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Abstract 
Fingerprint Orientation estimation is an important step in feature 

extraction and classification. However, a reliable extraction of 

fingerprint orientation data is still a challenge for poor quality images. 

In this paper, a gradient based estimation of orientation field based on 

the analysis of orientation consistency in the neighborhood for 

regularizing the orientation field is proposed. Experimental results are 

analyzed and compared with other existing gradient based methods 

used in this work. Evaluation performed on standard FVC2002 

fingerprint databases DB1, DB2 and sample fingerprint images 

collected using optical fingerprint reader exhibit visibly better 

orientation estimation for various quality images using the proposed 

method. 
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1. INTRODUCTION 

Among biometrical identity authentication systems, those 

based on fingerprint analysis are the most popular alternative for 

a large range of applications ranging from forensics to mobile 

phones. Fingerprint recognition system when properly 

implemented, provides a good balance of security, privacy, 

convenience and accountability [1].  A fingerprint is composed of 

a pattern of interleaved ridges and valleys [1]. The Fig.1 shows a 

fingerprint image scanned by an optical scanner. 

 

Fig.1. Ridges and Valleys in a fingerprint image 

Though extensive research have been done over the past few 

decades, there are still a number of challenges in designing 

reliable algorithms for fingerprint authentication, due to the large 

intra-class variability and large inter-class similarity in fingerprint 

patterns. A feature extraction stage for identifying salient features 

is employed by most of the fingerprint authentication systems. 

Fingerprint features are classified as local and global. As a most 

significant global feature, fingerprint orientation field describes 

the directionality of local ridge structure of a fingerprint and 

provides rich information for most of the successive feature 

extraction and classification steps. New methods for computation 

of orientation map (OM) are desirable especially for low quality 

images. 

Over the past two decades, different approaches have been 

applied to estimate orientation field (OF) of fingerprint patterns 

such as gradient method, Slit and projection based approaches, 

Gray-level consistency/variance method and estimations in the 

frequency domain [15]. Among all the methods, gradient squared 

averaging method is widely used to compute the orientation field 

of an image block because of its high efficiency and resolution 

[9][10][11][16][18][19]. Gradient extraction is sensitive to noise 

and imperfections and therefore OM estimation may not be 

reliable [14]. However, this problem can be solved by an 

orientation smoothing stage to obtain a better representation of 

the ridge structure for fingerprint classification. 

In this work, existing approaches for fingerprint orientation 

extraction available in the literature have been reviewed, and a 

gradient based method is proposed for obtaining a reliable 

fingerprint orientation field estimate. It is based on a 

regularization approach that adaptively changes the smoothing 

neighborhood size after analyzing the orientation consistency of 

neighboring blocks [2]. Noise in the orientation estimation of 

poor quality fingerprint images is attenuated and further improved 

by applying a Gaussian function during the smoothing stage. The 

sine and cosine part of the doubled angle representation is 

convolved with a low pass Gaussian kernel of adaptive size. 

Experimental results of the proposed method exhibit reliable 

orientation field for noisy areas while preserving  high curvature 

areas around singular points than the gradient based methods used 

in this work [2][8] and [13] for comparative analysis. 

A review of previous approaches for fingerprint orientation 

field estimation is presented in section 2. Section 3 provides an 

overview of Gradient based method for orientation estimation. 

The proposed gradient-based adaptive neighborhood smoothing 

approach for estimating reliable orientation field is given in 

section 4. Experimental results conducted on a set of fingerprints 

in order to evaluate the proposed method are presented in section 

5. Section 6 concludes the paper. 

2. RELATED WORK 

Many approaches to estimation of orientation field have been 

presented in the literature and the most widely used are gradient 

based [2] [8] [9] [11] [12] [16] [18] [19], slit based and Fourier 

analysis. 

 Slit based approaches analyze the intensity variances along a 

set of orientations and choose the most probable orientation based 

on pixel gray-values along the slits [4]. The standard deviation of 

the gray scale intensities corresponding to each slit is computed 

in the method proposed in [20] and the optimal slit is selected 

according to the maximum standard deviation contrast between a 

slit and its orthogonal slit [1]. Computational complexity of slit 

based method is high and quantization might produce a coarser 

angular resolution[1]. 

