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Abstract: Fingerprint image enhancement is a common and critical step in fingerprint 
recognition systems. To enhance the images, most of the existing enhancement algorithms use 
filtering techniques that can be categorized into isotropic and anisotropic according to the filter 
kernel. Isotropic filtering can properly preserve features on the input images but can hardly 
improve the quality of the images. On the other hand, anisotropic filtering can effectively 
remove noise from the image but only when a reliable orientation is provided. In this paper, we 
propose a ridge orientation estimation and verification algorithm which can not only generate 
an orientation of ridge flows, but also verify its reliability. Experimental results show that, on 
average, over 51 percent of an image in the NIST-4 database has reliable orientations. Based on 
this algorithm, a hybrid fingerprint enhancement algorithm is developed which applies isotropic 
filtering on regions without reliable orientations and anisotropic filtering on regions with 
reliable orientations. Experimental results show the proposed algorithm can combine 
advantages of both isotropic and anisotropic filtering techniques and generally improve the 
quality of fingerprint images. 
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1 Introduction  

It is obvious that fingerprints are the most widely applied biometric identifier. With 
the help of high performance computers, Automatic Fingerprint Identification 
Systems (AFIS) have gradually replaced human experts in fingerprint recognition as 
well as classification. However, fingerprint images contain noise caused by factors 
such as dirt, grease, moisture, and poor quality of input devices and are one of the 
noisiest image types, according to O’Gorman [O'Gorman 1998]. Therefore, 
fingerprint enhancement has become a necessary and common step after image 
acquisition and before feature extraction in the AFIS.  

A fingerprint consists of two special direction-oriented parts: ridges and valleys, 
where valleys are the space between ridges and vice versa. These directional patterns 
contain various fingerprint features including a small  number of singular points (delta 
and core point) and randomly distributed local discontinuities called minutiae (see 
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Fig. 1). Enhancement process should not only increase the contrast between the ridges 
and valleys [O'Gorman 1989] but also retain these fingerprint features, since they are 
crucial for the later recognition process. Furthermore, enhancement should not create 
spurious structures because that will create false singular points and minutiae. 

 

Figure 1: Fingerprint features: core point (in circle), delta point (in triangle), 
minutiae-ridge ending (in square), and minutiae-ridge bifurcation (in diamond). 

Matched filtering is a widely used image-processing operation in reducing image 
noise. Generally speaking, filtering techniques can be categorized as isotropic and 
anisotropic based on whether the filter kernel is orientation sensitive. The two most 
commonly used isotropic filters are the median filter [Lee 1985] and Gaussian filter 
[Shapiro 2001]. Almansa and Lindeberg proposed a specially tailored isotropic 
diffusion scheme with an isotropic filter [Almansa 2000]. Wang proposed a bandpass 
filter (see Fig 2(a)) to enhance regions containing singular points [Wang 2004].  
Isotropic filtering can properly preserve features on the input images but can hardly 
improve the quality of the image. On the other hand, anisotropic filtering can 
effectively remove noise from the image but only on the condition that a reliable 
orientation is provided. Hong et al. used Gabor filter banks to enhance fingerprint 
images and reported good performance [Hong 1998]. Gabor filters (see Fig. 2(b)) 
have both orientation and frequency-selective properties. Over the years, a number of 
researchers have applied Gabor filters to enhance flow-like patterns [Jain 1997, Maio 
1997, Hong 1998, Yang 2003]. Yang proposed an improved version called modified 
Gabor filter which can reduce the False Rejection Rate by approximately 2% at a 
False Acceptance Rate of 0.01% [Yang 2003]. 

 

 
(a) 

 
(b) 

