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Fig. 8. Distortion characteristics of the palmprints: (a), (b), and (c) show the average absolute values of ~xk, ~yk, ~ Ldlrespectively. ~xx and ~yy are

in pixels, while ~[Jis in degrees.
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Fig. 9. Outline of the proposed palmprint identification system.

To characterize the distortion, the relative displacement
“Xk; "Yk; “Ld for each local region is calculated by
subtracting the mean displacement from Vk; L.
Finally, the average of the absolute values for the relative

Xi;

displacement parameters in each local region are calculated

using all the matching pairs.
The calculated average absolute values are shown in

Fig. 8. As shown in the image, distortion widely exists in
the palmprint images, especially at the thenar region. The
adduction/abduction movement of the human thumb is
controlled by its carpal-metacarpal joint at the thenar
region which is highly flexible [29], leading to greater
susceptibility of the thenar regions toward distortion. And
the distortion of other regions still cannot be ignored. Due
to the universality of distortion in palmprints, distortion
tolerant algorithms are required to achieve high accuracy
for large-scale applications.

2.4 Summary
Major conclusions pertaining to palmprint characteristics
are summarized as follows:

1. Orientation field shows high consistency among the
same region of different palms and low consistency
among different regions of the same palmprint.

2. Different regions and different features of the
palmprint have varying discrimination power.

3. Distortion widely exists in the palmprint images.
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3 PROPOSED PALMPRINT MATCHING SYSTEM
3.1 System Outline

Motivated by the matching strategies of human palmprint

experts and based on our quantitative study of palmprint

statistics, we design a novel palmprint matching system for
1:N matching. The outline of the proposed palmprint

matching system is shown in Fig. 9. The system is
composed of three modules: palmprint registration, seg-
ment-based matching and fusion, and cascade filtering. The
relations between the three modules and the major
characteristics of palmprints summarized in Section 2.4
are shown in Fig. 10.

Since different palmprints share a lot of common ridge
flow patterns, orientation field is used for palmprint
registration, which transforms palmprints of different
rotations and displacements into the common coordinate

v

Fig. 10. Relations between the three characteristics of palmprints and
the three modules of the proposed matching algorithm.
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TABLE 3
Summary of the THUPALMLAB Database
Print type Number of || Number of
palmprints palms
Multi-impression Train 320 40
subset
960 120
Test
Uni-impression subset 13,616 13,616

in the multi-impression subset, seven partial images are
cropped from the thenar, hypothenar, and interdigital
regions of the last seven impressions, respectively. As a
result, we obtain 160 21 partial palmprints from 160 differ-
ent palms. Since the partial palmprints are cropped to
simulate the latents, they are manually registered as in real
applications. In experiments, the prints from the first
40 palms of the multi-impression subset are used for training,
while the left prints are used for testing. Among all the
palmprint images, about 20 percent of them are of relatively
poor quality due to large amount of creases, deformation,
smudges, blurs, incompleteness, etc. The database is
summarized in Table 3.

4.2 Performance of Each Module

In this section, we evaluate the performance of each of the
three modules, i.e., registration, segment-based matching
and fusion, and cascade filtering.

4.2.1 Registration

To test the speedup gained by registration, the GHT-based
minutiae matching algorithm is used to match different
impressions of the same palm. The average time for the fine
alignment is counted on the whole THUPALMLAB. With-
out registration, we cannot make assumptions about the
relative position between the matching palmprints. The
maximum rotation allowed is 360 degrees and the max
displacement allowed is set as half of the palmprint image
size. It takes about 5.1 seconds to match two full palmprints
on average. When registration is performed, tight transla-
tion and rotation constraints can be applied. According to
the histograms in Fig. 12, the maximum rotation and
displacement allowed are set as 20 degrees and five blocks
of 64 64 pixels, respectively. The average time cost of
matching two full palmprints using the same minutiae
matcher is reduced to 78 ms, which is about 65 times faster
than without registration.

The computational cost of the registration procedure
itself is composed of voting and best parameter searching,
which are denoted by T, and Ts. Ty is ON, N;pPand T is
o D B where N, and N, are the numbers of
nonoverlapped 64 64 foreground blocks in the unregis-
tered and reference palmprints, respectively, D and are
the maximum displacement and rotation allowed between
the unregistered and reference palmprints. In experiments,
T, and Ts are about 900 for full palmprints, D and are set
as half of the palmprint image size and 360 degrees,
respectively. The execution time of the registration proce-
dure is about 1.12 s in our experiment. Since it is performed
in the enrollment stage for the gallery palmprints and in the
identification stage for the query palmprint only once, its
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Fig. 15. Two palmprints not successfully registered by the registration
algorithm.

computational cost takes a very small portion of the online
identification procedure.

As for accuracy, 44 palmprints are not successfully
registered, which is 0.3 percent of all the palmprints within
the database. All the failure cases are due to improper
impression or bad image quality. Two of the failed
palmprints are shown in Fig. 15. Currently, we do not have
an automatic method to determine whether the registration
is correct or not. So, these 44 palmprints also go through the
cascade filtering and matching.

4.2.2 Segment-Based Matching and Fusion

The segment-based matching and fusion algorithm com-
prises the advantages of being robust to skin distortion and
making better use of varying discrimination of different
palmprint regions. To verify the above advantages, we
design three matching algorithms with different combina-
tions of matching and scoring methods. In the first system,
palmprints are aligned with global rigid transformations
and feature similarity scores are calculated at global level as
in [21]. The derived similarity scores are fused by a naive
Bayesian with GMM. In the second system, palmprints are
aligned at segment level, while feature similarity scores are
still calculated globally and fused by a naive Bayesian. In
the third system, palmprints are aligned and similarity
scores are calculated at the segment level. The performance
of these three matching algorithms in full-to-full and
partial-to-full matching experiments are shown in Figs. 16.
The experiment settings are the same as in Section 4.3.

