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Abstract. Conventional iris sensors usually have limited depth of field (DoF)
so that it is difficult to capture focused iris images for personal identification.
This paper introduces the first attempt to extend DoF of iris image acquisition
based on light field photography. There are mainly three contributions of our
work. Firstly, a novel iris sensor is developed based on light field photography.
Secondly, the first light field iris image database is constructed using the sensor.
Thirdly, a number of experiments are conducted to demonstrate the advantages of
the developed light field iris sensor over conventional iris sensors in terms of DoF
and its influence on iris recognition performance. The experimental results show
that refocused iris images can be reconstructed from the light field imaging data
with comparable quality to the optically well-focused iris images. Therefore the
light field iris sensor can achieve much higher accuracy of iris recognition than
conventional iris sensors in the range of defocused imaging.
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1 Introduction

Iris pattern is unique for extremely accurate personal identification [1] but it is difficult
to capture high quality iris images. A bottle neck of iris imaging system is the trade-
off between the DoF and the size of the aperture in conventional camera. Therefore
conventional iris sensors usually have limited DoF which causes constraints of position
and motion on human subjects during iris recognition.

A number of studies have been investigated to extend DoF of iris imaging. Matey
et al. tried to extend the DoF of the iris-on-the-move (IOM) system by decreasing the
aperture and increasing the strength of NIR illumination [2]. But the strong NIR illu-
mination has the risk to the safety of human eyes. Guo et al. [3] and Dong et al. [4][5]
used the pan-tilt-zoom (PTZ) iris cameras to actively capture iris images using adaptive
optical lens, which can greatly extend the DoF of iris imaging. However, PTZ unit usu-
ally involves heavy mechanical devices and it is difficult to meet practical requirements
of iris image acquisition.
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It is desirable to capture iris images with a large DoF camera in a short exposure
period. However, there is a trade-off between DoF and the size of the aperture in con-
ventional camera. Therefore we turn to novel camera concepts such as light field pho-
tography for possible breakthrough of DoF problem in iris imaging.

A new hand-held light-field camera was introduced in 2006 by Ng [6], which offers
an extended DoF free of balance the trade-off as the conventional cameras. A microlens
array is inserted between photon sensor and main lens in light-field cameras. So a light
field camera is capable to record both position and direction of rays from visual scenes
simultaneously. Thus, the light-field camera can extend the depth of field exceeding that
of the conventional camera up to 6 times practically [8]. It offers an opportunity for the
iris imaging.

In this paper, a preliminary study of the possibility of light field photography for iris
image acquisition is investigated. The main contributions of this paper include:

1) A novel iris sensor is developed based on light field photography.
2) The first light field iris image database is constructed using the sensor.
3) A number of experiments are conducted to demonstrate the advantages of the

developed light field iris sensor over conventional iris sensors in terms of DoF and its
influence on iris recognition performance.

2 Related Work

Although auto-focus iris cameras may fail to capture qualified iris images from walking
subjects, it remains a valuable attempt to equivalently extend the DoF of iris imaging
system [3][5][4] without decreasing aperture size, since it dynamically adjusts lens to
focus at an interested object plane. The only drawback is the lens-motor movement is
too slow to adapt to the change of human positions.

Ren Ng [6] introduced the first hand held light-field camera produced by inserting a
microlens array in front of photo sensor of a traditional camera. It can digitally refocus
the light-field image at different object planes after it was captured. Light-field camera
is also capable to extend the DoF of iris imaging as the auto-focus camera, while it
avoids slow mechanics because of its shoot and refocusing scheme.

Raghavendra et al. [7] introduced light-field camera to face recognition recently. Our
work on light field iris image acquisition is inspired and encouraged by the success of
light field face recognition. Compared with the light-field imaging for face recognition,
iris recognition with the light-field camera is a more challenging task. Since the detailed
texture of iris is the principal features used in iris recognition, the iris imaging system
needs a joint design of optics, illumination, sensor, lens, algorithms and so on.

