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Abstract. The accuracy of minutiae based fingerprint matching relies much on 
the minutiae extraction process. However, during minutiae extraction, false 
minutiae may be extracted due to bad fingerprint image quality. One commonly 
used solution to this problem is to filter out the false minutiae using minutiae 
quality scores. However, as indicated by the fingerprint matching results, the 
reliabilities of the existing minutiae scoring algorithms in discriminating 
genuine and false minutiae are significantly lower than that of the fingerprint 
matching process. To study the actual difficulties in minutiae filtering, we have 
conducted extensive experiments to compare two minutiae quality scoring 
algorithms. Then, four fingerprint matching strategies using minutiae quality 
scores were employed to investigate how the minutiae quality scores can affect 
fingerprint matching accuracy. Our results show that only proper combinations 
of minutiae quality scoring algorithms and fingerprint matching strategies can 
achieve improvement in fingerprint matching accuracy. 
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1   Introduction 

Fingerprint verification is widely used in our daily life for security purposes. The 
performance of fingerprint verification systems depends a lot on the fingerprint image 
quality. Due to predictable factors such as thin ridges, scars as well as unpredictable 
factors such as dry/wet fingers, moving fingers, fingerprint images are sometimes of 
low quality. This may harm the reliability of fingerprint authentication systems by the 
extraction of false minutiae. 

One possible solution to this problem is to adopt a post processing step, called 
minutiae filtering, to remove falsely extracted minutiae in fingerprint authentication 
systems. One recent work is D.H. Kim’s algorithm [1] which is based on skeletons of 
binarized and thinned fingerprint ridges. To extend the applicability of this algorithm, 
we have modified it to support ridges extracted by Direct Gray Scale algorithm, 
which is relatively more computationally efficient when compared to the Binarization 
and Thinning approach. The results showed that our extension to this algorithm can 
distinguish false minutiae from genuine minutiae with accuracy comparable to or 
even better than the original algorithm. Then, we implemented a novel minutiae 
quality scoring scheme using minutiae image correlation [2]. The inspiration of  
this method comes from the study of fingerprint ridges correlation for fingerprint 
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verification [3]. Experimental results show that the accuracy for distinguishing false 
minutiae from genuine minutiae is comparable to Kim’s method. 

We further investigate the effects of different strategies for embedding the minutiae 
quality scores into minutiae matching schemes. Intuitively, fingerprint minutiae 
quality scores can help in improving verification accuracy. However, the accuracy in 
automatic differentiation of genuine or false minutiae is significantly lower than  
that in fingerprint verification. The effect of using minutiae quality scores for 
improving verification accuracy through eliminating low quality minutiae may not  
be satisfactory. Therefore, the problem of making use of the less reliable informa- 
tion (the minutiae quality scores) to help a reliable task (fingerprint matching)  
is worthwhile to study. In this paper, four minutiae matching strategies were propo-
sed to evaluate the performance of embedding the two proposed minutiae quality 
scoring algorithms in fingerprint verification systems. We show that only proper 
combinations of minutiae quality scoring algorithms and fingerprint matching 
schemes can practically improve fingerprint matching accuracy. 

The organization of this paper is as follows. Section 2 introduces two fingerprint 
quality scoring algorithms used in this paper. The four matching schemes are 
presented in Section 3. Experimental results and analysis are described in Section 4. 
Section 5 is a conclusion. 

2   Minutiae Quality Scoring 

2.1   Minutiae Quality Scoring Based on Local Ridge Pattern (LRP) [1] 

A fingerprint consists of ridges and valleys. Based on ridge patterns, we can extract 
minutiae, which are some special ridge line patterns. According to [1], regular 
minutiae consist of linked neighboring ridges that have been developed in particular 
direction and distance in parallel. Such features were employed to distinguish whether 
an extracted minutia is genuine or not [1], [4]. These ideas were then implemented in 
the Local Ridge Pattern (LRP) algorithm in [1]. 

Minutiae quality scores produced by the LRP algorithm are calculated based on 
statistical data of inter-ridge distance around the genuine and false minutiae. This 
algorithm is proposed to evaluate minutiae scores based on neighboring ridge 
information of minutiae detected by Binarization and Thinning approach. 