It can be seen from Fig. 16a that aligning at segment level
can greatly improve the performance of matching full
palmprints, for which distortion is a serious problem. The
results of aligning the palmprints in Fig. 2 at global level
and at segment level are shown in Fig. 17. It can be seen that
aligning at segment level can effectively deal with the
serious distortion. In partial-to-full matching, the system
calculating and fusing similarity scores at segment level
achieves higher accuracy than the system performs the
operations at global level, as shown in Fig. 16b.

4.2.3 Cascade Filtering

The cascade filter is trained on the training set of
THUPALMLAB. The maximum number of segments to
use, Nmax, and the desired TRR are set as 2 and 20 percent,
respectively. The constructed cascade filter and its perfor-
mance are shown in Fig. 18. The first filter uses the segment
of C2, which corresponds to the region with outstanding
discrimination power (see Fig. 7). By comparing one
segment, this filter can reject up to 55.7 percent nonmated






DAI ET AL.: ROBUST AND EFFICIENT RIDGE-BASED PALMPRINT MATCHING

In our experiment, when cascade filter is performed, the
TAR of the proposed matching algorithm is about
97.9 percent when the FAR is set as2 x 10 7, which is
1.1 percent lower than the TAR of the algorithm without
cascade filtering.

4.3 Overall Performance

The proposed matching algorithm was compared to the
algorithms in [21] and [20] on the THUPALMLAB. The same
feature extraction algorithm in [21] was used for all three
matching algorithms. Both full-to-full palmprint matching
and partial-to-full palmprint matching experiments were
conducted. In these experiments, we used the full palmprints
from 40 palms in the multimpression subset as the training
set to estimate the PDFsin (9). The firstimpressions of the rest
120 palms in the multi-impression subset are combined with
the uni-impression subset to form the gallery set of 13,736
palmprint images. The same galley set is used in both
experiments. In the full palmprint matching experiment, the
remaining seven impressions of each of the 120 palms in the
multi-impression subset are searched against the gallery set.
In the partial palmprint matching experiment, the 21 partial
impressions of each of the 120 palms are searched against the
gallery set. When matching partial to full prints, the cascade
filter is not used because the partial prints are very
incomplete.

The performance is shown in both identification Receiver
Operating Characteristic (ROC) curves [47] and verification
ROC curves. Verification ROC curve is routinely reported
for the convenience of comparison, while identification
ROC curve measures the performance of the identification
system. The identification system operates as follows: Given
a query print, the system returns the gallery print whose
similarity with the query is larger than the predefined
threshold and is the largest one in all gallery prints. If there
is no gallery print whose similarity is larger than the
threshold, no gallery print is returned. An identification
system may make two kinds of error: false negative
identification and false positive identification. When the
mate of the query is contained in the database but not
returned by the system, a false negative identification
occurs. When the database does not contain the mate of a
query, but the system returns a gallery print, a false positive
identification occurs. The false negative identification rate
(FNIR) can be measured by performing a number of query
whose mate is contained in the database and the false
positive identification rate (FPIR) can be measured by
performing a number of query which does not have a mate
in the database. Since, in our case, each query print has a
mate in the database, the FPIR is obtained by setting the
similarity with the mate as the lowest value. Another
frequently used indicator, true positive identification rate
(TPIR), is equal to 1-FNIR. By changing the similarity
threshold, we can obtain a set of TPIRs and FPIRs and plot
the identification ROC curve.

The identification and verification ROC curves of the full
palmprint matching experiment are shown in Fig. 19. In the
identification ROC curves, the TPIR of the proposed
algorithm is about 97.9 percent when the FPIR is set as
2 x 10 3, and it is about 17 and 43 percent higher than the
algorithms in [21] and [20], respectively. In the verification
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Fig. 19. Identification ROC and verification ROC curves of the proposed
algorithm, the algorithms in [21] and [20] in matching 840 full palmprints
against the gallery set of 13,736 palmprints: (a) identification ROC
curves, (b) verification ROC curves.

ROC curves, the TAR of the proposed algorithm is about
97.9 percent when the FAR is set at2 x 10 7, which is about
17 percent higher than the algorithm in [21] and 40 percent
higher than the algorithm in [20].

The performance of partial-to-full palmprint matching
systems are shown in Fig. 20. According to the identification
ROC curves, a TPIR of about 91.9 percent is achieved by the
proposed algorithm when the FPIR is set as 5 x 10 4, about
34 and 65 percent higher than the algorithms in [21] and
[20], respectively. According to the verification ROC curves,
the TAR of the proposed algorithm is 91.9 percent when the
FAR is 3 x 10 8, 34 and 65 percent higher than the TARSs of
the algorithms in [21] and [20], respectively. The perfor-
mance improvement for the partial-to-full matching system
is more significant than that for the full palmprint matching
system. That is because the influence of varying discrimina-
tion power of different palmprint regions is stronger for
partial prints, as shown in Section 4.2.2.

To facilitate comparison with other algorithms, we also
report the performance on the public multi-mpression subset
of THUPLAMLAB, containing 1,280 palmprints from 160 dif-
ferent palms. Since the first 40 palms have been used in the
statistical study, the impressions from the left 120 palms are
compared against each other in the testing stage. So, 3,360
genuine matchings and 456,960 impostor matchings are
generated to measure the performance. Since the gallery size
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