3 Light-Field Iris Image Acquisition, Processing and Comparison

To verify that the iris imaging by light-field camera outperforms conventional camera
in the extended DoF, a complete process is designed to measure the improvement in a
given depth range, which includes three steps: 1. light-field iris image acquisition; 2.
image processing; 3. comparison.
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3.1 Light-Field Iris Image Acquisition

We build a light-field iris imaging system, as shown in Fig. 1, which includes an optical
table, a scaled sliding rail, a light-field camera and an illumination system.

The photo sensor for iris imaging should be sensitive to NIR illumination, which is
absent in commercial light-field cameras, Lytro [9] and Raytrix [8]. Fortunately, we find
a special designed industry light-field camera [10] that has a monochrome CCD sensor,
which provides the adequate NIR response for iris imaging. A light-field iris raw image
is shown in Fig. 3(a)

(a) (b)

Fig. 1. The platform of imaging the iris by the light-field camera

3.2 Light-Field Image Processing

We develop software to process the raw light-field iris images. It includes three mod-
ules: 1) A calibration module, which calibrates the light-field camera using a set of
reference raw light-field images and physical parameters of the light-field camera; 2)
A decoding module, which decodes the raw light-field iris image to the 4D light field
function; and 3) A refocusing module, which generates a stack of refocused iris images
at a sequence of synthetic image planes.

It is necessary to develop a digital refocusing algorithm for the generation of high-
quality iris images. As shown in Fig. 2, the rays that defocused at the optical image plane

Fig. 2. The light field photography generates the image at a synthetic image plane
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(the microlens array plane in the light-field camera) may be refocused at a synthetic
image plane by computing the integrating function [11] shown in Eq. (1) where F
denotes the image length,α denotes the ratio of optical image length to refocused image
length and E(α·F )(x

′, y′) is the refocused image. LF is the light field function [12].

E(αF )(x
′, y′) =

1

α2F 2
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α
) +

x′

α
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α
) +

y′

α
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Ng [11] also proposed a Fourier slicing refocusing algorithm, which has a lower
computational complexity than the integration based refocusing algorithm. The Fourier
slice refocusing algorithm is advantageous when a larger angular resolution is available.

3.3 Comparison

We need to explicitly compare the reported iris recognition performance based on the
iris images captured from the conventional camera and the light-field camera with the
same lens, aperture, sensor and other parameters. At the same time, since the detailed
texture in iris images is critical to iris recognition, the two cameras should maintain a
strict synchronism in both temporal and spatial dimensions.

A difficulty in implementing this comparison is how to capture the iris images by
the conventional camera which satisfies the requirements mentioned above. Inspired
by Ng [11], a desirable method is to compare the iris images captured by a light-field
camera with a hypothetical conventional camera that has an output by summarizing all
the pixels in each microlens image.

We compare iris recognition performance of the refocused iris images captured by
the light-field camera in a given depth range with the corresponding iris images by the
conventional camera. Equal error rate (EER) and discriminating index (DI)[13] are used
to evaluate the performance of the conventional camera versus the light-field camera.

4 Experiments

4.1 The Light-Field Iris Image Database

We constructed a light-field iris image database to verify the performance of iris imag-
ing by light field camera. To the best of our knowledge, it is the first iris image database
captured by light-field camera.

In this database, 14 subjects participated in the collection of light-field iris images.
The distance between the iris and the light-field camera can be accurately adjusted via
moving the sliding rail. We represent the DoF by the refocusing ratio α, as explained in
Appendix. Such representation is independent of the main lens and thus more suitable
in this paper, since we discuss the extended DoF by refocusing only.

Consequently, we captured a sequence of iris images for each class in a given depth
range approximately from α = 0.8 to α = 1.2. The sequence of iris images is captured
with continuously varying distance between the iris and the camera. Each sequence
includes approximately 80 to 100 raw light field images.
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4.2 Preprocessing

The raw light-field iris image cannot be used for recognition directly, as shown in Fig
3(a). The raw light-field image consists of microlens-images. The preprocessing has
three steps: decoding, refocusing and quality-based selection.

Firstly, the raw light-field image can be decoded to form a 4D light field function.
Secondly, the 4D light-field function is processed by interpolating and refocusing si-
multaneously to produce a stack of images focused on a sequence of synthetic image
planes with a spatial resolution of 640× 480. Finally, the best refocused iris image can
be selected from the stack of refocused images.