Orientation estimation based on Short Time Fourier 
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Transform analysis proposed in [17] divided the image into 

partially overlapped blocks and Fourier Transform is computed. 

The probability of the orientation value θ within the block is then 

computed as the marginal density function [17]. A more robust 

orientation smoothing algorithm is needed for reliable estimation 

[17]. 

A gradient based fingerprint orientation field estimation 

algorithm based on optimized neighborhood averaging is 

presented in [11].  A look-up table is used to analyze blocks in the 

neighboring regions for smoothing the OF. The computational 

complexity is high and look up table creates overhead.  

An algorithm for estimating the orientation field for general 

flow-like texture images was proposed in [8].  A new measure of 

coherence for computing the reliability of estimated orientation 

was also proposed by them. The orientation field estimation for 

fingerprint images was not satisfactory. 

A gradient based approach that adopts an adaptive orientation 

smoothing neighborhood size was proposed in [2]. The window 

size of 5×5 for orientation estimation is used in the present system 

that exhibits high sensitivity to noise. 

A novel principal compound analysis (PCA) based gradient 

approach was proposed as in [10] to estimate the directional field 

from fingerprints. Coherence algorithm calculated using the 

squared gradient method was used for segmenting the fingerprint. 

However, this does not contribute to obtain a reliable orientation 

estimation of fingerprints. 

3. GRADIENT BASED METHOD - AN 

OVERVIEW 

The fingerprint orientation image is a two-dimensional matrix 

whose elements encode the local orientation of the fingerprint 

ridges {θxy} where, θxy € [0, π]. The gradient phase angle, point to 

the direction of highest variation of gray intensity which is 

orthogonal to the direction of the edge of ridge lines θ. The 

components of the gradient Gx and Gy can be determined using the 

classical Prewitt or Sobel convolution masks. The gradient vector 

in the Cartesian coordinate [Gx, Gy]T for an image I is denoted as 
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The θ can be computed as the arctangent of Gy/Gx. This 

presents problem due to non-linearity and discontinuity around 

900 Also if for each (x,y), the orientation is estimated  in the 

image, it reflects the ridge-valley orientation at too fine a scale 

and therefore it is too sensitive to noise in the fingerprint image.  

So to solve this problem, Kas and Witkin [13] proposed a 

solution to the above mentioned problem which allows local 

gradient estimate to be averaged in a non-overlapping block 

specified by a window size W. As opposite gradients at both sides 

of a ridge line is likely to cancel each other, gradients cannot be 

simply averaged in the local neighborhood. The basic idea is to 

double the gradient angles before the averaging process so that (θ 

+ π) becomes (2θ + 2π) which is equal to 2θ. The gradient vector 

is converted to the polar system for the purpose of doubling the 

angle. This is denoted as 
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The gradient vector converted back to its Cartesian is 

represented by, 
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An expression for the squared gradient vectors [𝐺𝑠𝑥,𝐺𝑠𝑦]
𝑇 

that do not make use of g and θ is found using trigonometric 

identities as 
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The averaged squared gradient in a block specified by a 

window size W can be calculated by, 
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These are the estimates for the covariance and cross 

covariance of Gx and Gy. 

The direction of orientation field for a block B of size W×W 

that is perpendicular to the gradient direction is given by 
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A metric called coherence was introduced in [13] to measure 

the reliability of orientation estimation θ of a block to determine 

the strength of the averaged gradient in the distribution of local 

gradient vectors. Coherence of a block is given by [13]. 
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4. PROPOSED RELIABLE ORIENTATION 

FIELD ESTIMATION 

For low quality regions in fingerprints, extracting reliable 

orientation field is still an open problem [5] As computational 

complexity of other existing approaches is usually higher than 
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gradient-based techniques, an approach for extracting Ridge 

orientation based on gradient squared averaging method is used 

[19] because of its high efficiency and resolution. This coarse 

representation is unreliable for poor quality fingerprints with cuts 

and creases for further processing. To overcome the undesired 

effects and make it more reliable, we require an orientation 

regularization algorithm. Hence, we propose a method that adopts 

an adaptive orientation smoothing neighborhood size as proposed 

in [2] based on analysis of the orientation consistency, but have 

improved the DF estimate with convolution of a low pass 

Gaussian kernel of adaptive size. It gives a better estimate for poor 

quality images than the method proposed in [2]. The stages for 

processing are shown in Fig.2 and they are explained in detail 

below: 