Although the LRP algorithm is originally designed for ridge skeletons extracted 
using the Binarization and Thinning algorithm, the approximate ridge skeletons called 
walked map produced by Direct Gray Scale algorithm [5] may be more desirable in 
some cases because of its high computational efficiency. We, therefore, extend the 
this algorithm by using direct gray scale images as input and investigate the 
consistency of ridge information around a minutia in direct gray scale images instead 
of binarized and thinned images.  

From Fig. 1b, we can notice that ridge skeletons extracted by Binarization and 
Thinning are more stable and regular, and thus ridge information around minutiae is 
more reliable and suitable for Kim’s LRP algorithm. However, the ridge skeletons 
from extracted from direct gray scale images by “walking” along the ridges show 
significant dithering. The ridge skeletons showed in Fig. 1c is relatively less reliable 
in presenting the real fingerprint ridges. 
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                                (a)                                  (b)                                  (c) 

   
                                                      (d)                                  (e) 

Fig. 1. (a) Original Fingerprint, (b) Ridge skeletons extracted by Binarization and Thinning 
algorithm, (c) Ridge skeletons extracted by Direct Gray Scale algorithm, (d) Enhanced 
fingerprint image using Gabor filters, (e) Ridges extracted by Direct Gray Scale algorithm after 
Gabor filter based fingerprint image enhancement 

Considering such a difficulty, fingerprint image enhancement step for achieving 
more regular ridges is necessary for improving the ridge skeleton quality in the direct 
gray scale walked map. Among existing techniques applicable to fingerprint image 
enhancement, the Gabor filter based method reported by Hong et al [6] has been 
proven as an effective way to improve the accuracy of ridge and minutiae extraction 
of fingerprint images. Thus, we have applied an efficient Gabor filtering algorithm 
proposed in [7] before minutiae extraction and minutiae quality evaluation. 

According to Fig. 1e, the ridge skeletons extracted after image enhancement is 
even more regular than that from the Binarization and Thinning algorithm. Therefore, 
the enhanced direct gray scale images are suitable for performing LRP algorithm to 
evaluate minutiae quality. Then the minutiae quality scores are calculated on the 
walked map of the enhanced fingerprint image using the LRP algorithm. 

2.2   Minutiae Quality Scoring Based on Correlation with High Quality Minutiae 
Images (QMC) 

We applied the LRP algorithm to our FP-383 database [8] and found that around 30% 
of the minutiae cannot be assigned with legal quality scores. Parts of these minutiae 
are located near the edges or core point of the fingerprint images so that inter-ridge 
parameters cannot be found for minutiae quality scoring because of incomplete ridge 
information or dramatic ridge direction changes. In order to overcome this problem, 
we have adopted an image correlation based approach (QMC) to address the minutiae 
quality scoring. The inspiration of this approach comes from the fact that correlation 
of fingerprints perform satisfactorily in certain matching tasks [2], [3].  
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Firstly a set of high quality minutiae images, which contain clear ridge patterns, 
was selected manually. For a given minutia, its quality score can be calculated by 
correlating the local image around this minutia with the high quality minutiae images 
selected. In the implementation of the QMC algorithm as shown in Fig. 2, we have 
extracted minutiae images in circular shapes. This would cause less deviation when 
rotating and aligning candidate minutiae images with the high quality minutiae 
images. After image scaling, we can extract the minutiae images with approximately 
equal radius. Then, nine scores are computed by rotating and correlating the candidate 
minutiae image to nine different orientations for each image in the high quality 
minutiae set. The maximum score of nine orientations would be chosen as the 
correlation score. The quality score of a minutia is simply the average of correlation 
scores with all images inside the set. Finally, by using the correlation result as an 
estimation of the quality of a minutia, a threshold can be set to filter out those 
minutiae with low correlation scores, or minutiae classified as having low qualities. 

 

 

Fig. 2. Correlation method in evaluating fingerprint minutiae quality 

3   Fingerprint Matching Schemes Using Minutiae Quality Scores 

Many minutiae matching algorithms have been proposed [9], [10], [11]. To achieve 
optimum matching of different fingerprint minutiae patterns, some of these algorithms 
use complicated methods to shift, rotate or even deform the minutiae patterns. 
Nevertheless, the focus of our work is to study how the minutiae quality scores can 
affect the fingerprint matching accuracy. Therefore, we propose four relatively more 
straightforward minutiae matching strategies into which minutiae quality scores can 
be embedded in intuitive ways. 