4.3 Experimental Settings

The captured iris images are classified into three sets. The first set denoted by F in-
cludes the well-focused iris images by the hypothetical conventional camera (α = 1),
as shown in Fig. 3 (d). The second set denoted by D includes the defocused iris images
by the hypothetical conventional camera (α < 1) or (α > 1), as shown in Fig. 3 (b)
and (c). The images in the third set denoted by R are refocused iris images from the
corresponding images of D, as shown in Fig. 3 (e) and (f).

All of the iris images are localized and segmented by the algorithm introduced by
Li et al. [14]. We apply the ordinal features introduced by Sun et al. [13] as the texture
features of the iris and then use the Hamming distance to measure the dissimilarity
between two iris codes.

(a) (b) (c)

(d) (e) (f)

Fig. 3. Example iris images. (a) is the raw data of the light-field iris image that consists of
microlens-images. (d) is a sample from F that includes well focused iris images from the hy-
pothetic conventional camera. (b) and (c) are samples from D that includes defocused iris images
from the hypothetic conventional camera captured at a given depth range. (e) and (f) are samples
from R that are refocused images captured at same position with the images in D.
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4.4 Experiment Results

The iris image datasets of F, D and R contain 922, 1072 and 1072 iris images respec-
tively. For each set, all possible intra-class comparisons are used to estimate the genuine
distribution. The number of intra-class comparisons of three datasets is shown in Table 1.
To measure the imposter distribution, each image of one class is used to match all iris
images in other classes. The number of inter-class comparisons is shown in Table 1.

According to Table 1, the iris recognition performance measures on F and R obtain
comparable results, while the performance on D gains significantly worse results, which
is consistent to the quality of images shown in Fig. 3.

The Hamming distance distributions on datasets of F, D and R are shown in Fig. 4
(a), (b) and (c) respectively. Apparently, F has a similar distribution with R. Compared
with F and R, however, the distribution of genuine and imposter distance of D indicates
a weaker discrimination, since it has a smaller distance between the mean intra class
Hamming distance and the mean inter class Hamming distance and a larger overlap
region of the distribution of genuine and imposter distance.

Table 1. The comparison among three sets of iris images

Datasets EER DI Number of intraclass comparisons Number of interclass comparisons
F 0.50% 4.37 18052 406529

R 0.71% 4.32 27098 546148

D 1.97% 3.31 27098 546148

(a) (b)

(c) (d)

Fig. 4. Performance curves of iris recognition. (a),(b) and (c) show the distributions of intra- and
inter-class iris matchings from well-focused (F), defocused (D) and refocused (R) respectively.
(d) ROC curves of F,D and R.
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The similar results are shown in ROC curve on datasets F, D and R as shown in Fig.
4(d). With the FAR decreasing to 10−5, the FRR on D fast increases over 0.12 while
the FRRs of F and R are still lower than 0.05.

5 Conclusions

In this paper, we introduced a light-field iris imaging system. It is the first iris imaging
system using the light-field camera. Based on the refocusing ability of the light-field
camera, the depth of field is extended free of constraining by the trading-off between
DoF and aperture size. To verify the ability of extending the DOF, we compared the
recognition performance on the iris sets captured by the light-field camera and the hy-
pothetic conventional camera respectively in the depth range from α = 0.8 to α = 1.2.
Experiments show that the refocused iris images has an approximately equally recog-
nition performance with the well-focused images. While the corresponding defocused
iris images gain a remarkably worse performance as they are imaged out of the allowed
DoF of the conventional camera.
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Appendix:

The definition of the DoF in conventional camera is the distance between the nearest
and farthest objects in a scene that appear acceptably sharp in an image. The DoF is
commonly calculated by Eq. (2) :

DoF = DF −DN (2)

where DN is the distance from the camera to the near limit of DOF and DF is the
distance DF from the camera to the far limit of DOF. They can be represented as shown
in (3) :

DF = βFD,DN = βND (3)

whereD is the optic object distance. βN and βF are ratios of D to DN and DF . Accord-
ing to optical fundamental formulation, β has a monotonous map to α, in the following
form:

1

β ·D +
1

α · F =
1

f
(4)

where F is the optic image length and f is the focal length of the lens. Thus, we can
use αF and αN to represent the DoF.
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