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Abstract

For most iris capturing scenarios, captured iris images
could easily blur when the user is out of the depth of field
(DOF) of the camera, or when he or she is moving. The
common solution is to let the user try the capturing process
again as the quality of these blurred iris images is not good
enough for recognition. In this paper, we propose a novel
iris deblurring algorithm that can be used to improve the ro-
bustness and nonintrusiveness for iris capture. Unlike other
iris deblurring algorithms, the key feature of our algorithm
is that we use the domain knowledge inherent in iris images
and iris capture settings to improve the performance, which
could be in the form of iris image statistics, characteris-
tics of pupils or highlights, or even depth information from
the iris capturing system itself. Our experiments on both
synthetic and real data demonstrate that our deblurring al-
gorithm can significantly restore blurred iris patterns and
therefore improve the robustness of iris capture.

1. Introduction

It is well known that iris is one of the most accurate
biometric modalities to recognize an individual [1]. Algo-
rithms for iris recognition have been well studied and com-
mercialized during the past ten years. However, it is still
challenging to make iris biometric systems less intrusive.
Most commercial iris biometric systems require users stand
very close to the camera (3 ~ 50 cm), remain still for sev-
eral seconds, or even move back and forth according to the
voice prompts. This is mainly because human iris is very
small and high quality iris images with sufficient resolu-
tion (i.e., the minimum diameter of an iris should be larger
than 150 pixels [1]) are difficult to capture, especially over a
long distance. A desired iris capturing system should have
a larger depth of field (DOF), a longer stand-off distance,
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and a faster capturing speed. In practice, due to the limita-
tions of hardware, most existing iris capturing systems do
not meet all of these requirements. As a result, less-than-
ideal iris images can be easily produced by these systems,
which usually result in recognition failures. The user then
needs to use the system multiple times until an ideal iris
image is captured, which significantly increases the nonin-
trusiveness of the whole system. Among all these less-than-
ideal iris images, blurred images are often seen. They are
generated by these iris capturing systems when the user is
out of the depth of field (DOF) of the camera, or when he
or she is moving. If blurred iris patterns can be restored
for successful recognitions based on image deblurring tech-
niques, the robustness of the iris capturing system can be
greatly improved.

Although image deblurring has been widely studied re-
cently [2, 6, 9], most of them do not address the application
domain for iris capture and recognition or they do not make
good use of characteristics of iris images for iris biometric
applications [5]. We believe domain knowledge inherent in
iris images and iris capture systems could be used to im-
prove the performance for iris deblurring. Therefore, we
propose a novel iris deblurring algorithm that makes use of
the prior knowledge obtained from the statistics of iris im-
ages, the characteristics of pupil and highlight regions, and
the depth information from the capture system. In particu-
lar, we introduce a novel method for blur kernel estimation
based on depth information, which allows our algorithm to
handle iris defocus blur introduced by the delay of the cap-
turing system when the user is moving. We have built an iris
capture system that consists of a commercial off-the-shelf
(COTS) camera and a depth sensor to evaluate the perfor-
mance of our algorithm. Our experiments show that our
iris deblurring algorithm can significantly restore blurred
iris patterns and make iris capture less intrusive.

2. Related Works

Image deblurring is essentially an ill-posed problem. As
a result, priors play a very important role to recover a



blurred image. Kang and Park proposed a non-blind decon-
volution algorithm to restore clear iris images and further
extend the DOF [5]. They estimated the point spread func-
tion (PSF) from the focus score that was measured from
the high frequency components of the iris regions after eye-
lashes and eyelids were removed. However, there are two
limitations in [5]. First, the working range of the deblur-
ring algorithm is quite limited, only from 1.8 to 6.6 cm
away from the camera. As a result, the proposed method is
not suitable for a nonintrusive long range iris capturing sys-
tem in which the illumination might not be perfect and the
user needs to move faster. Second, the Gaussian smooth-
ness term used in the algorithm is not the best prior for iris
image deblurring because it tends to over-smooth the re-
stored image. Our intuition is that strong priors, especially
those computed from iris images themselves can boost the
deblurring performance significantly.

