of the FOMFE method authors claims that, 
namely detection of SPs in low quality fingerprints, has not 
been tested using manually labeled data. Moreover, every 
orientation smoothing approach which is based on the 
doubling of ridge orientations means (2 ) , (2 )Cos Sinq q  [6], 

[11], will have a poor smoothing capability in high curvature 
areas. An explanation for the occurrence of this smoothing 
problem is given in Fig.1 [16], where the vectorial orientation 
data and its smoothed results of a loop type fingerprint is 
given. According to these drawbacks, we have proposed a new 
smoothing approach based on the FOMFE, but with a 
correction on it. To do so, at first it is necessary to know the 
derivation of the drawbacks. The uncertainty caused by 
blocking of fingerprint image during the coarse OF estimation 
is one of the problem origination which leads to unwanted 
discontinuities. However, FOMFE corrects these 
discontinuities to some extent, but smoothing the vectorial 
data results in shifting the roots of Sine and Cosine data and 
hence in shifting of SPs coordinates. One of the parameters 
which can describe the reason of preceding problem is 
Coherence Matrix (CM). The computation of CM from 
gradient-based coarse OF estimation is as following: 
1) First, we must estimate fingerprint ridge OF based on 
gradient computation using a suitable mask like sobel shown 
as follows: 

Horizental Sobel gradient Matrix  --- Vertical Sobel gradient Matrix
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2) Then, the CM can be computed using the following 
formulation: 
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There is an important point to mention that elements of CM 
will be large for ridge blocks of clear ridge pattern and will be 
small for noisy blocks and non-ridge blocks [17]. By using 
CM and applying it to the computation of FOMFE coefficient 
matrices ,c sB B  during QR Factorization as shown in (10), we 

have approached to an approximate correction of the FOMFE 
method in both visualization and evaluation aspects: 
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IV.  EXPERIMENTS AND DISCUSSIONS 

The experimental results in this section are divided into two 
parts. The first part compares the proposed method with 
FOMFE according to two criteria penetration rate and 
average penetration. In the second part we use another way 
for showing the robustness of our proposed method using 

 
                    (a) Before Smoothing           (b) After Smoothing 

 
                     (c) 2� (x, y)Sin                  (d) Smoothed Sin Data 

 
                     (e) 2� (x, y)Cos                  (f) Smoothed Cos Data 

Fig. 1.  (a) The orientation field of a loop type fingerprint generated 
synthetically. (b) The orientation field after vectorial smoothing [6] and it 
can be seen how the SP is shifted away from the low curvature area. (c) & (e) 
Vectorial data of a loop type fingerprint. (d) & (f) Smoothed surfaces 
using an averaging filter of 9x9 pixels. (figures from [16]).  



Poincare-Index based fingerprint classification, which 
typically computes the accumulated rotation of the vector field 
along closed curve surrounding a local point of a fingerprint 
orientation image according to FVC2000 DB2_A database 
containing 800 fingerprint images of 100 different individuals 
with 8 impressions for each of them. 

A. The proposed method evaluation-based continuous 
classification system 
In order to evaluate the proposed method according to OF 

estimation smoothing, we use a continuous classification 
system. Penetration rate and Average penetration are two 
important parameters used for evaluation of continuous 
classification systems [18]. A database is setup by choosing an 
impression from each fingerprint. The remaining 700 images 
are used as test images. If the images in database are sorted in 
descending order according to similarity criterion to each 
input fingerprint then, penetration rate is defined as [18]: 

 

_
p

penet rate
n

=  (11) 

Where n is the number of fingerprints in database (here 
n=100), and p is the first p images to find a match input 
fingerprint. We use the similarity criterion of orientation fields 
defined in [19]. Also, the average number of the images in 
database that must be searched to find a match for each input 
fingerprint is called average penetration [18]. Table 1 and 
Fig.2 show the results for the suggested continuous 
classification system. In Fig.2, the error rate versus penetration 
rate curves decreases for both FOMFE and M-FOMFE. 
However, the rate of decreases is greater for the M-FOMFE 
than the FOMFE. 

