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Abstract

In biometric systems, people may be asked to provide
multiple scans for redundancy and quality control. In the
case of fingerprint matching systems, repeat fingerprint
probes of the same physical finger can be available and
data from such multiple samples can be fused for reliable
authentication of individuals. Since multiple samples are
from the same instance of the finger, some relationships be-
tween them, e.g. diversity or similarity, could be observed.
In this paper, we investigate such relationships and use them
in fusion in order to improve the performance of biomet-
ric systems. The relationships between samples are derived
by measuring the similarity between matching score vectors
with Pearson’s correlation and cosine similarity measures.
We conduct experiments using the FVC2002 dataset con-
sisting of four fingerprint databases and trainable combi-
nation methods, likelihood ratio and multilayer perceptron.
The results show that utilization of similarity measures for
matching scores can further improve the multi-sample bio-
metric fusion in both combination methods.

1. Introduction

Biometric systems [9] consisting of methods for recog-
nizing people based on physical or behavioral human traits
are widely used in our current society. Since unimodal bio-
metric systems have limitations, such as non-universality,
multibiometric systems are more and more used to achieve
superior performance. Multibiometric systems use more
than one biometric measures such as different modalities,
multiple instances or samples, multiple algorithms of the
same template. Multi-modal fusion was extensively re-
searched in previous literature [13, 18, 15]. It is generally
believed that, because of diversity of different modalities,
fusion of such systems leads to better recognition results
compared to unimodal systems.

The primary focus of this paper is to consider the fu-
sion of multiple samples rather than multiple modalities.
This case is natural in face tracking and recognition where

videos contain multiple frames. Fusion of multiple frames
may provide more information than one frame especially
when frame is erroneous. In fingerprint systems, similar
situation arises when first authentication attempt does not
succeed, and the user might be asked to provide another
fingerprint scan; the fusion of the results of two matching
attempts could be performed for better performance.

Most of the traditional algorithms [13] for fusing bio-
metric matching information assume that only limited num-
ber of scores is available, for instance, one matching score
for one modality, and the other matching score for another
modality. Instead of using single matching score for accep-
tance decision, it is possible to combine matching scores
for all attempts and possibly increase the performance of
biometric systems. Thus, the goal of fusion algorithm is to
combine these scores in order to further separate genuine
attempts against impostor attempts.

Matching a test template to the enrolled template gen-
erates one matching score which is a measure of similarity
of templates. A fusion approach which simply combines
scores from multiple test samples by some pre-determined
rule, e.g. by averaging, is suboptimal since it does not con-
sider the possibility that certain samples can have poor qual-
ity and others bear good quality. Preferably, good quality
samples should somehow influence combined score more
than poor quality ones. As additional factor, the diversity
between multiple templates should also be considered. In-
deed, the bigger the difference of the additional template
with previous templates is, the more complementary infor-
mation, useful for combination, it might have. On the other
hand, if a second test template is very similar to the first
one, it probably should be omitted from combination, since
it does not provide any additional information.

In order to judge either quality or diversity between test
templates, we can utilize the sets of scores obtained by
matching these templates with all templates enrolled in the
biometric database (Fig. 1). In this paper, we consider to
use statistical measures of matching scores to reflect quality
or diversity between multiple samples. Using this auxiliary
information with matching scores can make a better authen-
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tication decision in our experiments.

Figure 1. Sets of matching scores available for combinations of
two test templates. In addition to using raw matching scores, 𝑠1,𝑘
and 𝑠2,𝑘, between test templates and enrolled template for person
𝑘, we want to utilize statistical measures for two sets of match-
ing scores {𝑠1,𝑗} and {𝑠2,𝑗} between two test templates and all
enrolled templates.

2. Previous Work

Fusion of multibiometric systems includes several dif-
ferent levels such as feature level, matching score level and
decision level. Feature level fusion is extensively used in
multi-sample literature where a more reliable template is
constructed from several samples. Such approaches are
used to generate a so called super-template.

Jain et al. [8] used a modified iterative closest point al-
gorithm to get a transformation matrix defining the spa-
tial relationship between two templates. After constructing
a composite image of two fingerprint images, augmented
minutiae sets were extracted. Experiments showed that mo-
saicking templates could improve the system performance
compared to utilizing only one template.