Image deblurring could also benefit less intrusive iris
capture systems as many of them have been proposed to
extend the operational range for iris capture in recent years
[7, 3, 13, 4]. For example, Matey and colleagues proposed
the Iris on the Move (IOM) system that consisted of multi-
ple synchronized high-speed, high-resolution, and narrow-
field-of-view (NFOV) video cameras, in which focus was
fixed at a portal around 3 meters away from the camera [7].
This is the first system that could be used in practice for
iris capture over long distances with a high throughput (20
persons/min). However, the DOF for each user is still quite
limited (5 ~ 12 cm). With the limited DOF, it is possi-
ble that the same user still needs to pass the portal multiple
times until a clear iris image is captured. A high perfor-
mance iris deblurring algorithm will be desirable for these
systems. Wavefront Coding technology (WFC) was ap-
plied by Narayanswamy and Silveira on fixed focus cam-
eras to extend the DOF [8]. Smith and colleagues evaluated
the performance of WFC based on a series of simulations
[10]. They reported that the DOF was increased from 8.2
to 13.5 cm, which was still quite limited. Some other sys-
tems [3, 13, 4] could adjust the focus position of lens in
operation so that the DOF of these systems could be eas-
ily extended to more than 1.5 meters. Even though cameras
with high shutter speed were often used in these systems,
users still needed to remain still for several seconds so that
high quality iris images could be captured. This is because
defocus blur can easily happen when the iris of a moving
subject is captured in these settings where significant sys-
tem delay is often seen. The delay is often caused by the
slow movements of the pan-tilt unit and the long autofo-
cus time. On the other hand, the depth information (dis-
tance from the user to the camera) is usually provided by
these systems. Our analysis shows that the depth informa-
tion could be used for iris deblurring which can enhance the
performance of these less intrusive systems. We have built
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an iris capture system that combines a commercial off-the-
shelf (COTS) camera and a depth sensor to evaluate the per-
formance of our deblurring algorithm for iris capture. We
use the accurate depth information obtained from the depth
sensor to estimate the blur kernel and handle the potential
defocus blur introduced by the system delay.

3. Iris Image Deblurring

Iris image deblurring could greatly increase system ro-
bustness for iris capture as blurred images are very likely
captured by most less intrusive iris capturing systems due
to hardware limitations. In many of these systems, there is
almost no motion blur where high shutter speed (< 1/320
seconds) is chosen. As a result, the blur is mainly defo-
cus blur. When video cameras with fixed focus are used,
the system delay is usually small. However, as the DOF
is quite small, the user could easily move out of the focus
range. When cameras with adjustable focus are used, the
DOF can be enlarged significantly. However, there is a sys-
tem delay between the time when the capture event is sent
out and the time when the shutter is released for the cap-
ture. The delay could consist of several parts including the
time to drive the pan-tilt unit, the time to drive the lens to
the desired position, and the time to release the shutter and
capture the image. Therefore, if a user is moving, there is a
difference between the estimated focused depth of the cam-
era and the real depth of the eyes when the iris image is
taken. When the depth difference is larger than the DOF of
the camera, the defocus blur also occurs.

We discuss our image deblurring solution to the defocus
blur problem in this section. We first give a brief introduc-
tion to image deblurring techniques in Section 3.1. We then
introduce our blur kernel estimation method based on the
depth information of the iris capture systems in Section 3.2.
Finally, we present how the prior information can be com-
puted from iris images for image deblurring in Section 3.3.

3.1. Background

Image blur can be modeled as a convolution process.

I=L®h+n (D

where I, L, h, and n represent the blurred image, unblurred
image, point spread function (PSF), and additive noise re-
spectively. For defocus blur, the PSF 7 depends on the cir-
cle of confusion R (Figure 1). For cameras with adjustable
focus, R is a function of two parameters: the distance from
the object to the lens d and the distance between lens and
image plane s [11],
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Figure 1. The camera model for computing the circle of confusion
R.

where D is the radius of the lens, and f is the focal length
of the lens. For cameras with fixed focus s, R is only de-
termined by d. Figure 1 shows the typical camera model to
compute R.