 

Fig.2. Steps necessary for reliable Orientation estimation 

4.1 SEGMENTATION BASED ON VARIANCE 

THRESHOLDING 

The fingerprint image consists of a region of interest (ridges 

and valleys of fingerprint impressions). To avoid extraction of 

features in noisy and background areas of the fingerprint we need 

to segment the fingerprint area. Background regions exhibit a very 

low gray-scale variance value and foreground regions have a very 

high variance. Mean and variance based method for segmenting 

the fingerprint area [9] is used in this work.  The gray scale 

variance is calculated for each non overlapping block in the 

fingerprint image and if the variance is less than the global 

threshold, then the block is assigned as background. A block size 

of 8×8 is used.  

The mean and variance of the block W×W in the fingerprint 

image I is given by, 
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Only the blocks above the threshold variance is considered for 

further processing. The global threshold variance has been chosen 

to be 100. The Fig.3 shows the segmented fingerprint image.  

  
(a) (b) 

Fig.3. (a) Original image (b) Fingerprint foreground region after 

segmentation 

Without segmentation, the directional field is computed for 

noisy areas in the background outside the fingerprint region as 

shown in Fig.4 that may lead to false extraction of features for 

further processing. 

  
(a) (b) 

Fig.4. Orientation estimation (a) without segmentation (b) after 

segmentation 

4.2 ORIENTATION ESTIMATION 

The dominant orientation of an image block is estimated by 

the least square method based on the gradients because of its high 

efficiency. The steps are as follows: 

Step 1: Divide the fingerprint image into non overlapping blocks 

of size W×W pixels. The size of the block should be 

sufficient enough to be able to obtain a good estimate of 

the local ridge flow and cannot be too large as the changes 

in the local orientations need to be captured in order to 

locate the global characteristics of the fingerprints. The 

block size of W=8 is used for estimating block orientation 

in this work as the average width of the ridges are 5 to 8 

pixels.  

Step 2: Compute the gradients Gx and Gy of each pixel with 

respect to the horizontal and vertical directions 

respectively. The Sobel convolution mask is used in this 

work to determine the components of the gradient. 

Step 3: Estimate the local orientation field of the block by 

gradient squared averaging using the Eq.(4) and Eq.(5). 

The orientation field serves to decide the pattern class of 

the input fingerprint image.   

4.3 ORIENTATION SMOOTHING 

The orientation image computed from poor quality 

fingerprints may contain several unreliable elements due to 

creases, local scratches or cluttered noise. The estimate will also 

be inaccurate when the frame consists entirely of uncovered 

regions with poor ridge structure or poor ridge contrast. The Fig.5 

shows the unreliable directional field computed for such a region 

Input Image Segmentation 
Orientation 

Estimation 

Orientation 

Smoothing 

Output reliable 

Orientation 

Image 
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using subsection 4.2. 

Hence, the orientation smoothing stage is implemented to 

compute a reliable directional image. The smoothing method 

based on doubling the orientation estimate and averaging the 

angles in a local fixed n×n window has some limitations in 

smoothing noisy region as noise may be heavy or light. This 

method also negatively smoothen the high curvature area when 

the window size is too large and heavy noise cannot be well 

attenuated if the window size is too small. The method proposed 

in [2] noted that reliable local ridge orientation field is consistent 

except for high curvature areas or noisy areas as shown in Fig.6. 

The difference between high curvature and noisy areas is that the 

orientation consistency improves with increasing neighborhood 

size for noisy regions, but is always lower than a threshold for 

high curvature areas. Orientation consistency describes how well 

the orientations over a neighborhood are consistent with the 

dominant directions [2]. 