Figure 2: (a) A bandpass filter (from [Wang 2004]), and (b) an even symmetric 
Gabor filter (from [Jain 1997]). 
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If we can guarantee the orientation is reliable, then anisotropic filtering can 
produce better results than isotropic filtering, since the ridge flows are direction-
oriented by nature.  However, if the orientation is not correct, for instance, orthogonal 
to ridge flows, than the anisotropic filtering will corrupt the real ridge patterns and 
consequently generate false fingerprint features. Generally speaking, a fingerprint 
orientation estimation algorithm can derive acceptable ridge orientation when the 
quality of the image region is relatively good. To differentiate high quality regions 
from low quality regions, Hong et al. modelled the ridge and valley pattern as a 
sinusoidal wave and computed frequency and variance to determine the quality of 
fingerprint images [Hong 1998]. An image was divided into recoverable and 
unrecoverable regions, and the fingerprint enhancement was performed only on 
recoverable regions. Furthermore, fingerprints with over 60% unrecoverable regions 
were rejected. Yao et al. calculated the mean and variance of a sub-block of images to 
determine the quality [Yao 2002]. However, neither was able to distinctly 
differentiate good regions from bad regions [Lee 2006]. Ratha and Bolle proposed a 
method for image quality estimation in the wavelet domain which is unsuitable for 
uncompressed images [Ratha 1999]. Lee et al. proposed a model-based quality 
estimation of fingerprint images based on gradient operator with 8×8 blocks in which 
the global features are ignored and the quality of images is defined by whether 
minutiae can be detected [Lee 2006]. Park and Kwon proposed a quality measurement 
approach based on 8 directional slots chain codes of sliced block, but this approach 
requires human experts and there are some cases in which a poor quality block was 
marked as good quality and vice versa [Park 2003]. Lim et al. observed global 
uniformity and local texture patterns in fingerprint images, and this approach requires 
determining the weights for global and local quality measurements [Lim 2002]. 

There are many methods for ridge orientation estimation in the literature, and 
most of them are based on gray-scale relationship between pixels. Methre et al. 
computed gray consistency along 16 directions at each pixel and the orientation of the 
best consistency is taken as the ridge orientation [Methre 1987]. Hung divided pixels 
into ridge and non-ridge pixels and estimated ridge orientation by computing the 
consistency of pixel type [Hung 1993]. Nagaty [Nagaty 2003] and Zhu et al. [Zhu 
2006] evaluated the correctness of ridge orientation based on neural network. The 
correctness of these methods depends highly on the data used in the learning phase. 
The most popular method for ridge orientation estimation is the gradient-based 
method [Maio 1997, Hong 1998, Bazen 2002, Yang 2003, Cheng 2004]. It calculates 
the gradient vector of each pixel, and, ideally, the gradient vector direction of an edge 
pixel would be orthogonal to the ridge orientation. However, if the dominate gradient 
of edge pixels is not orthogonal to the ridge orientation, a falsely estimated orientation 
will result. In other words, all of these methods cannot guarantee the correctness of 
the estimated ridge orientation.  

In this paper, we propose a ridge orientation estimation and verification algorithm 
that can not only generate an orientation of ridge flows but also verify its reliability. If 
the orientation is not reliable, then the orientation of the region will be marked with a 
specific flag. More precisely, the verified orientations are guaranteed to be reliable. 
Furthermore, the limited number of grey levels, in most cases 256, can hardly 
represent the ideal sinusoidal wave used to model fingerprint ridge and valley. This is 
because fingerprint images contain noise, and the width of a ridge can be as small as a 
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few pixels. Hence, the proposed algorithm uses K-slope method to calculate the 
sinusoidal wave curvature [Rosenfeld 1982]. K-slop method can properly reduce the 
effect from noise pixels during the calculation of the ridge curvature. Since the 
proposed algorithm is able to verify orientation reliability, we also propose a hybrid 
fingerprint enhancement algorithm which applies anisotropic filtering on regions with 
reliable orientations and isotropic filtering on regions without reliable orientations. 

The rest of the paper is organized as follows.  Section 2 reviews the isotropic and 
anisotropic filtering techniques with examples and illustrates the advantages and 
disadvantages of both techniques. Section 3 describes the proposed ridge orientation 
estimation and verification algorithm followed by the proposed hybrid enhancement 
algorithm with experiments in Section 4. We then conclude our work in Section 5. 

2 Isotropic and Anisotropic Filtering 

To illustrate the isotropic and anisotropic filtering, three fingerprint images are 
selected from the NIST-4 database [Watson 1992] as shown in the top row of Fig. 3 
where (a) has a grid pattern on the bottom-left of the image, (b) has a large smudged 
region on the top-left of the image, and (c) shows a relatively clean image (high 
contrast).  The results of applying two isotropic filtering methods on these three 
images are shown in the lower two rows of Fig. 3 where the middle row shows the 
results of the bandpass approach proposed in [Wang 2004] and the bottom row shows 
the results of the median filter with adaptive thresholding proposed in [Huang 1998, 
Ailisto 2003].   

 
(a) 

 
(b) 

 
(c) 

   

   

Figure 3: Top row: examples of fingerprints from NIST-4.  Middle row: enhanced 
results by bandpass filtering.  Bottom row: enhanced results by median filtering. 
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It is observed that the results of these two isotropic filtering can properly preserve 
the features of the input images as well as the noise such as the words “LEFT 
THUMB” as shown in the middle column of Fig. 3. 

