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Abstract

Iris localization is vital for many applications such as augmented reality (AR), mobile eye tracking, tracking visual
focus of drivers, diabetic retinopathy screening, and applications in human-computer interaction. Iris localization is
still challenging in real-time applications, with low-quality eye images due to many reasons such as natural light
reflections, thick eyelashes, fallen hair strips on the eye, and various illumination conditions. However, quality images
under a controlled environment, such as Near Infrared images, solve these issues up to some level. Even though
Learning-based algorithms ensure a high result in iris localization, such methods take much time and high resource
usage to annotate and train bulk data. The non-learning-based method is advantageous since it does not require high
resource usage or time to annotate and train data like learning-based methods. Considering all the above scenarios, we
propose a non-learning-based algorithm that localizes the iris area using image enhancements and maximum black
pixel count. The proposed algorithm takes face images as input, and the eyes are localized. In the following steps, a
coarse iris center is found, and next, the fine iris center is extracted using the maximum black pixel count that belongs
to a particular radius. The proposed algorithm is validated on our own dataset collected using a standard webcam,
GI4E, and Extended YALE B face datasets. The accuracy was recorded as 96.67%, 88.04%, and 77.57%, respectively,
when the maximum normalized localization error <0.05.

Keywords: Contrast Limited Adaptive Histogram Equalization, Eye-tracking, Image enhancements, non-learning-

based methods, Iris localization

Introduction

Iris localization means extracting the iris center and its boundary. Iris localization is an important and
emerging topic in the field of gaze tracking [1, 2] nowadays. For example, iris localization is used in gaze
tracking for applications such as virtual reality gaming platforms [3], visual focus of attention tracking for
student engagement [4], drivers [5, 6], and pilots [7]. In addition to this, the medical domain is also invaded
by iris tracking for the diagnosis of autism spectrum disorder and diabetic retinopathy screening.

Moreover, gaze-controlled systems as aids for the disabled are also emerging [8]. Identity authentication

73


mailto:udayaw@sjp.ac.lk

Adv. Technol. 2024, 4(1), 73-87

[9, 10], via iris recognition, is also becoming more prominent since the approach is more robust than facial
IDs and fingerprints. Mostly, pupil center detection is used in gaze tracking systems since the gaze point is
affected by the pupil center. However, in the visible spectrum (VS), it is challenging to distinguish the
difference between the pupil and the iris in dark eyes. Therefore, the assumption that the iris and the pupil
are concentric is made. In such cases, iris localization is achieved instead of pupil localization. This is
discussed in detail in the related works section.

The importance of iris localization and application in the field is increasing gradually due to the reliability
of the systems that use iris localization. For instance, identity authentication systems with iris are worth
more than using fingerprints or face IDs since iris has stable features for an individual's lifetime. In addition
to this, the medical sector is using iris localization applications for various purposes, such as diabetic
retinopathy screening, identifying and analyzing autism spectrum disorder in early childhood, analyzing
the visual focus of attention of babies, and some applications in neuroscience. Most of the applications in

iris localization require real-time operations.

However, it is quite challenging to achieve real-time iris localization due to many factors, which can be
divided into a few categories: nature of the eye, illumination conditions and specular reflections, eye
makeup, and real-world challenging situations. Under the nature of the eye, partially opened eyes [11, 12]
and a high density of eyelashes can be mentioned. The eye area becomes blurry due to the illumination and
specular reflections which lead to hide the features of the eye [13]. Mascaras, contact lenses, and heavy eye
shadows are different types of eye makeup that can obstruct iris localization. In addition to these situations,
fallen hair strips on the eye, occluded eyes due to eyeglasses, rotated eyes due to different head poses, and
blurred eyes due to eye saccades are another set of challenges that occur when the application runs in real-
time [14].

Iris localization can be accomplished using visible spectrum (VS) or near-infrared (NIR) images. Eye images
can be obtained using intrusive and non-intrusive methods [13]. While intrusive methods use a camera
fixed on a head-mounted device to capture the eye directly, non-intrusive methods use an external camera

to capture the face images, and then the eye images are extracted.

Some iris localization applications can use a controlled environment since it helps to increase the quality of
the eye image, hence the accuracy of the iris localization process. This method is suitable for most medical
applications since they intend to diagnose a disease in an indoor environment. However, the iris
localization application that needs to be operated to identify the driver's drowsiness, identity
authentication, and students’ attention tracking cannot be expected to operate in a controlled environment.
As a solution to that, NIR cameras can be used for the systems. However, it drastically increases the cost of
the system while decreasing the prevalence of applications.