  
(a) (b) 

  
(c) (d) 

Fig.5. (a) Low-quality original fingerprint image from Db1 

database, (b) overlaid unreliable orientation on the image, (c) 

and (d) segment of the noisy area and its DF estimated using 

section 4.2 

The orientation smoothing used in this work is based on the 

estimated measure of coherence as proposed in [8]. This measure 

is based on gradient magnitude G and orientation estimation. The 

coherence for a point (x0,y0) is defined as: 
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where, w(s) is the neighborhood of each block to be considered. 

The orientation consistency OC(s) ranges from 0 and 1. It gives a 

highest value of 1 if all the orientations in w(s) is directed in the 

same direction and approaches 0 when orientation discordance 

increases. 

To decide on the size of the smoothing neighborhood for a 

block, the orientation consistency is evaluated based on the 

outside surrounding blocks of (2s+1)×(2s+1) consisting of 8×s 

elements starting with s = 1 to a maximum neighborhood size of 

4 (used in this work). After determining the smoothing size, a low 

pass Gaussian kernel of size (2s+1)×(2s+1) is convolved with the 

neighborhood of the block. The 2-D Gaussian function is given 

by, 
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where, x and y are the distances in blocks in the horizontal and 

vertical directions from the central block θ(i,j) and σ determines 

the scale of the Gaussian function. The processing step of the 

proposed orientation smoothing method is given below and 

summarized using flowchart in Fig.7. 

  
(a) (b) 

Fig.6. Orientation field where consistency is low (a) High 

curvature region (b) Noisy region 

 

Fig.7. Processing flowchart of the proposed orientation 

smoothing method 

Step 1: Initially set s = 1 and maximum value of s to be 5. Convert 

the orientation θ of each block to vector fields φx = cos2θ, 

φy = sin2θ 

Step 2: Compute the orientation coherence using Eq.(9) where 

w(s) are the outside blocks of its (2s+1)×(2s+1) 

neighborhood. 

Step 3: Set s=s+1 and compute the orientation coherence using 

Eq.(9). 

Step 4: If the orientation consistency is greater than a threshold 

Set s = 1 

Compute OC(s) 

using Eq.(9) 

Set s = s + 1 

Compute OC(s) 

using Eq.(9) 

Estimation 

Orientation 

using Eq.(11) 

OC(S)>O

C(S-1) 

&OC(S)>t 

End 

s > 5 

Set s = 1 

N 

N 

Y 

Y 
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(0.3 in our work) and also greater than OC(s-1), go to 

step 6, otherwise go to step 3 if s is smaller than the 

maximum value of 4. 

Step 5: Set s = 1 

Step 6: Gaussian smoothing is performed on the vector fields  

'   x xG    

'   y yG    

where, the summation is taken over the local adaptive 

smoothing neighborhood size (2s+1)×(2s+1),G 

represents a Gaussian low pass kernel of adaptive size  

(2s+1)×(2s+1). 

Step 7: The final smoothed orientation θ is given as: 

'
' 1

'

1
tan

2

y

x






  

If the orientation consistency is smaller than the threshold and 

s reaches its maximum value, the smoothing neighborhood w(s) 

is most likely a high curvature area. 

5. EXPERIMENTAL RESULTS AND 

EVALUATION 

This section reports some experimental results obtained by the 

proposed orientation smoothing method and compares it with 

other orientation smoothing approaches. Experiments were 

conducted on three sets of fingerprints. The first two sets are 

standard FVC2002 fingerprint databases DB1 and DB2. The 

images' size of Db1 is 640×480 pixels, Db2 is 328×364. Third set 

contains fingerprint images collected from heterogeneous 

population that includes manual workers and people from 

different age groups using an optical Fingerprint Reader. The size 

of each image is 480×320 pixels. There is variation in these sets 

of fingerprints in quality and type. All these are 256 gray-level 

images. 

For the purpose of comparison, three previous gradient-based 

approaches: the conventional smoothing method using fixed size 

Gaussian envelop as proposed in [13], non-adaptive smoothing 

based on the orientation coherence estimation as presented in [8]  

an adaptive smoothing neighborhood approach in [2] and the 

proposed method were implemented in MATLAB and analyzed 

on the above mentioned data sets. A block size of 5×5 as proposed 

in [2] for Orientation estimation shows high sensitivity to noise in 

the images. Hence, in this work, a block size of 8×8 is used to 

estimate orientation field, as the average width of ridges are 5 to 9. 