Fig. 4 shows the enhanced results after applying the anisotropic Gabor filtering 
on the same examples with different sizes of Gabor blocks: 9×9, 15×15, and 23×23 
pixels, respectively. Each Gabor block will be assigned with an orientation calculated 
by a certain procedure which will be discussed in the next section. Fig. 4(c) shows 
that a good quality image will retain most of its fingerprint features when divided by 
blocks of different sizes, and that the smaller the block size, the higher the enhanced 
quality. Furthermore, the words “LEFT THUMB” are properly removed as shown in 
the middle column of Fig. 4. However, in the bottom-left region of the top image of 
Fig. 4(a) and the top-left region of the top image of Fig. 4(b), spurious structures 
corrupt the continuity of ridge flows and create many false features due to incorrectly 
estimated orientations. Since no verification mechanism has been introduced, we can 
only hope the orientation produced by the specific orientation estimation method is 
reliable. Therefore, when using algorithms that adopt anisotropic filtering technique, 
we can never be sure whether the enhanced results contain false features or not. Such 
noisy regions may be properly enhanced while enlarging the block size as shown in 
the bottom row of Fig. 4(a) and (b). This is because in these cases, enlarging the 
Gabor block can derive an orientation closer to the real flow orientation. 
Unfortunately, a large block size has a serious side effect—destroying the ridge 
details. For instance, the left delta point in the bottom image of Fig. 4(b) is destroyed, 
and so is the center core point in the lower image of Fig. 4(a). 

   

   

 
(a) 

 
(b) 

 
(c) 

Figure 4: Enhanced results of Fig. 3 by Gabor filters with different block sizes: 9×9, 
15×15, and 23×23 pixels, respectively (top to bottom). 
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Many researchers apply a relatively small block and smooth the orientation by 
Gaussian function. For example, Hong filtered the orientation field using a low–pass 
Gaussian filter [Hong 1998]. However, this approach failed when a noisy region is too 
large as shown in Fig. 2(a) and (b). Furthermore, the orientation of a noisy block or 
singular point block will affect the orientation of its neighbours during the smoothing 
process.   

3 Orientation Estimation and Verification 

As aforementioned, many methods of orientation estimation have been proposed, and 
the simplest and most frequently adopted method is the gradient-based approach 
[Hong 1998, Bazen 2002, Yang 2003, Cheng 2004, Lee 2006]. To illustrate the result 
of gradient-based approach, six relatively clean ridge patterns (high contrast) are 
shown on the top row of Fig. 5 where (a) and (b) contain minutiae (ridge bifurcation 
and ridge ending), (c) and (d) contain singular points (delta and core point), and the 
other two are noisy regions. Fig. 5(e) shows a circle-like pattern with a white circle 
having a black dot inside, and (f) looks like a grid pattern with orthogonal ridge flows 
overlapping.   
 
 

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

 
(e) 

 
(f) 

Kirsch 164.4 º 29.5 º 177.2 º 64.4 º 42.9 º 62.4 º 
Robinson 163.5 º 29.6 º 176.5 º 64.0 º 51.1 º 63.0 º 

Sobel 161.3 º 31.4 º 175.1 º 62.1 º 49.3 º 60.1 º 
Prewitt 160.6 º 30.3 º 175.2 º 64.3 º 81.7 º 69.3 º 

Figure 5: Six ridge patterns and their orientations calculated by Kirsch, Robinson, 
Sobel, and Prewitt operators. 

The associated orientations calculated by the gradient-based approach with 
different operators (Kirsch, Robinson, Sobel, and Prewitt [Shapiro 2001]) are also 
shown in Fig. 5. It can be observed that these four gradient operators generate 
relatively consistent block orientations. However, only the orientations of patterns (a) 
and (b) are reliable, and those of the other four are not. Actually, patterns (c) to (f) 
should not be assigned any orientation since no orientation can properly represent the 
directions of ridge flows in these blocks.   

Ideally, the intensity value of the orientation orthogonal to ridge flows can be 
modelled as a sinusoidal plane wave (see Fig. 6(a)). The width of the sinusoidal 
frequency can be considered as the ridge frequency. This ridge frequency calculation 
function works under an assumption that a reliable ridge orientation is already given. 
However, the previously-mentioned algorithms will generate a ridge orientation no 
matter how the image quality is. A noisy region may lead to a wrong ridge orientation 
and a wrong ridge frequency. In such a case, applying an anisotropic filter on this 
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noisy region can hardly improve the quality of the image but introduce more false 
ridges and features instead. More precisely, if we cannot guarantee the ridge 
orientation is correct, then we should not apply the anisotropic filtering technique. 