Ryu et al. [11] proposed the concept super-template
where highly credible minutiae from multiple fingerprints
were incorporated. Update of likely true minutiae was
achieved by a successive Bayesian estimation approach on

a sequence of templates. Experimental results showed that
better accuracy would be achieved if more impressions of
the same finger were fused.

Literature [12] showed that, if extraction of reliable tem-
plate was required, feature level fusion could be an impor-
tant step. Exact minutiae positions were required in fuzzy
fingerprint vault method. By estimating such positions us-
ing average of minutiae positions in few samples of finger,
performance of fuzzy vault matching was improved.

In face recognition system, sequence of video frames
could be used to generate a more precise model of face
in [14]. A set of signatures could also be used to construct
a template as a trained HMM in handwritten signature veri-
fication system [17].

Feature level fusion seems to be more effective than fu-
sion at score level since features contain more information
about biometric data. For example, feature’s distribution
could be better estimated from multiple samples than a sin-
gle sample. But feature level fusion is more costly because
we should access raw data to find correspondence between
them. Generally, commercial matchers do not provide us
such details. In addition, feature fusion algorithms are spe-
cific for each modality so that face and fingerprint systems
should have different algorithms. In contrast, score level fu-
sion can be widely applied to any biometrics. More impor-
tant, most of work in feature level fusion, instead of making
comparison to the result using score level fusion with same
number of samples, only shows that their performance is
better than utilization of one sample. The reality is, with
good pre-determined rules, score level fusion which is more
simple and flexible can get better results than using only one
sample.

In [5], each frame extracted from a clip of video was
matched to enrolled face templates resulting of a sequence
of matching scores. Then evolving uncertainty of identity
variables was captured by conditional entropy used to up-
date combined matching scores. Uludag et al. [19] used
the mean (or minimum) of similarity scores of query with
templates of the claimed identity in fingerprint authentica-
tion system. Zhang and Martnez [20] explored score fusion
with simple averaging in face recognition.

In this paper,we will consider verification system as
Fig. 1 shows. Test template 1 and 2 from the same fin-
ger are to be authenticated to be person 𝑘. In addition to
matching scores 𝑠1,𝑘 and 𝑠2,𝑘 between test templates and
enrolled template for person 𝑘, other scores can be gener-
ated by matching the test templates to 𝑛 enrolled templates,
such as 𝑠𝑖,1, . . . , 𝑠𝑖,𝑘, . . . , 𝑠𝑖,𝑛 for test template 𝑖 where
𝑖 = 1, 2. These two sets of matching scores can be used
to measure diversity or similarity of the two test templates
because if test templates are more similar to each other, the
two score sets would be similar as well. Since the two test
templates are from the same person, we expect that, if the
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Figure 2. ROC curves for utilizing likelihood ratio method in
FVC2002 DB1 DB2 DB3 and DB4

second one is more diverse to the first one, the second one
will give us more information and the performance will ben-
efit from the fusion.

Our previous work [7] exploited the relationships be-
tween matching scores obtained for the same test template.
For example, by considering score set {𝑠1,𝑘} obtained dur-
ing matching first test template we can determine the confi-
dence of matching results for this trial. For second test tem-
plate, e.g. due to varying quality of the input, the confidence
of matching results could be different. The algorithms of [7]
try to model such variation of the confidence in matching re-
sults. But in the current paper, we consider the differences
of sets {𝑠1,𝑘} and {𝑠2,𝑘} and utilize the measures of the
diversity of test templates. In [6] we justified the use of a
single matching score between two test templates as a qual-
ity measure. But this score can also be looked at as a simple
diversity measure between test templates. In current paper,
we present more complex measures of diversity which show
better performance than algorithms of [6].