3.1   Basic Fingerprint Matcher (BFM) 

In Basic Fingerprint Matcher (BFM), every minutia from two fingerprints will be 
stored in two lists accordingly. At each time, a minutia will be selected from each list. 
These two minutiae are the candidates to form a candidate pair. For the candidate to 
be matched, preliminarily, they should have a tolerable difference for the following 
three parameters, distance and orientation of the minutiae with respect to the core 
point and also the direction of the minutiae [12]. At the same time, both of their 
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quality scores should exceed an acceptable threshold. If any one of them has a quality 
score less than the threshold, they will not be regarded as a matched pair.  

If they satisfy the matching criterion described above, the two minutiae are 
matched. Then, the matching score of the two fingerprints will be increased by one 
and both minutiae candidates will be removed from the candidate lists. The whole 
process continues until one of the lists becomes empty. If more than 80% of total 
minutiae of two fingerprints are matched, the two fingerprints are said to be matched. 

3.2   Best-Pair-Come-First Fingerprint Matcher (BPM) 

This algorithm is basically a variation of BFM. The use of minutiae quality scores in 
this algorithm is similar to that of BFM. However, unlike the basic matcher, instead of 
finding a first matched pair, Best-Pair-Come-First algorithm aims at finding the best 
matched pair from all possible minutiae pairs. It is based on a belief that first matched 
minutiae pairs are not always the correct matched pairs. After it first finds a match 
pair similar to BFM, instead of removing them from the candidate lists, it would 
continue to match all other possible pairs until the pair with the highest matching 
score (the best matched pair) for that minutia is found. The matching process will be 
continued for all other minutiae. 

3.3   Score Filtering Before Fingerprint Matching (SFBM) 

Intuitively, high quality minutiae pairs should contribute more to the fingerprint 
matching score. However, in the previous two matching strategies, low quality 
minutiae pairs contribute equally to the fingerprint matching score. Furthermore, for 
low quality minutiae, their parameters may be seriously affected by image noises. 
Thus, it is expected for fingerprint matching to be more reliable if some of these 
uncertainties could be eliminated. Therefore, so as not to match minutiae with 
uncertain or low quality, minutiae with low quality scores will be removed before 
matching in BFM. 

3.4   Minutiae Quality Averaging (MQA) 

As we have mentioned before, around 30% of minutiae can not be scored using the 
LRP algorithm. However, such minutiae cannot be simply ignored as it will cause 
fingerprint features loss. Besides, some minutiae may have extremely low quality 
scores due to image noises, which is unfavorable to minutiae quality evaluation. 
Under the assumption that the minutiae quality within a small fingerprint area should 
be consistent, the quality scores of minutiae which cannot be scored or have 
extremely low quality scores can be approximated by averaging the quality scores of 
their neighboring minutiae  

In this matcher, if a minutia is un-scored or having an extreme low quality score, a 
list of neighboring minutiae of this particular minutia will be generated within a 
searching radius. The quality score of each neighboring minutia will be accumulated 
when it is within an acceptable range. The final quality score of that minutia will be 
the average of all accumulated scores. After that, the minutiae will be matched as 
explained in BFM. 
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4   Experiments and Discussions 

The purposes of the experiments are 1) to evaluate the discriminative power of the 
modified LRP and the correlation based method in evaluating the minutiae quality, 2) to 
investigate the effect of minutiae quality scores to the accuracy of fingerprint 
verification. In our experiments, we used the FP-383 database [8] which contains 1149 
fingerprints from 383 users. The whole database has been manually marked with 
minutiae. We treat all the 14000 manually marked minutiae as the ground true minutiae, 
or genuine minutiae. Then we applied the minutiae extraction program proposed in [8] 
to FP-383. Among all the program extracted minutiae, the 8000 minutiae which cannot 
be corresponded to any genuine minutiae are considered as false minutiae. 

4.1   Minutiae Quality Evaluation Schemes 

The first part of the experiments is to test the effectiveness of the modified LRP 
algorithm and QMC algorithm in discriminating genuine and false minutiae. We first 
employed the Binarization and Thinning algorithm and the Direct Gray Scale algorithm 
to extract the minutiae for every fingerprint in the database. We then compared the 
program extracted minutiae to the genuine minutiae set. If a program extracted minutia 
is located within a certain distance from a genuine minutia, then, this particular program 
extracted minutia is said to be genuine, otherwise, it is a false minutia.  

