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Abstract: Corneal topography is a non-invasive medical imaging technique
to assess the shape of the cornea in ophthalmology. In this paper we demonstrate
that in addition to its health care use, corneal topography could provide valuable
biometric measurements for person authentication. To extract a feature vector
from these images (topographies), we propose to fit the geometry of the
corneal surface with Zernike polynomials, followed by a linear discriminant
analysis (LDA) of the Zernike coefficients to select the most discriminating
features. The results show that the proposed method reduced the typical
d-dimensional Zernike feature vector (d=36) into a much lower r-dimensional
feature vector (+=3), and improved the Equal Error Rate from 2.88% to 0.96%,
with the added benefit of faster computation time.

1 Introduction

Biometrics refers to identity recognition of persons according to their physical
or behavioral characteristics [CDJ05] [LBS11] [D03] [ZK11]. Many physical body parts
and personal features have been used for biometric systems: fingers, hands, feet, faces,
irises, retinas, ears, teeth, veins, voices, signatures, typing styles, gaits, odors, and DNA.
Person recognition based on biometric features has attracted more attention in designing
security system. In this paper we present a new biometric system based on corneal
topography. Corneal topography is a non-invasive medical imaging technique to assess
the shape of the cornea in ophthalmology. Figure 1 shows typical corneal topographies
(images) of the anterior surface elevation from 2 different subjects. These images
(a.k.a. elevation maps) show the measured height with respect to a reference (best-fit)
sphere with pseudo-colors where warm colors depict points higher than the sphere and
cool colors correspond to lower points. One can easily see that these maps are different
from one individual to the other (uniqueness). The idea of using this physical
characteristic for biometrics also comes from its stability during the life of the person
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(permanence) [BCIO1]. However with age, the shape of the anterior and the posterior
corneal surface might change slightly [DSV06], but this is a slow process that would
only necessitate occasional update (e.g. every 5 years). Also corneal topographies are
more practical to manipulate (measurability) compared with other data of biometric
modalities that require pretreatment such as filtering, extraction of the region of interests
etc. Actually, the corneal shape is certainly suitable for biometrics because it satisfies the
following requirements: Universality, Distinctiveness, Permanence and Collectability
[RNJO6].

Figure 1: Typical topographies of 2 individuals (anterior surface elevation maps).

The proposed method describes the prototype of a biometric recognition system
based on cornea where the corneal surface is modeled by using a Zernike polynomial

decomposition [JGJ95][W92] limited to the first 36 coefficients (Cg to C77) and

compared to evaluate their potential as biometric indicators. Our work extends the work
of N.D. Lewis [L11] and shows that the corneal shape canreally be a good biometric
alternative for individual recognition by selecting the most discriminating features of its
geometry. For this reason we propose to apply Zernike polynomial decomposition, and
then, LDA (linear discriminant analysis), [SML10] [NT10], to find better shape
features. This new biometric system based on corneal topography is described as a
block-diagram in Figure 2.
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Figure 2: Block-diagram of the proposed cornea authentication system
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2. Description of the cornea database
2.1 Cornea

The cornea is the outer transparent part of the eye, and covers nearly a fifth of the
eyeball surface, with an average diameter of 11 mm. It is the main lens of the eye,
responsible for two-thirds of the dioptric power (the remaining third is the eye lens), that
transmits and focuses light into the eye with a refractive index of 1.377. The curvature
radius of the anterior surface varies between 7 and 9 mm and is approximately 6.5 mm
for the posterior surface. In this paper only the anterior surface geometry is considered,
but the methodology could be applied to the posterior surface as well, or a combination
of both.

2.2 Data and capture device

Corneal topography is a medical imaging method for the examination of the corneal
shape. It is fast and easy (with in a few seconds) and could be adapted and simplified for
biometric applications in the future. Currently a corneal topographer is relatively
expensive ($20K and up) but this price tag could diminish with its wider use for
biometrics. In this paper elevation maps are considered because they provide the full
shape of the cornea while curvature maps are useful but limited to localized variations
of shape. However curvature will be investigated in the future since they have had some
success in matching 3D biometric data in the past [KK13] [KKZ11]. The database was
done by using the Orbscan II topographer (Bausch & Lomb). Utilizing a scanning slit
of light, it gives anterior (and posterior) surface elevation data with an error margin of 1
micron. The corneal shape was recorded as a uniformly spaced 101x101 grid (image)
of raw elevations (Z), spaced by 0.1 mm along the X and Y axis. The cornea database
is composed of 104 subjects, each has two (within-class) measures to assess repeatability
leading to a total of 208 images (elevation topographies).

