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Abstract. In this paper, we present a new method for reconnecting broken 
ridges in fingerprint images. The method is based on the use of a discrete direc-
tional mask and on the standard deviation of the gray-levels to determine ridge 
direction. The obtained direction map is smoothed by counting the occurrences 
of the directions in a sufficiently large window. The fingerprint image is, then, 
binarized and thinned. Linking paths to connect broken ridges are generated by 
using a morphological transformation to guide the process. 

1   Introduction 

Fingerprints are widely used in biometric techniques for automatic personal identifi-
cation, though a number of other techniques exist, which involve other biometric 
features such as face, iris, ear and voice. In fact, fingerprints of any individual are 
unique (even in the case of identical twins), remain the same over lifetime, and are 
easy to collect.  

Fingerprints were initially introduced for criminal investigation, and their verifica-
tion used to be performed manually by experts. Nowadays fingerprints are still used 
to identify suspects and victims of crimes, but are also involved in an increasing num-
ber of applications, such as physical access control, employee identification, and 
information systems security. Moreover, the tedious manual matching work has been 
replaced by automatic fingerprint identification systems, which can work with data-
bases including even several millions records of fingerprint images. Most of the fin-
gerprint matching algorithms follow the forensic procedure of matching particular 
features in a fingerprint image, called minutiae. The minutiae are local discontinuities 
of ridgelines in a fingerprint image. Though minutiae could be classified in several 
classes, it is standard practice to use a classification in two minutiae only, namely 
termination and bifurcation. 

Fingerprints can be captured by different devices, each of which may produce a 
corrupted image. For automatic fingerprint identification, the quality of fingerprint 
images is of great importance, since low quality images severely affect the detection 
of the minutiae and, accordingly, a correct identification. For this reason, fingerprint 
images generally undergo a number of different processes, aimed at enhancement, 
computation of the ridge direction, thinning, and feature extraction.  

Enhancement largely contributes to the robustness of a system for fingerprint veri-
fication/recognition and is a topic that has received much attention. In this paper, we 
focus on the problem of reconnecting broken ridges. We suggest a method based on 
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the use of a discrete 9*9 directional mask and on the standard deviation of the gray-
levels to build an initial direction map. The final direction map is, then, obtained by 
counting the occurrences of the directions within a 45*45 window. The skeleton of 
the binarized fingerprint image is used, together with the watershed transform, com-
puted by taking into account the end points and the isolated pixels of the skeleton, to 
generate linking paths and reconnect broken ridges. 

2   Related Works 

Enhancement of damaged fingerprint images has received much attention in the litera-
ture. Different techniques based, for example, on the use of Gabor filter, directional 
median filter, thresholding, wavelets, were suggested to improve the quality of the gray 
level fingerprint image [1-4]. Most of the existing methods can be classified in two 
categories, depending on whether frequency domain or spatial domain is considered. 

In the frequency domain, enhancement methods are mainly based on the Fourier 
transform [5-7]. For example, the method suggested in [5] uses a bandpass filter to 
build 16 images filtered in 16 different directions. For each image, the inverse Fourier 
transform is computed and the 16 obtained images are suitably combined to get an 
enhanced image. In [7], enhancement is obtained without resorting to information 
derived from the directions along the ridges. The fingerprint image is divided into 
non-overlapping blocks of size 32*32 and the Fourier transform of each block is 
computed. The underlying idea is that the direction along the ridge is constant within 
each block. A drawback common to enhancement methods based on the Fourier trans-
form is that short ridges are often filtered out. Thus, ridges that are broken in many 
small parts are not always reconstructed. 

In the spatial domain, ridge directions are extracted from the gradient of the finger-
print image (see e.g., [8-10]), or by means of directional masks (see e.g., [11-14]). In 
[9], a bandpass filter is used to filter the image in 2 directions so as to reduce noise 
before computing the gradient. In [14], the fingerprint image is divided into non over-
lapping blocks, the direction of the central pixel is computed by using a directional 
mask and this direction is assigned to all pixels of the block, so generating a smoothed 
direction map. In [15], 16 directions are considered and the standard deviation of 
gray-levels of pixels aligned along them is computed. The direction to be assigned to 
each pixel p is found by selecting the pair of perpendicular directions for which the 
highest discrepancy is found: if the two standard deviations differ, the direction of p is 
the one with the smaller standard deviation, otherwise a special value is assigned to p. 
The basic idea is that along a ridge the standard deviation should be remarkably 
smaller than that in the perpendicular direction. Since pixels of the fingerprint image 
in correspondence with broken ridges are generally assigned the special value, win-
dows of different sizes are used to compute the standard deviations and update the 
direction map. Gradient-based method may fail to detect correct directions in the 
ridge breakings areas. Methods based on directional masks to compute ridge direction 
and on the subdivision of the fingerprint image into non-overlapping blocks to get a 
smoothed direction map have the same drawback, since the direction map updating is 
done in a too global way. Methods like [15], where the direction map updating is done 
with local criteria, are more effective. The main problem is the selection of the size of 
the windows used for the updating. 
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3   The Suggested Method 