For each program extracted minutia, its quality score was calculated using the 
modified LRP algorithm and QMC algorithm respectively. The minutiae scores are 
normalized to the range from 0 to 100. Then, the cumulative probability density 
function (CDF) for minutiae scores of genuine and false minutiae could be obtained 
as shown in Fig. 3 and 4. 

According to Fig. 3a, our LRP implementation with direct gray scale images 
achieves an error rate of 25%, which it is slightly lower than that of the original’s one 
achieved using binarized and thinned images (29% error rate). Although the ridges 
appear less smooth in the direct gray scale images, the inter-ridge distances around 
minutiae does not deviate much because of enhancement of fingerprint images by 
Gabor filters.  

 
 
 
 
 
 
 
 
 
 
 

              (a)                                               (b)                                                  (c) 

Fig. 3. CDF of Minutiae Quality Score of LRP for the genuine minutiae and false minutiae 
using a) walked map b) thinned image [1]. c) Examples of un-scored and scored minutiae 
images. 
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In the original LRP algorithm, 30% of minutiae are left un-scored either because 
they are too close to the image borders, where ridge patterns are incomplement; or 
because they are near to the core points, where ridge directions change dramatically, 
as shown in Fig. 3c. These un-scored minutiae greatly degrade the performance of 
distinguishing genuine and false minutiae. In our Direct Gray Scale supported LRP 
algorithm, Gabor filters smooth the ridge skeletons and dramatic direction changing 
ridges. This has caused around 40% of the un-scored minutiae in the original LRP 
algorithm to be scored. Thus, increase the accuracy to distinguish genuine and false 
minutiae. 

 
                                   (a)                                          (b)                              (c) 

Fig. 4. CDF of Minutiae Quality Score of (a) QMC, (b) LRP with walked map, for the genuine 
minutiae and false minutiae. (c) Examples of high (Upper 4 images) and low (Lower 4 images) 
quality minutiae. 

Then we applied the correlation based minutiae quality evaluation method (QMC) 
to the FP-383 database. The experiment steps are similar to that of the first 
experiment introduced above. According to Fig. 4a, the minutiae quality evaluation 
accuracy using QMC algorithm is generally lower than the modified LRP algorithm. 
The result is predictable since the templates selected cannot include all the cases of 
possible high quality minutiae. Moreover, correlation cannot completely reflect how 
alike two minutiae images are, considering incorrect alignment of two images could 
significantly biased the correlation result. To overcome this problem, we may 
compute the orientation for each minutia and then align them accordingly. This is left 
for further improvement of our algorithm. 

Besides, the minutiae discriminative power of the modified LRP algorithm cannot 
be accurately described by Fig. 4b. This is because in Fig. 4b, only the 70% minutiae 
which can be scored are taken into account. In other words, it may not be fair to say 
that the modified LRP algorithm actually outperforms the QMC algorithm in 
distinguishing genuine and false minutiae. As mentioned before, both LRP and QMC 
algorithms have their own characteristics in distinguishing genuine and false 
minutiae. The LRP method, based on analyzing the detail ridge patterns around a 
minutia, is more suitable for calculating the minutiae scores for high quality 
fingerprint images. The fundamental assumptions of LRP are a) the ridge skeletons 
can be reliably extracted, b) the ridges skeletons are regular enough for extracting 
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parameters such as the inter ridge distances. Nevertheless, the correlation based 
method basically has no assumption on the target fingerprint image, and therefore is 
more universal. 

4.2   Using Minutiae Quality Scores in Fingerprint Matching 

The second part of the experiments is to investigate the effect of minutiae quality 
scores on the accuracy of fingerprint verification. The experiments were performed in 
two steps. First, one-to-one fingerprint verification was performed directly on all 
fingerprints in the FP-383 database without consideration of minutiae quality scores. 
Therefore, all the four proposed fingerprint matchers would become BFM. Then, we 
applied the minutiae quality scores according to different matchers with the modi- 
fied LRP and QMC algorithms. The equal error rates (EERs) for each matcher  
with different minutiae quality evaluation schemes were obtained and are shown in 
Table 1. 