3. Feature extraction

In order to extract the features of the corneal shape, we present a methodology for
analysing Orbscan II data. The technique involves decomposing the corneal height
data in terms of the orthonormal set of Zernike polynomials [AHB94] [W92]. Then,
a linear discriminant analysis (LDA) is used to select the features (combination of
coefficients) which are the most effective to produce optimal cluster separability and
consequently accurate recognition results.

3.1 Zernike polynomials

The Zernike polynomials area set of functions {ZZ™ (p, 8)} that are orthonormal over the
continuous unit circle. They have been used extensively for phase contrast microscopy,
optical aberration theory, and interferometric testing to fit wave-front data. These
functions are characterized by a polynomial variation in the radial direction p (for
0 < p <1) and a sinusoidal variation in the azimuthal direction 6. The polynomials are
defined mathematically by
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n is the order of the polynomial in the radial direction p, and m is the frequency in the
azimuthal direction 6. Since the Zernike polynomials are orthogonal over the continuous
unit circle and the lower-order terms represent familiar corneal shapes. They appear to
be an ideal set of functions for decomposing and analyzing corneal surface height. The
reader is refered to [JGJ95] for more details on the use of Zernike polynomials for 3D
surface shape encoding.

3.2 Preliminary tests

The corneal height data were decomposed into a linear combination of the Zernike
functions, we took the first 36 Zernike coefficients as a feature vector for one cornea
(d=36). For each individual we therefore have two feature vectors (two measures)
of size 36. To show that the corneal topography can be a good biometric alternative,
two sets of comparison were processed, 104 matching comparisons (with two different
acquisitions from the same subject) and 5356 non-matching-comparisons (with two
different acquisitions from two different subjects), by computing the absolute difference
(AD) between all coefficients. Figure 3 shows the mean AD for each coefficient
for the two tests. The more the difference between green and red bars for a particular
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Figure 3: Mean difference for each Zernike coefficients within (green) and between (red) classes.
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coefficient, the more this coefficient is selective for a biometric application. For this
reason, we propose to select a combination of the most informative coefficients with
LDA in the next section.

3.3 LDA for feature extraction

Linear discriminant analysis is a powerful method for pattern recognition yielding an
effective representation that linearly transforms the original data space into a lower
dimensional fature space where the data is as well separated as possible. We briefly
describe it. Suppose that there are ¢ classes (c=104) and each class has » training feature
vector samples (n=2). The between-class and total scatter matrices of LDA are
calculated using Eq (4) and Eq (5):

C
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IC n _ _ T
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i=l j=1
where a{ denotes the jth training sample of the ith class, a;stands for the mean of the ith

class and @ represents the mean of all the training samples. The eigen-equation of LDA
is as follows: S,v=AS,v (6)

If all the eigenvalues of Eq (12) are ordered4 =74, >..and the corresponding
eigenvectors are,V;,V,..., LDA exploits the eigenvectors corresponding to the first
largest eigenvalues to transform the original d-dimensional vector of each sample (d=36)

T
into a » dimensional vector. Let X =[x1...xd] denote a sample, the LDA-based feature

extraction result for x with regard to the first eigenvector is:
T
n=xm (7

and so on for the other eigenvectors. Tablel shows an example of the Zernike
coefficients and the results of LDA for one individual, where x=A; and A, represent the
first and the second acquisition respectively. The 4; represent eigenvalues in descending
order. v;is the first eigenvector corresponding to the largest eigenvalue 4;. From the
eigenvalues in Tablel we see that the original information is mostly kept in the first
eigenvectors. This can be interpreted as some Zernike coefficients (and their appropriate
combinations) have a more powerful weight for discrimination of corneal topography.
For instance, Cg is discriminative (see Figure 3) because the red bar is much higher than
the green bar (95% difference), this corresponds to a much higher (absolute) value in the
vector v;, conversely CJ is not discriminative (9% difference) and the corresponding
values in much smaller as expected. It is interesting to notice that Lewis [L11] removed
this coefficient (with 3 others) in his analysis due to its high variance.
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Table 1: Zernike coefficients and the results of LDA for one individual ( x=A, and A,)