The PSF h for the defocus blur is usually modeled as a
Gaussian kernel,
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Because the captured eye region is usually parallel to the
image plane, the PSF h is considered as shift-invariant.

Image deblurring relies on image deconvolution to re-
store the unblurred image L from the blurred image I.
The procedure is often formulated in a Bayesian frame-
work [6, 9],

P(L|op,I) x P(I|L,04)P(L), “)
where P(I|L,0},) is the likelihood and P(L) represents the
priors on the unblurred image. Assuming the image noise
is spatially i.i.d., we can define the likelihood as

P(I|L,04) o< [[ N (1410, ), ©)

where n = I — L ® h is the image noise.

There are two key issues in this image deconvolution
procedure. One is the estimation of the blur kernel, which
is characterized by the kernel parameter 0. The other one
is how to define priors. If the blur kernel is a known input
when Equation 4 is solved, this procedure is called non-
blind deconvolution or blind deconvolution if otherwise.

3.2. Depth Aware Blur Kernel Estimation

In this section, we discuss the blur kernel estimation as-
suming the depth information is measured. When a cam-
era with fixed focus are used, it is relatively simple to es-
timate the kernel. Kang and Park [5] presented an anal-
ysis for this situation although the depth information was
not used in their system in practice. Our kernel estimation
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Figure 2. The fitting result for the in-focus positions and the depths
based on our proposed model in Equation 6.

method deals with a more general case, i.e., cameras with
adjustable focus. We first compute the focus position based
on the measured depth information and then capture the iris
image using the estimated focus position. As we mentioned
before, there is a depth difference, which is mainly caused
by the system delay when a subject is moving. As a result,
the estimated focus position is not always desirable, which
introduces the defocus blur. The following analysis shows
that if we measure the depth difference, we can estimate the
kernel parameter o7,.

As the focus position of the lens py is proportional to
the distance between the lens and the image plane s, when
the circle of confusion R is small enough (i.e., the captured
image is in-focus), we can derive the relationship between
in-focus position of lens p and d based on Equation 2,

d

T kd+ ko ©)

Dy
After focus positions of in-focus images are measured at
different depths, k1 and k5 can be easily estimated by curve
fitting using Equation 6. Figure 2 shows that there is a
strong correlation between the in-focus positions and depth
values and such a relationship can be correctly modeled by
Equation 6.

As oy, is proportional to I2 and s is proportional to py,
when d is fixed, we can further derive the relationship be-
tween oy, and py based on Equation 2,

on = |kspy + kal. N
Because we cannot measure o, directly, we use the follow-
ing simple algorithm to estimate o;, and then compute ks
and k4 accordingly:

e Capture in-focus and defocused checkerboard images
under different depths and different focus positions.
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Figure 3. The fitting results for focus positions and the standard
deviation o, based on the proposed model in Equation 7. The data
points on the top are the images severely blurred. It is not feasible
to recover these blurred images in practice even with a large kernel
size. As a result, they are treated as outliers in the estimation. The
dashed blue line is the interpolation between its nearest neighbors.
The green square at 15 is the correct in-focus position. The green
square at 13.5 is the estimated in-focus position. The red square
illustrates the estimated standard deviation o, for iris deblurring.

e As in-focus and defocused images are known
and only o, is unknown, oj is estimated by
argmin,, ||[I — L ® hl|3.

e k3 and k4 are estimated by arg miny, 1, ||kspy + ka —
anll3-

Figure 3 shows the fitting results for py and oy, based on
Equation 7. Figure 2 and Figure 3 show that it is suitable to
use the models described in Equation 6 and Equation 7 for
real camera systems even though our derivation is based on
a simple thin lens model.