As the orientation field estimated using gradient squared 

averaging method is unreliable for further processing as shown in 

Fig.5, the orientation smoothing stage is implemented.  The 

orientation extracted using the three gradient-based approaches 

[13][2][8] and the proposed method were compared in noisy 

region of very poor quality fingerprints. In high curvature areas, 

the OF estimation  proposed in [2] with window size 8×8, and the 

proposed method exhibit similar results as shown in Fig.9, the 

method [13] excessively smoothen the high curvature area. In 

very noisy region as shown in Fig.8, the estimation is unreliable 

even after regularization using the methods proposed in [13] and 

[8]. For medium and good quality image segments the method 

proposed in [13] using fixed size Gaussian kernel gives good 

orientation estimation. The proposed adaptive neighborhood 

smoothing method visibly attenuate noise better than other 

approaches as shown in Fig.8, and also preserve high curvature 

areas around singular points. 

The Fig.10 displays the segments of fingerprint images of 

various qualities of the same fingerprint around the core point. 

The Signal-to-Noise Ratio (SNR) measure in decibels (DB) is 

used to estimate the input fingerprint image quality. It is given by 

10log10 (mean of pixel values/standard deviation of pixel values). 

Images with lower SNR values have scars, cuts and creases that 

show discontinuity in the ridges. Good quality images have higher 

SNR values. These examples also exhibit better OF estimate using 

the proposed adaptive neighborhood analysis approach by 

preserving the directionality of the ridge structure. 

For fingerprint images of various qualities and types shown in 

Fig.11(a), the estimated orientation field overlaid on these images 

using the proposed method is shown in Fig.11(b). The orientation 

coherence estimate used in this work as proposed in [8] yields 

better results as it places more weight on regions that have higher 

visual contrast. 

   
(a) (b) (c) 

   
(d) (e) (f) 

Fig.8. (a) Original noisy fingerprint segment, (b) Before 

orientation smoothing, (c) Smoothing using conventional 

averaging method [13] (d) OF as proposed in [8] (e) Adaptive 

Smoothing method proposed in [2]with 8×8 window                  

(f) Proposed adaptive smoothing method 

   
(a) (b) (c) 

   
(d) (e) (f) 

Fig.9. (a) Original high curvature area in noisy fingerprint, (b) 

Before orientation smoothing (c) non adaptive averaging method 

[13] (d) method as in [8] (e) Adaptive Smoothing method 

proposed in [2] using 8×8 window size (f) Proposed adaptive 

smoothing method 
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SNR = 

15.75 dB 

    

SNR = 

17.21 dB 

    

SNR = 

18.38 dB 

    

SNR = 

22.51 dB 

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

Fig.11. (a) Fingerprint images of various quality and type with 

noise, cuts and creases (b) their respective estimated orientation 

field superimposed on the images using the proposed method 

 
(a) 

 
(b) 

Fig.10. (a) segments of fingerprint images of various qualities 

/SNR values of the same fingerprint around the core point and 

their OF estimate using (b) non-adaptive averaging method [13] 

(c) Adaptive Smoothing method proposed in [2] using 8×8 

window size (d) Proposed adaptive smoothing method 

6. CONCLUSION 

Local ridge orientation estimation is an important step in 

fingerprint image processing. Hence a reliable orientation 

estimate is vital in fingerprint feature extraction, classification and 

recognition. In fingerprint areas of low quality, the orientation 

image extraction is still a challenging task and most existing 

approaches to the computation result in poor estimate. 

A reliable method based on adaptive neighborhood smoothing 

for fingerprint orientation image estimation was proposed. 

Experimental results conducted on a collection of fingerprints 

demonstrate that the proposed method is robust to noise and 

exhibit visibly better orientation estimates compared with the 

previous adaptive and non-adaptive gradient based approaches 

and also preserve high curvature regions. The estimated 

orientation field is used for extracting singular points in 

fingerprints. 
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