Zernike
Coefficients

A A, A x10° v

¢ | 21833 | 23125 | 1.8856 | -0.0005
cl, | -0.0106 | -0.0136 | 0.1438 [ -0.0309
cl | 0.0023 | 0.0064 | 0.0718 | -0.2686

c%, |-0.0012 | 0.0007 | 0.0505 | 0.1110
c¢ | -0.8383 | -0.8389 | 0.0424 | -0.4379
Cc# | 0.0017 | -0.0027 | 0.0335 | -0.0406
c3; | -0.0024 | -0.0004 | 0.0289 | -0.0984
c3, | -0.0021 | -0.0044 | 0.0190 | 0.0911
cg | 0.0031 | 0.0034 | 0.0150 | 0.5013
c3 | -0.0045 | -0.0015 | 0.0131 | 0.0290

LDA Results

4. Experimental result

In order to analyze the performance of the proposed corneal biometric algorithm, we
compared the feature vectors x and x by computing this mean distance:

N ,
D(x,x)zNZ‘xi—xi‘ ®)
i=1

For the first experiment, we used the N=36 Zernike coefficients as cornea matcher 1,
then a combination of Zernike coefficients with LDA as cornea matcher 2. To evaluate
the performance of the system, the Equal Error Rate (EER) criterion was employed. The
system threshold value was obtained using the EER criteria when False Acceptance Rate
(FAR) equals False Reject Rate (FRR). This was determined from the Receiver
Operating Characteristic (ROC) Curve. The lower the EER, the better is the system
performance. Another performance measure is the Genuine Acceptance Rate:
GAR=1-FRR. The lowest FAR that yields a GAR of 100% was selected from the ROC
curve. Table 2 shows these results for matcherl and matcher 2. In the latter case,
different numbers () of features were tested, the best choice was » = 3 features and is
used in the following. Fig. 4 and Fig. 5 show the ROC curves for the two matchers. With
all Zernike coefficients the ERR was 2.88% and the GAR was improved to 100% with a
FAR of 5.77% (See Figure 4 (a) and Figure 4 (b)). These results are similar to those of
Lewis [L11] who reported EER of less than 4 percents with a similar approach and
another dataset. With LDA and » =3 we achieved a 0.96% EER and a FAR of 0.96%
(See Figure 5 (a) and Figure 5 (b)). This value 0.96% correponds to only one false
acceptation out of the 104 identification attempts. This confirms the efficiency of cornea
as biometrics and LDA for the selection of the most representative features from the
combination of Zernike coefficients.
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Table 2 Results for the two cornea matchers

Methodology FAR(%) EER(%)
Zernike r 5.77 2.88
1 20.2 7.82
2 4.8 4.5
Zernike + LDA 3 0.96 0.96
4 1.92 0.96
5 0.96 0.96
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Figure: 4 ROC curves for all Zernike Coefficients (d = 36)
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Fig 5 ROC curves for Zernike Coefficients with LDA (r = 3)
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5. Conclusion and future work

The objective of this work was to investigate corneal topography as an accurate
biometric modality using shape discriminating features. Our proposed method by using
LDA, convert a d-dimensional Zernike feature vector (d=36) into a smaller
r-dimensional feature vector (+=3) allowing to keep the relevant 88% of information
of the initial feature vector. The results obtained (EER less than 1%) confirm that
corneal topography could be an effective biometric method. Moreover, we expect that
the fusion of corneal features with other biometric modalities could achieve higher
performance. In the future we plan to study : (1) other corneal shape descriptors such as
curvature, (2) include the posterior surface in the biometric assessment, (3) realize a new
biometric database with more within-class comparisons and (4) test other topographers
such as the Pentacam (Oculus).
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