3. Similarity Measures for Vectors

Matching each test template to all enrolled templates
generates one matching score set. Two test templates as
in Fig. 1 give us two score sets 𝑠𝑖,1, . . . , 𝑠𝑖,𝑘, . . . , 𝑠𝑖,𝑛 where
𝑖 = 1, 2. If two test templates are the same, then 𝑠1,𝑗 equals
𝑠2,𝑗 , 1 ≤ 𝑗 ≤ 𝑛. So diversity between test templates could
be reflected by using the two matching score sets. Each set
of matching scores is actually a vector, so the problem is
converted to find the similarity measure between vectors.

There are actually many similarity measures for vectors,
such as Pearson’s correlation, cosine similarity, Jaccard in-
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Figure 3. ROC curves for utilizing multilayer perceptron in
FVC2002 DB1 DB2 DB3 and DB4

dex. In our experiments we only use Pearson’s correlation
and cosine similarity.

The Pearson’s correlation is:

𝑐𝑜𝑟𝑟(𝑋,𝑌 ) =

∑𝑛
𝑖=1(𝑥𝑖 − �̄�)(𝑦𝑖 − 𝑦)

√∑𝑛
𝑖=1(𝑥𝑖 − �̄�)2

∑𝑛
𝑖=1(𝑦𝑖 − 𝑦)2

(1)

where 𝑋 and 𝑌 are two sets of matching scores, �̄� and
𝑦 are means of the sets. Pearson correlation is close to 1 in
the case of a perfect positive linear relationship of two score
sets, and it is near 0 in the case of the unrelated sets.

Cosine similarity which is often used in text mining is
a measure of similarity between two vectors by measuring
the cosine of the angle between them:

𝑐𝑜𝑠 𝑠𝑖𝑚(𝑋,𝑌 ) =

∑𝑛
𝑖=1(𝑥𝑖)(𝑦𝑖)√∑𝑛

𝑖=1(𝑥𝑖)2
∑𝑛

𝑖=1(𝑦𝑖)
2

(2)

where parameters have the same meaning as in Eq. 1.
We also performed some preliminary experiments with

Euclidean distance between these two vectors serving as a
similarity measure, but it did not provide good performance.
One explanation for this result is that the score sets could
depend in a large degree on the quality of fingerprints, and
two fingerprints of different quality could give distant (in
an Euclidean distance sense) but well correlated matching
score vectors (e.g. 𝑋 = 𝑘𝑌 ). Seemingly, such situations
are frequent for the considered application, and thus the cor-
relation and cosine measures have better performance.

4. Combination Rules

The combination methods we use in this paper are like-
lihood ratio and multilayer perceptron. The likelihood ratio
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EER(%) 𝑟𝑎𝑤 𝑆3 𝑐𝑜𝑠 𝑠𝑖𝑚 𝑐𝑜𝑟
db1 0.33± 0.06 0.33± 0.08 0.26± 0.04 0.23± 0.04
db2 0.30± 0.06 0.30± 0.07 0.27± 0.07 0.26± 0.06
db3 3.30± 0.36 2.78± 0.37 2.46± 0.31 2.15± 0.28
db4 2.09± 0.28 2.09± 0.35 1.91± 0.27 1.58± 0.23

Table 1. Equal error rate (mean± standard deviation) for FVC2002 datasets using likelihood ratio method

EER(%) 𝑟𝑎𝑤 𝑆3 𝑐𝑜𝑠 𝑠𝑖𝑚 𝑐𝑜𝑟
db1 0.25± 0.08 0.23± 0.08 0.16± 0.05 0.14± 0.05
db2 0.22± 0.10 0.20± 0.09 0.11± 0.06 0.08± 0.03
db3 3.02± 0.57 2.23± 0.37 2.20± 0.42 1.86± 0.36
db4 1.97± 0.30 1.65± 0.25 1.52± 0.27 1.25± 0.21

Table 2. Equal error rate (mean± standard deviation) for FVC2002 datasets using multilayer perceptron

is theoretically optimal combination method for verification
systems [16]. The formula for raw matching scores 𝑠1 and
𝑠2 is:

𝑆 =
𝑝𝑔𝑒𝑛(𝑠1, 𝑠2)