Iris localization methods can be divided into two fundamental categories: learning-based and non-
learning-based iris localization methods. Even though learning-based algorithms offer high accuracy in iris
localization, they require a substantial amount of training data. In addition, the process of data annotation

consumes a great deal of time, and training requires a substantial amount of computing resources. Non-
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learning-based algorithms circumvent the problems mentioned above, and such low-cost iris localization
algorithms aid in expanding the field's applications. Therefore, we concentrated on developing an iris

localization algorithm for VS images based on a coarse-to-fine scheme that does not rely on learning.

Related Works

Iris localization is a more vital topic in this era. However, researchers have focused on tracking the iris or
pupils for different purposes. The center of the pupil is associated with the gaze point as mentioned before.
However, the center point of the pupil cannot always be extracted from the eye due to some reasons such
as, dark eyes in the visible spectrum do not help to distinguish the iris and the pupil. In that case, the
assumption, the iris and pupil are concentric is made, and instead of the pupil localization, iris localization
is performed. Due to this reason, some of the related works we have discussed here belong to pupil
localization and some are related to iris localization. However, at the application level, both are important
and can be used to track the gaze point. Furthermore, the section is divided into two basic categories which
we can clearly understand: learning-based iris localization or pupil localization schemes, and non-learning-

based iris localization or pupil localization schemes.

Conformal geometric algebra [15], starburst algorithm [16], image in paint technology [17], Circular Hough
Transform (CHT) [18], and circle fitting with advanced thresholding processes [19] come under the non-
learning-based iris/pupil localization schemes. The following section discusses the non-learning-based
pupil and iris localization algorithms proposed by the research community in terms of the challenges they
have addressed in their study.

The reduction in processing time helps to optimize the pupil tracking algorithms while creating room for
real-time operation. In order to achieve that, Ma et al., (2020) proposed a fast iris localization algorithm for
noisy images based on Conformal Geometric Algebra (CGA) [20]. The edge points were generated using
the Sobel edge detector. Iris (limbic) and pupil boundaries are found using the CGA circle detection
algorithm. Since the proposed algorithm detects pupil and limbic boundaries in the same step, it avoids
the additional time consumed by traditional eye localization algorithms. Further, the experimental results
show that the CGA-based iris localization scheme is insensitive to noise and can be used in real-time iris
localization applications, which is the most vital advantage of the algorithm. Further, Sundaram et al.,
(2011) proposed a fast iris localization scheme based on edge point detection and CHT [21]. The algorithm
focuses on localizing the inner and outer boundaries of the iris. Before applying edge point detection, the
iris and pupil are identified using a bounding box for the iris and pupil. This step leads to fast iris
localization since it reduces the searching space for the Hough transform. However, the algorithm is not

good at localizing irises in images taken under different illumination conditions and images with noise.

In addition to the noise-robust CGA circle detection algorithm, the method proposed by Manuri et al.
(2020), which is an extension of the starburst algorithm, can detect pupils in the infrared (IR) spectrum [16].
The algorithm is named Pupil Detection after Isolation and Fitting (PDIF), and the proposed algorithm
focuses on noise reduction, which was achieved using a weighted sum with an equalized image instead of

a Gaussian filter. PDIF brings better precision than the Starburst algorithm and provides a considerably
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faster operation than the ExCuSe [22] and ElSe [23] algorithms. Even though those algorithms overcome
the Starburst’s precision limitation, they show a computational delay, which makes them unsuitable for

real-time usage.

The change in pupil or iris size due to the distance between the user and the camera is a practical challenge
in pupil localization [24]. However, the method proposed by Zhang et al., (2020) is based on oblique
projection, and it uses a binocular camera (calibrated according to Zhang'’s calibration method [25]) that
does not change the size of the pupil or iris due to the distance from the user to the camera [24]. The
algorithm is based on relative linear density based on positive and negative oblique projections (PNOP).
Results show that the algorithm is robust to the presence of glasses and different illumination changes in

the images.