A practical use of Figure 3 is to estimate the blur kernel
when the subject is moving. When a user enters the field
of view of the capturing system, the 3D positions of eyes
are predicted considering the system delay. When the pre-
dicted position satisfies the triggering condition for iris cap-
ture, the predicted in-focus position p is computed using
Equation 6 and the image is taken using this focus position.
When the correct depth is measured after the system delay,
the correct in-focus position p; is also computed. For ex-
ample, as illustrated in Figure 3, assuming correct in-focus
position py is 15, we can interpolate a new model using pre-
computed models at position 14 and 16. The new model is
illustrated in dashed lines in Figure 3. Assuming the pre-
dicted in-focus position ps is 13.5, we can compute the
standard deviation o, using Equation 7 and then the image
deconvolution becomes a non-blind deconvolution.
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Figure 4. Comparison between the gradient distribution of six iris
images and that of six natural images selected randomly. The red
curve represents the first prior Py (L) in our deblurring algorithm.

3.3. Iris Priors

The complete prior term P(L) in Equation 4 consists of
three components. The first prior Py(L) is computed from
the distribution of the iris image gradients. The second prior
P,(L) is based on the characteristics of the dark pupil re-
gion. And the third prior Ps(L) is computed from the satu-
rated highlight region inside the pupil.

P(L) = Fy(L) P, (L) Ps(L) ®)

The first prior makes use of iris image statistics. It has
been shown that the natural image gradients have a heavy-
tailed distribution [12]. For natural images, the deblurring
performance using this prior is much better than the one us-
ing Gaussian smoothness prior [6]. For general image de-
blurring, the distribution could be approximated by a mix-
ture of Gaussian distributions [2], an exponential function
such as |z|0'8 [6], or a piecewise continuous function [9].
Figure 4 compares the logarithmic gradient distributions
computed from both natural and iris images. Six images
are randomly selected from each category. The comparison
shows that the distribution of general natural images has a
larger uncertainty compared with that of iris images. As a
result, the distribution of the iris image gradients should be
a stronger prior for iris deblurring. In our algorithm, we use
two piecewise quadratic functions to approximate the dis-
tribution P, (L) so that the computation is more efficient.

Hi 6111(53"[4,)24'517 I@LZ‘ <k

Py(L) o [], e22@L*+b2 |OL,| > k

&)

where JL; is the gradient for a pixel and & is a threshold that

separates low and high frequency regions of an iris image.
The other two priors (P,(L) and Ps(L)) are computed

from the pupil region. We are interested in priors computed
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Figure 5. Left: an iris image captured by our system. Right: the
masks for the detected pupil region (white) and highlight region
(red).

from the pupil region because the dark pupil region is likely
to be smooth compared with the nearby iris patterns, and
the highlight in the region is likely saturated. Therefore,
these two priors are particularly useful to recover nearby
iris patterns. We define these two priors based on two ob-
servations. First, smooth pupil regions are not sensitive to
the defocus blur because these regions tend to have small
gradients. Second, saturated highlight region tends to con-
tain the highest intensity. P,(L) and Ps(L) can be defined
as,

Py(L) o [ N(OL; - 9L,]0, o)
S

Py(L) o [] N(Li - 255/0,0.),
1€Q0

(10)

where 27 is the dark pupil region and €5 is the saturated
highlight region within the pupil. €2; and €25 can be detected
by standard image processing techniques, such as thresh-
olding, erosion and dilation. Figure 5 shows one typical
segmentation result for the pupil region using image thresh-
olding and erosion.

Putting all of these priors together, we can solve the iris
deblurring problem using Equation 4, which is equivalent
to minimizing the following energy function,

E |[I —L®h|?
+ M ([l (OL)? 4 by || - My + ||az(OL)? + bs|| - My)

+ Mo (||OL = OI|* - M3 + ||L — 255||% - My),
an

where My, My, Ms, and M, are masks of the low-
frequency region, the high-frequency region, the dark pupil
region, and the highlight region of the pupil respectively.

We could extend our algorithm from the non-blind de-
convolution to a blind deconvolution as estimated PSF h
could contain noise propagated from the uncertainty of the
measured depth. Assuming the noise of the measured depth
has a Gaussian distribution, we can add a Gaussian prior for
oy, and make the algorithm a blind deconvolution. On the
other hand, it is computationally expensive and the deblur-
ring performance may not be improved significantly.
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Figure 6. The configuration of the iris capturing system.