𝑝𝑖𝑚𝑝(𝑠1, 𝑠2)
(3)

where 𝑝𝑔𝑒𝑛(𝑠1, 𝑠2) is the probability density of genuine
scores, and 𝑝𝑖𝑚𝑝(𝑠1, 𝑠2) is the probability density of im-
postor scores. It is our baseline method. Likelihood ratio
assigns the combined score a value of ratio between gen-
uine and impostor score densities. In order to use similarity
measure, three dimensional densities for genuine and im-
postor matchings are constructed:

𝑆 =
𝑝𝑔𝑒𝑛(𝑠1, 𝑠2, 𝑠𝑖𝑚 𝑚𝑒𝑠)

𝑝𝑖𝑚𝑝(𝑠1, 𝑠2, 𝑠𝑖𝑚 𝑚𝑒𝑠)
(4)

where 𝑠𝑖𝑚 𝑚𝑒𝑠 is either Pearson’s correlation or cosine
similarity of two score sets generated from matching each
test template to all enrolled templates.

In high dimensional space, direct approximation of score
densities might not be accurate, so multilayer perceptron
which is a feedforward artificial neural network model is
also used. In our setting, the perceptron has four layers
including two hidden layers, one with eight nodes and the
other with nine nodes. The input layer for system using
raw scores contains two nodes, in contrast, the input layer
for similarity measures has three nodes with the additional
node for the similarity measure. The output layer has one
node with expected 1 for genuine matching and 0 for im-
postor matching.

5. Experiment

Each database captured by different sensors in FVC2002
has 110 different persons with 8 samples for the same fin-
ger of the person [2]. In genuine matching, two samples
of one person are selected to be test templates and another

one from the same person to be enrolled template. On the
other hand, in impostor matching, two samples from one
person are selected to be test templates and one from an-
other person to be enrolled template. For each person, there
are 168 genuine matching variations(Each variation con-
tains one enrolled template and two tests exhaustively se-
lected from person’s ten templates. One variation has at
least one template different from templates of another vari-
ation.) and totally it’s 168 ∗ 110 = 18480. We also keep
number of impostor matchings to be 18480. In both gen-
uine and impostor matchings, score sets for similarity mea-
sures are generated by matching each test template to the
first sample of other 109 persons.

The used fingerprint matching system is based on minu-
tiae matching [10]. It is similar to the NIST fingerprint sys-
tem [3] with a few modification to remove false minutiae
on the edge of the fingerprint region. They got the optimal
matching of two fingerprints by converting it to be a mini-
mum cost flow problem.

Bootstrap sample testing technique is used [4] in both
combination methods - likelihood ratio and multilayer pe-
ceptron. Twenty-five persons are selected as training and
another twenty-five ones for validation in each bootstrap
step. The left sixty persons are used for testing. Totally
one hundred bootstrap steps are executed in each combina-
tion method. We use Parzen window with Gaussian ker-
nel whose width is estimated by the maximum likelihood
method. For multilayer perceptron, we use the Fast Artifi-
cial Neural Network Library [1] with default settings.

Our previous work [6] demonstrated the possibility of
using matching score between two test templates (called 𝑠3,
this notation is also used in this paper) in order to improve
performance. According to that work, the score between
test templates can represent a quality measure for templates.
We can note, that 𝑠3 can also be served a simple measure of
diversity. In this paper, we compare the results of utilizing
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𝑐𝑜𝑠 𝑠𝑖𝑚 𝑐𝑜𝑟
db1 0.3271 0.3273
db2 0.3589 0.3665
db3 0.5616 0.5551
db4 0.4444 0.4530

Table 3. Correlations between 𝑆3( matching score between test
templates) and cosine similarity or Pearson’s correlation

more complex similarity measures to the simple use of score
𝑠3.

Fig. 2 shows the ROC curves for FVC2002 four finger-
print databases using likelihood ratio method. The results of
multilayer perceptron are shown in Fig. 3. The curve noted
as ’Single Score’ is the ROC for utilization of one score.
The notation ’raw’ means we use score 𝑠1 and 𝑠2 as in Eq. 3.
It is obvious that the performance of using two scores is
much better than using one score. The notation ’𝑠3’ says
besides 𝑠1 and 𝑠2, we also use the score 𝑠3 between the two
test samples as in [6]. Utilization of similarity measures
such as Pearson’s correlation and cosine similarity can fur-
ther improve the performance than using matching scores
𝑠1 and 𝑠2. In all cases, similarity measures can compete the
use of matching score between test templates 𝑠3, in particu-
lar for DB1 and DB2, similarity measure is much better.