Our method for reconnecting broken ridges is in the class of methods working in the 
spatial domain and on the use of directional masks. Our work has been inspired by the 
method suggested in [15] as concerns the construction of the direction map. The 
method has been tested on the fingerprint images used for the ‘Fingerprint Verification 
Competition’(FVC) of years 2000, 2002 and 2004.  

3.1   Building the Direction Map 

Working in the discrete plane, the number of possible directions depends on the size 
of the selected directional mask. For a size n*n, 2*n-2 directions are possible. In turn, 
the size of the directional mask should be selected by taking into account the thick-
ness of the fingerprint ridges and of the valleys separating them. If a too small mask is 
centered on the innermost pixels in a ridge (valley), only very small gray-level 
changes would be detected along all directions, so that the innermost pixels could not 
be assigned any direction. In turn, if a too large mask is used, wherever the mask  
hits a portion of the image including both ridges and valleys, quite high gray-level 
variations would be detected, causing non-correct direction assignment.  

We use, a directional mask of size 9*9, which is a reasonably good compromise for 
our dataset and, hence, 16 different directions result to be possible. The discrete direc-
tional mask is given in Fig. 1. A darker tone is used to identify the lines passing 
through the pixels along the direction in one of the two ways (positive) and a lighter 
tone to identify the lines in the opposite (negative) way. 

 

Fig. 1. The 9*9 discrete directional map 

Our criterion to build the direction map is improved with respect to the one in [15]. 
For each pixel p in the fingerprint image, the standard deviation of the gray-levels of 
the pixels aligned along each of the above directions is computed in a 9*9 window. 
Let min be the minimum value of the standard deviation. The absolute value of the 
difference in standard deviation for each pair of perpendicular directions and the 
maximal value, max, of such a difference are also computed. 

In principle, for a pixel p located along a ridge (valley) the standard deviation 
along the ridge (valley) direction should be the only one with value min. If this is the 
case, the unique direction with standard deviation min is by all means the direction to 
be assigned to p. However, when the ridge (valley) includes pixels with scarcely dif-
ferent gray-levels, the standard deviation can be equal to min in more than one direc-
tion and some ambiguity in the direction selection exists. We distinguish two cases. If 
the standard deviation is equal to min in all the principal (horizontal, vertical and 
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Fig. 2. A fingerprint, left, the initial direction map, middle, and the final direction map, right 

diagonal) directions, we consider the direction for p as undetermined and assign to p a 
special value v in the direction map. Otherwise, we select the pair of perpendicular 
directions for which the absolute value of the difference in standard deviation is equal 
to max. If the difference max is found for only one pair of perpendicular directions, 
the direction characterized by the smaller value in that unique pair is assigned to p. 
Otherwise, a decision on the direction for p cannot be taken, and p is assigned the 
special value v in the direction map. 

As an example, in Fig. 2 the fingerprint used as running example in this paper is 
shown to the left, and the computed initial direction map is given in the middle. Not 
all pixels of the image have been assigned one of the possible directions, some of 
them are assigned the special value v. In particular, the special value v is assigned not 
only to pixels that, actually, are not part of the fingerprint, but also to all pixels in the 
zones, circled in Fig. 2 middle, corresponding to the ridge breaking areas. Thus, no 
direction information is available in the ridge breaking areas; moreover, the initial 
direction map shows a too complex distribution of directions to be easily used, and a 
suitable updating of the direction map is necessary. 

The updating of the direction map is done, as suggested in [15], by using a 45*45 
window. For each pixel p, we count in the window the occurrences of each direction 
and assign to p the direction with the maximal occurrence. The final direction map 
can be seen in Fig. 2, right. Almost all pixels of the fingerprint have been assigned a 
direction and the obtained final direction map is noticeably smoother than the initial 
map. The final direction map may include less directions with respect to those in the 
initial map.  

3.2   Binarization and Thinning 

Rather than directly connecting broken ridges in the fingerprint image, we resort to 
skeletonization to thin down the ridges to unit width and suggest a way to link to each 
other thin lines found in correspondence of broken ridges. 