4. Experiments

In order to evaluate the performance of our iris deblur-
ring algorithm, we have built a long range iris capuring
system to acquire both in-focus and blurred iris images in
real scenarios (Section 4.1). We first compare the perfor-
mance between our deblurring algorithm and the algorithm
using the Gaussian prior [5] on synthetic defocused images
in Section 4.2. We then evaluate the performance of our
algorithm on real blurred iris images in Section 4.3.

4.1. Experimental System Setup

Our iris capture system consists of one NFOV NIR cam-
era with adjustable focus (Canon EOS 40D with a 200 mm
lens, 3888 x 2592 image resolution), one NIR flash, and one
depth sensor (SwissRanger SR3000) (see Figure 6). The
mounting height A and tilt angle o of the NFOV camera
are easily computed such that the standoff distance is from
1.5 meters to 3.5 meters and the captured iris diameter is
above 150 pixels. The system delay is between 100 ms and
200 ms, which includes the time to drive the lens and per-
form the capture. The system could be extended to handle
more general scenarios with a pan-tilt unit.

The 3D information measured by the depth sensor plays
an important role in our system pipeline (Figure 7). First,
face detection and tracking are performed on the intensity
image captured by the depth sensor. The eye positions are
then estimated based on the upper portion of the detected
face. The system also predicts the next 3D eye location for
the moving subject using the Kalman filter. Second, the 3D
position is used to determine if eyes are within the field of
view and correct depth range so that the captured iris images
have enough resolutions for successful recognitions. When
these two conditions are satisfied, a capture event is sent
to the NFOV camera for the iris capture. Third, the depth
information is used to control focus position of the NFOV
camera dynamically. Finally, the depth information is used
to estimate the blur kernel as described in Section 3.2.
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Figure 8. Comparison of iris deblurring algorithms using synthetic data set. (a) Ground truth. (bl) is a blurred image with kernel size
11 x 11 and o5, = 2.5. (b2) is a blurred image with kernel size 25 x 25 and o5, = 4. (cl), (c2), (d1), and (d2) are the results using
algorithm [5] with A = 0.001 and A = 0.3, respectively. The A is the weight of the Gaussian prior. (el) and (e2) are the results generated

from our algorithm with A1 = 0.002 and A\, = 0.5.
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4.2. Synthetic Data

We generate the synthetic defocused images by apply-
ing known Gaussian kernels to blur the in-focus iris images
captured by our system. A small amount of Gaussian noise
is also added to these blurred images. Figure 8 shows that
our algorithm recovers more iris features than the algorithm
using the Gaussian prior [5]. We find that if Gaussian prior
is used, the reconstructed images are noisy when A (i.e., the
weight of the Gaussian prior) is small. However, when A in-
creases, the images are over-smoothed and converge to the
blurred input images.

Table 1 shows the root mean square (RMS) errors com-
puted based on the recovered and original images in Fig-
ure 8. Our algorithm provides smaller reconstruction errors,
especially for more blurred images. We also test the algo-
rithm using Gaussian priors with A from 0.001 to 0.3. We
find that the RMS error decreases as A increases.

4.3. Real Data

We first use the blurred iris images captured by our sys-
tem to evaluate the accuracy for the blur kernel estimation.

1563

(cD), (¢2) (d1), (d2) (el), (e2)
RMS | 37.50,51.01 | 20.43,28.85 | 20.41, 27.24

Table 1. The RMS errors based on the original and recovered im-
ages using our algorithm and the algorithm in [5]

In Figure 9, the predicted depth is 2.15 m where the correct
depth is 2.47 m. The predicted in-focus position is 11.29
and the correct in-focus position is 10.51 based on the calcu-
lation using Equation 6. Based on Equation 7, the standard
deviation o, is 4.1. Figure 9 shows that iris deblurring with
standard deviation 4.1 provides us quite clear iris patterns.
One the other hand, the deblurring performance degrades if
other values are used.