 

 
(a) 

 
(b) 

Figure 6: (a) A fingerprint ridge flows with ideal corresponding histogram. (b) Six 
directions for histograms examination. 

A good orientation estimation algorithm should not only calculate correct flow 
orientation, but also prevent assigning an orientation to noisy blocks or blocks 
containing singular points. To achieve this goal, we propose an orientation estimation 
algorithm with verification mechanism. If we observe the intensity histograms of the 
ridge flows shown in Fig. 6(a) in six different directions as shown in Fig. 6(b), we can 
derive six histograms for these directions (see Fig. 7). From these histograms, we can 
calculate the associated ridge lengths as shown in the boxes in Fig. 7, which 
monotonically increase from directions (1) to (4) and monotonically decrease from 
directions (4) to (6) (and eventually to (1)). Note that the ridge length in Fig. 7(4) is 
defined as infinite because the histogram does not contain a complete wave cycle. 
More precisely, the ridge length is infinite while the histogram direction is parallel to 
the ridge flow. On the other hand, the ridge length has a minimum value while the 
histogram direction is orthogonal to the ridge flow. 

 

  

Figure 7: The histograms of the six directions shown in Fig. 6(b). 

The curvature value of an ideal sinusoidal plane wave should have a repeating 
increase-decrease pattern as shown on top of Fig. 8(a). The ridge length, r, then can 
be defined as the sum of the curvature increase length and the curvature decrease 
length. However, real fingerprints contain a lot of noise and therefore a real histogram 
may look like the wave shown on the bottom of Fig. 8(a). To prevent noise from 
influencing the process of ridge length calculation, we use the K-slope method to 
calculate the wave curvature [Rosenfeld 1982].  
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Fig. 8(b) shows the relationship between histogram direction and ridge length of 
the image shown in Fig. 6(a) where x-axis represents the histogram direction and y-
axis represents the ridge length. In this example, θ is 135 degrees, since ridge length 
has a minimum value under such a direction and the same conclusion can be made 
when the direction angle is 180-θ (-45 degrees) or θ+180 (+315 degrees). 

 

 
(a) 

 
(b) 

Figure 8: (a) Ideal and real fingerprint histogram. (b) Relationship between ridge 
length and histogram direction. 

Fig. 8(b) indicates several important rules that include (1) the unique minimum 
ridge length shall be reached within 180 degrees, (2) the unique maximum ridge 
length (infinite) shall be reached within ±90 degrees from the direction with minimum 
ridge length, (3) the relationship between ridge length and histogram direction repeats 
every 180 degrees, (4) the ridge lengths from minimum ridge length direction θ to 
θ+90 monotonically increase, and (5) the ridge lengths from maximum ridge length 
direction λ to λ+90 monotonically decrease. 

Apparently, a noisy ridge region can not follow all of these rules. We therefore 
propose a ridge orientation estimation and verification algorithm based on these rules.  
The proposed algorithm can be outlined as follows, 

 
1. Each image is divided into w×w pixel blocks where w is an odd number. 
2. For each block, calculate the ridge lengths, Li, i = 0…N, where the direction 

of Li is set to i×(180/N).  Let Lmin be the minimum among Li and Lmax be the 
maximum.  Plot the ridge length and histogram direction diagram. 

3. Examine whether (i) Lmin and Lmax are unique from 0 degree to 180 degrees, 
(ii) ridge lengths from Lmin to Lmin+90 monotonically increase, (iii) ridge 
lengths from Lmax to Lmax+90 monotonically decrease, and (iv) the direction 
between Lmin and Lmax is 90 degrees. If yes, mark the block as a certain 
block and let the orientation be max degrees. Otherwise, the orientation of 
this block is marked as uncertain. 

 
These rules can be easily violated due to the presence of minutiae, singular 

points, or noise. But on the other hand, it also means the orientation of a certain block 
must be reliable. The six examples shown in Fig. 5 will all be marked as uncertain by 
this orientation estimation algorithm, due to minutiae in Fig. 5(a) and (b), singular 
points in (c) and (d), and noise in the other two. Although the proposed orientation 
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estimation and verification algorithm failed to assign orientations to Fig. 5(a) and (b), 
it successfully marks Fig. 5(c) to (f) as uncertain instead of assigning approximate 
orientations and hoping they are correct. 