Low-cost pupil and iris localization algorithms and setups surpass the other algorithms since they increase
the number of applications in different domains. Aharonson et al., (2020) proposed a low-cost setup that
improves gaze estimation using the vestibulo-ocular reflex [26]. The system consists of a low-cost webcam
to record a single eye. The pupil detection algorithm is based on convex hull fitting, which is the most petite
convex shape enclosing a given shape, and it is the most miniature convex set that contains the shape. In
addition to that Lee et al., (2020) proposed a gaze tracking system using a low-cost head-mounted device
that consists of a small endoscope camera, an IR light, and a mobile phone [27]. Before tracking the pupil,
captured images were subjected to pre-processing. Next, a flood fill algorithm removes the unnecessary
black part of the image. Multi-thresholding was applied to get the pupil in the image. After the necessary
steps, ellipse fitting was used for the image, and the pupil center was extracted. The method has achieved

high accuracy in pupil detection.

Low-quality images are common in real-time iris localization schemes [28 - 30]. Further, the applications
that focus on implementing in general laptop computers get low-quality images as inputs, and this method
is vital for such applications. Dai et al., (2020) proposed a pupil localization algorithm based on energy
maps with the image in paint technology and post-processing correction [17]. The algorithm focuses on
increasing the pupil localization efficiency of low-quality images in practical applications. The average
processing time was 50 milliseconds for the proposed algorithm, which was significantly less than the State-
Of-The-Arts (SOTA) methods, and the algorithm is suitable for real-time applications.

Algorithms ‘resource utilization is another important matter to consider when developing iris/pupil
localization algorithms. Navaneethan & Nandhagopal (2021) proposed a resource-efficient pupil
localization scheme based on average black pixel density since most approaches such as CNN-based, CHT-
based, and IDO-based methods lead to inefficient hardware usage of Field Programmable Gate Arrays
(FPGA) [31]. Since global thresholding is not good enough for pupil detection, double thresholding was
proposed in the algorithm. The proposed algorithm achieved 98% detection accuracy while consuming

30%-40% of resources compared to the other existing methods.
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In the following section, we focus on discussing the learning-based pupil and iris localization algorithms.
Learning-based pupil localization algorithms are cost in terms of time taken to annotate, collect bulk data,
and resource utilization. Shi et al., (2021) proposed a pupil detection scheme based on neural networks. The
algorithm consists of two stages: pupil detection and motion prediction. In the pupil detection stage,
modified V_net [32], which was initially proposed by Milletari et al., (2016), was used [33]. In the same way
as YOLO, pupil parameters (center coordinates: x,y, and radius-r) are obtained via a single neural network
using the output of V_net. The position of the pupil was tracked using Long-Short-Term Memory (LSTM)
[34].

Poulopoulos & Psarakis (2022) proposed a pupil localization scheme called PupilTAN, based on deep
networks, and it performs image-to-heatmap translation via regression instead of using the paired ground
truth to train an image-to-heatmap localizer [12]. The proposed scheme uses randomly created heatmaps
from the same pdf, and it is estimated using a small number of ground truth data points and heatmaps
which are treated as a 2D Gaussian kernel with a constant standard deviation. The proposed adversarial
framework makes it less independent of labeled data, and the accuracy was also significantly improved.
Lertsiravarameth & Taeprasartsit (2020) proposed a pupil localization scheme based on multiscale and
nonlinearity convolutional regression in typical light conditions for eyes with a dark iris and pupil. The
proposed method uses CNN to estimate the center of the pupil using regression [35]. In real-world
applications, automatic eye cropping is not good enough to get precise and accurate cropped eyes since
those appear on different scales. This issue was alleviated using a network architecture that concurrently
utilizes features from multiple convolutional layers instead of using features from the last two
convolutional layers. Random shifting and image flipping were used, and data augmentation methods

were used to avoid expensive, extensively annotated data.

Wu et al., (2021) proposed an algorithm to track the pilot’s pupil center using spherical Haar wavelets and
deep learning [7]. Wu et al., (2021) developed a deep contractive autoencoder network (DCAEN) using the
feature learning ability of deep learning. As the top-level classifier of the deep higher CAE network
(DHCAEN), a fuzzy Gaussian Support Vector Machine (FGSVM) was proposed. FGSVM is better for

handling noise and pupil detection schemes with nonlinear system identification problems.