The in-focus and defocused iris images are collected
from 28 subjects. Multiple defocused images for each sub-
ject are captured around +25 cm away from the in-focus
position. Each subject is enrolled into the iris database with
his or her in-focus iris image. Figure 10 shows the deblur-
ring results for iris images captured with different defocus
levels. Note that the size of pupil also changes slightly in
Figure 10. This is because the NIR flash and other in-door
light sources could cause the iris to dilate when the iris is
captured at different depths. When the defocus blur is small,
there is no big difference on performance between our algo-
rithm and the algorithm using Gaussian prior [5]. However,
the ringing artifacts are obvious from the algorithm as o}, in-
creases [5]. The last column in Figure 10 shows an example
that both algorithms fail to recover. Part of reasons could be
that the kernel size is not big enough and the image contains
discretization error. However, by using the priors from the
pupil region, the ringing effects are reduced significantly.
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Figure 9. Evaluation of our blur kernel estimation algorithm. (a) An enrolled clear image. (b) The blurred image captured at predicted
depth 2.15 m. The predicted in-focus position is 11.29. (c) The iris deblurring result using o5, = 1.3. (d) on = 2.7. (e) o = 4.1, this

value is computed using Equation 6 and Equation 7 with the correct depth at 2.47 m and in-focus position at 10.51. (f) o, = 5.5. (g)
op = 7.9.

Figure 10. Comparison of iris deblurring algorithms with kernel window size 25 x 25. (a) In-focus iris image. (b) o, = 2.11. (c) o), = 4.3.
(d) o, = 5.8, (e) o, = 14.8. The 1st row shows the captured defocused iris images. The 2nd row shows the deblurring results based on
the Gaussian priors. The 3rd row shows the enlarged pupil regions for the iris images on the 2nd row. The 4th row displays the enlarged
pupil regions for the iris images on the 5th row. The 5th row shows the corresponding iris deblurring results based on our algorithm.

Figure 11 shows the distribution of the Hamming dis- enrollment images. The defocused images have different
tance computed between defocused/deblurred images and defocus levels including seriously blurred images shown in
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Figure 11. Hamming distance distribution. For the authentic distri-
bution based on recovered images, 1 = 0.2916, 0 = 0.0458. For
the authentic distribution based on blurred images, ;1 = 0.3311,
o = 0.0791. For the imposter distribution based on recovered
images, u = 0.4617, ¢ = 0.0176. For the imposter distribution
based on blurred images, ;1 = 0.4624, 0 = 0.0187.

T T T
= Recovered Images
—Blurred Images

0.2

FRR

N e S

0 01 02 03 04 05 06 07
FAR

0.8 0.9 1

Figure 12. ROC curve comparison. The red ROC curve is com-
puted from enrolled clear images and deblurred images using our
algorithm. The blue curve is computed based on the enrolled clear
images and blurred images.

Figure 10 (¢). When the Hamming distance is less than
0.25, there are no much improvements using our algorithm
as the images are already clear enough for recognition.
When the Hamming distance is larger than 0.25, our algo-
rithm starts to take effects. The mean of the authentic dis-
tribution based on deblurred iris images is reduced by 12%
using our algorithm, while this is only reduced by 0.7% us-
ing the algorithm with the Gaussian prior [5]. The receiver
operation curves (ROC) in Figure 12 show that the recogni-
tion errors are significantly reduced by our algorithm.

5. Conclusion

In summary, we have proposed a novel iris deblurring
algorithm for less intrusive iris capture. One key feature
of our algorithm is that the blur kernel can be accurately
estimated using the 3D depth information, which could be
provided by many less intrusive iris capture systems. Fur-
thermore, combined with the priors computed from the iris
image statistics and characteristics of local regions (pupil
area and highlight), our iris deblurring algorithm achieves
better performance on both synthetic and real data set com-
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pared with the state-of-the-art iris deblurring algorithm. In
the future, we will continue to optimize the performance of
our deblurring algorithm and collect more data sets for the
evaluation.
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