A preliminary thresholding of the fingerprint image is performed to distinguish the 
ridges (foreground) from the background. To this purpose, a pixel p is taken as a fore-
ground pixel if its gray-level is smaller than or equal to the average gray-level in a 
9*9 window centered on p. Otherwise, p is taken as a background pixel. Skeletoniza-
tion is accomplished by using the algorithm [16], which also includes a post-
processing phase to prune non-significant branches and to reduce the zig-zags created 
during reduction to unit width. For the running example, the result of skeletonization 
is shown in Fig. 3, where the binarized fingerprint image is shown to the left and the 
resulting skeleton in the middle. 
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Fig. 3. The binarized fingerprint, left, the skeleton, middle, and the watershed transform, right 

3.3   Linking Paths Guided by the Watershed Transform 

Skeleton parts found in correspondence of broken ridges consist of a number of com-
ponents. To link these components, we need to build linking paths connecting their 
extremes (end points of skeleton branches or isolated pixels of the skeleton). Natu-
rally, not all skeleton components have to be linked to each other, which implies a 
selection of a proper subset of extremes, called significant extremes. To this purpose, 
we use the watershed transform [17-19].  

The computation of the watershed transform of an image implies the detection of a 
set of pixels in the image, the seeds, from which to perform region growing. Region 
growing associates to each seed s those image pixels that are closer to s than to any 
other seed. In our case, we compute the watershed transform of the binary image, 
where the seeds, i.e., the extremes of all skeleton components, have value 1, and all 
remaining pixels have value 0. The growing process provides a partition of the image, 
where each region surrounded by watershed lines represents the area of influence of a 
seed. See Fig. 3 right. In this way, in correspondence of the ridge breaking areas, the 
watershed lines will be mostly placed midway between the extremes of skeleton com-
ponents that we would like to connect, and the watershed lines can be seen as the 
barriers where the linking paths starting from the extremes terminate. Depending on 
the oriented directions of pairs of paths terminating on the same watershed line, and 
on the distance between the termination points of the paths, we can decide whether 
the extremes from which the paths originate are significant extremes.  

To add to the skeleton the path associated to each pixel p that is one of the ex-
tremes, the direction associated to p in the final direction map is taken into account. 
Obviously, if p is an isolated pixel, two paths in are built in the two opposite ways of 
the direction, while if p is an end point, a unique path is built, which is the prolonga-
tion of the skeleton branch in the direction associated to p. The 9*9 discrete direc-
tional map shown in Fig. 1 is centered on the pixel p and all pixels along the direction 
associated to p in the appropriate way(s) are assigned to the path. If any of the pixels 
ascribed to the path belongs to a watershed line, path building from p is interrupted at 
that pixel, since the termination point of the path has been reached. Otherwise, the 
9*9 window is centered on the last pixel ascribed to the path, and the path building 
process is repeated starting from it, still in the direction of p.  

Initially, a list of the end points is constructed and only paths built from the end 
points are considered. To decide whether p is a significant end point and, hence, the 
path built from it, path_p, has to be actually used for broken ridge connection, we 
analyze path_p and any other path, path_q, originated from other extremes and termi-
nating on the same watershed line. Two main cases are possible for the termination 
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point of the path associated to p, which can be a simple termination point, or a com-
plex termination point. A termination point is simple, white circles in Fig. 4, if it is 
adjacent to only two regions of the watershed partition. A termination point is com-
plex, black circles in Fig. 4, when the termination point is adjacent to more than two 
regions. A different criterion is used to decide if path_p has to be taken or has to be 
removed, depending on whether q is an end point or an isolated pixel. 

                               

Fig. 4. Simple termination points (white circles) and complex termination points (black circles) 

Let us suppose that the termination point for path_p is simple and that the path has 
been built in positive way. The termination point of path_p separates only two areas 
of influence, which are associated to p and to q, (see Fig. 4 left). The procedure is 
different depending on whether q is an end point or an isolated pixel. In the first case, 
if path_q has been built in negative way, and the distance between the termination 
points of path_p and path_q is smaller than an a priori fixed threshold θ, both path_p 
and path_q are interpreted as necessary to connect a broken ridge; if the distance 
overcomes the threshold, p is regarded as not placed in a ridge breaking area; finally, 
if also path_q has been built in positive way, decision on the significance of path_p 
can not yet be taken. An example in which path_q and path_p are built in the same 
way is shown Fig. 4 right, where the two paths path_p and path_q were built in corre-
spondence with skeleton components belonging to two mostly parallel ridges that 
should not be reconnected. In the case that q is an isolated pixel,  the criterion to es-
tablish if p and q should be linked to each other is the following: only if q is located 
along the same discrete direction associated to p, the two pixels p and q have to be 
linked to each other. If this is the case, linking occurs by taking path_p and by pro-
longing it to reach q, along the direction assigned to p. If q is not along the discrete 
direction associated to p, the decision on the significance of path_p can not yet be 
taken. 