B. The proposed method evaluation-based an exclusive 
classification 

In this part, we have made another scenario for comparison 
between the FOMFE and the propose method using Poincare-
Index fingerprint classification algorithm based on SP 
extraction. At first, a prior manual classification of database 
fingerprint images is necessary. Fig.3 presents this manual 
classification of the topologic map prototypes of fingerprint 
images database FVC2000 DB2_A. The unclassified 
prototypes (X) in Confusion Matrices and shown in Table 2 
are due to the presence of poor quality prints in the learning 
database. In the second step, the referred confusion matrices to 
both FOMFE and M-FOMFE methods are computed based on 
the PI classification. 

 

According to the confusion matrices shown in Table 2 for 
both preceding methods and results from PI classification, two 
criteria are defined for making a comparison between the two 
competing methods. These criteria are Validation (A) and 
Correctness (R). According to these resulting criteria shown in 
Table 3, it is obvious that the M-FOMFE is more accurate and 
reliable in fingerprint classification than the FOMFE, since the 
recent method has almost compensated the SP coordinates 
shifting caused by the FOMFE smoothing effects. These 
results affirm the better performance of the proposed method 
to the FOMFE based on PI classification. Fig. 4 shows the 
improvement reasons for this kind of classification according 
to SP extraction accuracy. 

 
TABLE I 

AVERAGE PENETRATION FOR DIFFERENT OF ESTIMATION METHODS 

OF 
estimation 
Method 

Coarse 
OF 

FOMFE M-FOMFE 

Average 
penetration  

4.0533 3.8400 1.9952 

 

 
Fig. 2.  Error rate versus penetration rate curves for both FOMFE and the 
proposed method (M-FOMFE). 

 
Fig. 3.  Manual Classification of Prototypes 



 

 
                           (a)                                                       (b)                                                         (c)                                                         (d) 

Fig. 4.  (a) Typical Right and Left Loop fingerprints of FVC2000 DB2_A, accompany with their estimated OF and SP extraction results using PI for: (b) 
Coarse fingerprint ridge OF estimation, (c) FOMFE OF estimation, (d) M-FOMFE OF estimation 

TABLE II 
CONFUSION MATRICES OF FINGERPRINT CLASSIFICATION BASED ON PI FOR (A) FOMFE AND, (B) M-FOMFE 

(A) (B) 

Assigned 
Class 

True 
Class 

A T L R W X 

A 70 1 6 2 8 1 

T 3 10 1 1 0 1 

L 4 3 198 21 14 8 

R 7 4 19 214 20 0 

W 3 0 5 3 160 5 

X 0 0 5 1 7 3 
 

Assigned 
Class 

True 
Class 

A T L R W X 

A 75 2 4 2 5 0 

T 2 11 2 1 0 0 

L 5 4 201 19 13 5 

R 4 2 15 220 15 1 

W 2 0 1 1 169 3 

X 0 0 5 1 5 5 
 

       A: Arch, T: Tented arch, L: Left Loop, R: Right Loop, W: Whorl, X: Unclassified prototypes due to the presence of poor quality prints in the database 

TABLE III 
COMPARISON BETWEEN THE FOMFE &  M-FOMFE CORRECTNESS AND VALIDATION VALUES OF THEIR CONFUSION MATRICES 

 Validation (A) %  Correctness(R) % 
Coarse OF 76.345 60.31 

FOMFE 81.875 67.04 

M-FOMFE 85.125 74.47 
 



V. CONCLUSIONS 

In this paper, we proposed a modification of fingerprint 
orientation model based on 2D Fourier expansion (M-
FOMFE). The feature of this method is improving the 
drawbacks of the preceding FOMFE method in OF smoothing 
and singular points (SP) extraction and Poincare-Index (PI) 
based classification. The experiments show that the proposed 
method has improved coarse fingerprint ridge orientation 
smoothing capabilities of FOMFE method according to the 
Average-penetration results and makes a significant 
improvement in fingerprint classification based on SPs 
coordinates. This method is also robust against poor-quality of 
fingerprint images. Table 3 shows the result of fingerprint 
classification efficiencies for both FOMFE and the proposed 
approach. Its results prove our claim about the greater 
classification performance of the M-FOMFE than the FOMFE 
method. 
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