4 Enhancement Algorithm and Experiments 

A good fingerprint enhancement algorithm should generally improve the quality of an 
image rather than work on some specific images or specific regions of an image. To 
achieve this goal, we propose a hybrid enhancement algorithm combining isotropic 
and anisotropic filtering techniques. The enhancement algorithm can be outlined as 
follows, 
 

1. Each image is divided into w×w pixel blocks where w is an odd number. 
2. Perform the ridge orientation estimation and verification algorithm on each 

block.  
3. Apply anisotropic filtering on certain blocks with orientations and apply 

isotropic filtering on uncertain blocks. 
 
When the orientation estimation and verification algorithm is applied on the 

4,000 images in the NIST-4 database, approximately 48 percent of the foreground 
image on average is marked as uncertain when the block size is 23×23.   

The performance of our enhancement algorithm depends on the particular 
isotropic and anisotropic filters applied on certain and uncertain blocks. In our 
experiments, we used Gabor filer and median filter with adaptive thresholding. After 
applying the ridge orientation estimation and verification algorithm to the images 
shown in Fig. 3, certain blocks were assigned with proper orientations as shown on 
the top row of Fig. 9, and the bottom row shows the uncertain blocks. 

 
 

 
(a) 

 
 

 
(b) 

 
 

 
(c) 

Figure 9: Top row: certain blocks and bottom row: uncertain blocks. 
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Fig. 10 shows the enhanced result of Fig. 3 in bandpass filtering (top row), Gabor 
filtering (middle row), and our proposed hybrid enhancement algorithm (bottom row). 
If we compare the bottom row with the top and middle rows in Fig. 10, we can see 
that a lot of noise that appear in the top rows of Fig. 10 no longer exist in the bottom 
row, and that the singular points are closer to the real ridge patterns in the bottom row 
than in the middle row. Even though the enhanced results of the proposed algorithm 
still contain noise, the hybrid algorithm will not create false singular points as shown 
in the middle row of Fig. 10 (a) and (b). It is clear that the hybrid algorithm 
outperforms single isotropic or anisotropic filtering techniques. Furthermore, for a 
high quality fingerprint such as Fig. 3(c), the proposed hybrid enhancement algorithm 
will remove noise without corrupting the ridge flow patterns as shown in Fig. 10(c). 

 

 

 
(a) 

 

 

 
(b) 

 

 

 
(c) 

Figure 10: Enhanced results of Fig. 3. Top row: enhanced by bandpass filtering. 
Middle row: enhanced by Gabor filters (15×15). Bottom row: enhanced by the 
proposed hybrid algorithm. 

5 Conclusions  

Fingerprint enhancement is a common and critical step in modern AFIS that can 
greatly reduce computation time. The enhancement process should not only increase 
the contrast between ridge and valley, but also properly remove noise in the images. 
Furthermore, a good enhancement algorithm should generally improve the quality of 
all images instead of improving only portions of the input images (or a portion of an 
image) and creating spurious fingerprint features on the rest. The matched filtering 
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technique, a general image-processing operation, is widely used for the purpose of 
removing noise and has been adopted by many researchers on fingerprint image 
enhancement. The kernel of filters can be grouped into two types: isotropic and 
anisotropic filter. Isotropic filtering can properly preserve features on the input 
images but can hardly improve the quality of the images. On the other hand, 
anisotropic filtering can effectively enhance fingerprint images but only when a 
reliable orientation is provided. Since no verification mechanism has been introduced, 
we can only hope the orientation produced by the specific orientation estimation 
method is reliable. 

In this paper, we propose a ridge orientation estimation and verification algorithm 
which marks non-flow shaped regions with a special flag rather than assigns an 
orientation. Verified orientations are guaranteed to be reliable. Then, a hybrid 
fingerprint enhancement algorithm is proposed by adopting anisotropic filtering on 
regions with reliable orientations and isotropic filtering on the rest of the image. With 
the ability to determine whether the orientation of a region is reliable or not, the 
proposed hybrid enhancement algorithm can combine advantages of both isotropic 
and anisotropic filtering techniques to improve the quality of all kinds of fingerprint 
images. 

6 Future Work 

For future work we would like to utilize the reliable orientation to restore the 
orientation of blocks without a verified orientation to reduce the ratio of uncertain 
region in fingerprints. For example, the orientation of a block without a verified 
orientation surrounded by eight blocks with verified orientations can be assigned with 
the average of its neighbours’ orientations if these orientations are consistent (smaller 
than a threshold). However, the orientation restoration process requires further study 
which is beyond the scope of the current research.  
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