Let us now suppose that the termination point for path_p is complex. The termina-
tion point of path_p separates more than two areas of influence, which are associated 
to p and to q1, q2, etc. (see Fig. 4 middle).  A decision must be taken to select, among 
the paths, path_q1, path_q2 etc., terminating on the crossing watershed lines, which 
one should be possibly accepted together with path_p. Paths generated by end points 
qi are considered first. Only paths, built in opposite way with respect to path_p and 
such that the distance between their termination points and the termination point of 
pah_p is under the threshold θ, are taken into account. Among them, the path with the 
minimal distance is taken, together with path_p, for reconnecting a broken ridge. Of 
course, if no path_qi in opposite way exists or the threshold is overcome, the qi that 
are isolated pixels, if any, are considered and the same procedure followed in case of 
isolated pixels and simple termination point is followed.  
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Fig. 5. The regions associated to extremes that should be connected, stars, are not adjacent 

Whenever linking paths are accepted as necessary for reconnecting ridges, an up-
dating of the list of the end points is accomplished. In fact, when an end point is 
linked to an isolated pixel, a new end point, coinciding with the isolated pixel, is gen-
erated in the skeleton, from which a new path can be built. The process of path build-
ing and identification of significant paths is iterated as far as new end points are added 
to the list. 

The above process works correctly if the partition regions associated to two sig-
nificant extremes are adjacent. However, this is not always the case. For example, the 
extremes denoted by stars in Fig. 5 should be linked to each other, but the correspond-
ing partition regions are separated by a partition region associated to the extreme 
denoted by a cross, with whom (correctly!) linking was not accomplished during the 
above process.  

A second step of path building, allowing a path to cross the barriers and continue 
until the watershed line of the next partition region is met, is necessary. Also the sec-
ond step is performed starting only from the end points, and the end points that are 
taken into account are those that during the previous phase were not classified as 
significant extremes, i.e., a decision on their associated paths was not taken. The sec-
ond step is done by using the same process accomplished in the first step, the only 
difference being that the areas of influence of the pixels that we are going to link are 
not adjacent. Isolated pixels of the skeleton possibly remaining at the end of the  
reconnection process are disregarded and are considered as noise. 

3.4   Results and Conclusion 

The performance of our method, when applied to the datasets used for FVC, has been 
evaluated by an expert of the Police Headquarters of Naples, Italy, who found the 
results very good for a more reliable identification of the minutiae. For space limita-
tion, in Fig. 6 only four images with reconstructed ridges are shown, where the image 
to left is for the fingerprint used as running example. 

          

Fig. 6. Reconstructed ridges (red color denotes reconstructed pixels) 
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Fig. 7. From left to right: a fingerprint, its artificially corrupted version, the fingerprint recon-
structed by using a 45*45 window for updating the direction map, and the  ROC curve 

To test the method also for images largely corrupted, we have artificially increased the 
number of ridge breaking areas in the fingerprints of the dataset. The original images 
have been compared with the results obtained by processing the artificially corrupted 
images to verify the ability of our method in reconnecting broken ridges. Windows of 
different size, ranging from 9*9 to 73*73, have been used for the computation of the final 
direction map in order to build a ROC curve and so evaluate the goodness of the method. 
About 50 artificially corrupted images have been used and in all cases, the area under the 
ROC curve is larger than 0.90, indicating the effectiveness of the proposed method. 
Again for space limitation, only one example is given in Fig. 7. 

It might appear that, besides the analogy as concerns the construction of the direc-
tion map, yet another analogy exists between our method and the one in [15] since 
both methods use the watershed transform. However, we stress that the watershed 
transform is used for different aims in the two methods. For [15], the watershed trans-
form of the fingerprint image is used to associate partition regions with valleys and 
ridges. Then, two direction maps are computed, for the fingerprint image and for the 
watershed transform, and the directions in these two maps that are perpendicular to 
each other are used to identify the ridge breaking areas. In our case, instead, the  
watershed transform is only used to guide the path building process. 

Our method has been implemented in C on a standard PC, by using OpenCV li-
braries. Future work will be done to improve the construction of the direction map, 
especially as concerns pixels placed at peripheral parts of the fingerprint. 
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