Table 1 and Table 2 show the mean and standard devi-
ation of equal error rate (EER) from 100 bootstrap steps
for FVC2002 using likelihood ratio and multilayer percep-
tron. Both Pearson’s correlation and cosine similarity have
smaller equal error rate than using 𝑠3 and only raw match-
ing scores. The relationship of EER is:

𝐸𝐸𝑅𝑐𝑜𝑟 < 𝐸𝐸𝑅𝑐𝑜𝑠 𝑠𝑖𝑚 < 𝐸𝐸𝑅𝑆3
<= 𝐸𝐸𝑅𝑟𝑎𝑤 (5)
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Figure 4. Relationship between combined score and similarity
measure for few pairs of matching scores.

The correlations between 𝑠3 and cosine similarity or
Pearson’s correlation are shown in Table 3. We can no-
tice that all databases exhibit relatively high dependencies

between 𝑠3 and similarity measures. This implies that ac-
counting for similarity measures can produce similar effects
on combination results as utilizing 𝑠3 in [6].

It would be interesting to look at Fig. 4 for the im-
pact of similarity measures on the final combined score of
trained combination algorithm. Specifically, we trained a
multilayer perceptron to accept two matching scores and
a similarity measure, and output the final combined score.
Then, we fix the two input matching scores and calcu-
late the combined score for the range of possible values
of similarity measure. In Fig. 4, the horizontal coordi-
nate is the similarity, namely Pearson’s correlation, and
the vertical coordinate is the combined score. The depen-
dence graphs are given for five pairs of matching scores
{𝑠1, 𝑠2}, that is, {0.2,0.5},{0.2,0.2},{0.1,0.2},{0.01,0.01}
and {0.01,0.5}. Since the actual mean of impostor
scores is near 0.02 and the actual mean of genuine
scores is near 0.62, the selected score pairs reflect typ-
ical genuine pairs({0.2,0.5},{0.2,0.2},{0.1,0.2}), impos-
tor pairs{0.01,0.01}, as well as, an indeterminate case
({0.01,0.5}).

We can make some observations regarding the experi-
ment:

1. When similarity increases, the final combined score for
each pair decreases.

2. When both scores are small enough, for instance 0.01
and 0.01, the combined score is near 0 no matter what
the similarity measure is.

3. When both scores are relatively large, in the case of 0.2
and 0.5, the combined score is still big even even for
large similarity value.

4. The combined score for {0.1,0.2} can be bigger than
the combined score for {0.2,0.2} at some values of
similarities. For instance, the combined score for
{0.1,0.2} with similarity at 0.2 is almost 0.6 But the
combined score for {0.2,0.2} with similarity at 0.6. is
only 0.28

As we can see, similarity measure indeed provides valu-
able information during combination. Smaller similarity or
larger diversity indicates that the information contained in
each template can compensate each other to achieve higher
matching.

6. Conclusions

In this paper, we have used similarity measures in multi-
sample biometric systems. Both Pearson’s correlation and
cosine similarity are used in our cases. Experiments show
that it provides us a better performance than using raw
matching scores.
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The observed improvement appears to be the result of
diversity between multiple samples. Pre-determined rules
such as averaging doesn’t account this information and is
clearly inadequate. In this paper we proposed to utilize sim-
ilarity measures between input samples based on vectors of
matching scores and experiments confirm the virtue of us-
ing them. The proposed similarity measures also have a
better performance than simply using a matching score be-
tween input samples.

We don’t have specific information whether fingerprint
templates for each person are taken in the same session in
this FVC2002 dataset. If they are taken at different time,
two templates for the same person might bear a higher di-
versity and the results might need to be adjusted.

Our work can be extended to more general cases, such as
more than two test template or enrolled templates. In par-
ticular, it can be applied to matching a single face image to
video of one person. It would be even beneficial to combine
scores for each frame of the video in the case some frames
bear errors.
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