Table 1. Experiment results of fingerprint matching using different schemes of minutiae quality 
evaluation  

Equal Error Rate % Matchers 
Without Q. Score Modified LRP QMC 

BFM 4.3 % 3.8 % 3.2 % 
BPM 4.3 % 3.7 % 3.2 % 

SFBM 4.3 % 20.0 % 4.0 % 
MQA 4.3 % 3.5 % 3.1 % 

 
Generally speaking, the verification performance is improved after minutiae 

quality scores are considered. Also, according to Table 1, the correlation based 
method (QMC) outperforms the modified local ridge pattern method (LRP). This is 
because the QMC algorithm is able to assign a quality score to each minutia, while 
the LRP algorithm can only score minutiae with regular and clear local ridge patterns. 

The degradation of the LRP algorithm due to matching strategies is even obvious 
in those matcher that perform quality score filtering before matching (SFBM). An 
extremely high EER of 20% is reported under such a strategy. The phenomenon can 
be attributed by the drawback of LRP algorithm - no quality score would be assigned 
to minutiae with incomplete neighborhood ridge information. Therefore, many 
minutiae, which are actually high quality minutiae, near core point and the borders of 
the image, are brutally filtered out. Besides, a suitable threshold is hard to obtain in 
order to prevent high quality minutiae from being filtered out, since the minutiae 
quality evaluation can only achieve 70% accuracy according to Fig. 3. Therefore, 
there exist many cases that only a few qualified minutiae left after minutiae filtering 
with the modified LRP algorithm, resulting in poor matching performance.  

On the other hand, experimental results show that the correlation based method  
do improve the verification accuracy in SFBM. However, the EER of SFBM with 
QMC is slightly higher than other matchers. The threshold to classify genuine and 
false minutiae is again hard to define because of the close minutiae quality score 
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distribution for two genuine and false minutiae. Therefore, a small deviation of the 
quality threshold could decrease the accuracy of minutiae quality evaluation 
noticeably. 

Satisfactory results were achieved for the basic matcher (BFM) under both the 
modified LRP and the QMC algorithm as shown in Table 1. Again, un-scored 
minutiae count for the higher EER of LRP as compared to that of the QMC. Similar 
results were achieved in BPM. One possible reason that the verification performance 
under BPM is not obviously better than that under BFM is that matching score of 
minutiae pairs are not taken into account. The BPM strategy simply counts the 
number of matched minutiae pairs from two fingerprints just as BFM does. The major 
difference between BPM and BFM is that the minutiae correspondences are declared 
in different order. Taking the minutiae matching scores into account while calculating 
the fingerprint matching scores, may help to improve the verification accuracy of 
BPM. 

Both LPR and QMC algorithms achieved satisfactory results in MQA. It is 
foreseeable as extremely low quality minutiae are smoothed to prevent extreme 
quality scores. However, the main concern of this algorithm is that it is applicable 
only to the dense minutiae regions. Therefore, there might be some room for 
improving MQA by studying the minutiae distribution of a fingerprint. 

After analyzing the experimental results, we find that minutiae quality evaluation 
does not always improve fingerprint verification accuracy. The result greatly depends 
on the choice of fingerprint matching schemes. Therefore, before applying minutiae 
quality information into fingerprint matching, we should study the quality evaluation 
schemes and matching strategies carefully. And in our case, we achieve an optimal 
result by using “Minutiae Quality Averaging” scheme under the correlation based 
minutiae quality scoring algorithm.  

5   Conclusion 

In this paper, we successfully extended a minutiae quality scoring algorithm LRP to 
the more efficient Direct Gray Scale method for minutiae extraction. Also, we have 
implemented a new quality scoring algorithm based on correlation of minutiae images 
in order to avoid un-scored minutiae problem in LRP. The idea comes from the use of 
image correlation in fingerprint matching. Its accuracy is comparable to LRP despite 
the tremendous efforts needed to build a high quality minutiae database.  

To evaluate our method for minutiae scoring, we apply the minutiae quality scores 
to four fingerprint matching schemes. Since we are interested in relationship between 
the minutiae quality scoring algorithms and different matching schemes, four 
straightforward matching schemes were adopted in the experiments. 

From the results, we showed that the best combination comes from using the QMC 
minutiae quality evaluation scheme and the MQA fingerprint matcher. We believe 
that fingerprint matching scheme is strongly correlated to its quality scoring algorithm 
in terms of verification accuracy. Further study on this problem can probably be 
conducted using a more complicated fingerprint matchers like the triangular matching 
scheme [13]. 
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