Han et al., (2020) proposed a robust pupil center detection algorithm based on CNN with Shape-Prior Loss
[36]. The algorithm takes NIR eye images as the input and segments the pupil as a classification problem.
For the segmentation, the U-Net model was used. The connected component (CC) analysis finds the largest
blob, and it is considered the pupil area. The center of the pupil is found using the center of mass technique
for the largest blob chosen. When the segmented area does not exist, the pupil area is selected as the highest
sigmoid output pixel location or the previous frame’s pupil. The loss function for the segmentation is newly
proposed and called convex shape-prior loss, and it shows robustness to noise. The proposed method

performs and localizes pupils better than the traditional regression method to extract the pupil center.

Webcam images are low-quality images which makes the iris detection process challenging. However, such

algorithms can extend the number of applications in different domains because the deployment cost is low.
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Larumbe-Bergera et al., (2021) proposed a pupil detection scheme based on CNNs and webcam images
[37]. The pupil center manual labeling process was done, and it resulted in a novel database named Pupil-
PIE (PUPPIE) with 1791 annotated images [38]. ResNet-50 was pre-trained with the ImageNet dataset for
extracting pupil center coordinates. This algorithm used a multi-task cascaded framework based on CNNs
(MTCNN) to detect the eye region. The network architecture of this algorithm is the same as the one used
in DeepLabCut [39]. The network in the algorithm is followed by a global average pooling layer and four

fully connected layers with an ELU activation function to compute pupil center coordinates.

Contribution of the Current Research

Even though many algorithms have been proposed to address different challenges in iris localization,
handling low-quality images in the visible spectrum still has room for development. We developed this
algorithm with the intention of proposing a low-cost iris localization using low-quality images using a web
camera. Segmentation-based machine learning algorithms need a bulk of segmented images to train the
model. It takes time and is not resource-efficient since the training process needs GPUs for better operation.
To avoid such requirements in learning-based methods, the non-learning-based method was focused. In

the following section, we focus on the details of the setup and algorithm.

Materials and Methods

We created our own database of 945 face images using a Logitech C930E webcam and 9 subjects. In addition
to our own database, since we needed to check the validity of the algorithm under different environmental
conditions, we used GI4E [40] and Extended YALE Face Database B [41] to validate the algorithm.

Self-made Dataset

Our dataset was collected under the visible spectrum in a less controlled environment, with the user
positioned 30 cm to 70 cm from the screen. The webcam was positioned on the top of the screen of the
desktop computer. The user was free to have different head movements, such as rotations, and different
facial expressions. Nine subjects were in the study and 105 of the photos of each subject were taken by

looking at random positions on the screen.

GI4E and Extended YALE Face Databases B

GI4E, and Extended YALE face databases B were selected as two other datasets to test the accuracy of the
algorithm. The GI4E dataset contains many challenging eye images captured in an indoor environment. It
includes faces wearing spectacles, high ethnicity in subjects, and images with partially closed eyes.
Extended YALE face databases B is a challenging database since it includes images with different
illumination conditions. However, the GI4E and Extended YALE face databases B were initially analyzed
before the sampling procedure and identified dark face images where iris texture could not be
distinguished. We manually excluded such face images from the database, and the stratified sampling

method was used to draw an unbiased representative sample.
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Figure 1 is the flowchart of the proposed algorithm for iris center localization. The summary of the
algorithm is as follows. The input face image was given to the algorithm, to detect the face and then
extracted the eye regions using landmarks surrounding the eye. Only the extracted eye mask was then
subjected to morphological operations and flood filling to eliminate specular reflections and close the holes
in the iris region. Next, the coarse center of the iris was extracted using the lowest vertical and horizontal

intensity points. Finally, the fine iris center was extracted using the maximum black pixel count algorithm.

The proposed algorithm is based on a coarse-to-fine scheme and can be divided into five stages: face image
preprocessing; face tracking and eye detection; eye image preprocessing; coarse iris center extraction; and

circle fitting using the maximum black pixel count.
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Figure 1. The flow diagram of the proposed algorithm to localize the iris center.

The Detailed Design Process of the Algorithm

Stage 1: Face detection:

The resized input face images (refer to Figure 2 (a) for an example) were subjected to enhancements using
gamma correction and contrast-limited adaptive histogram equalization (CLAHE) [42]. Further, the

median filter was used to remove the noise and preserve the edges of the image. The Dlib 68 face landmark
detector was used to detect the face in the input images. Refer to Figure 2 (b).
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(a) (b)
Figure 2. (a) Input face image to the algorithm, (b) Dlib 68 face landmark detector

Stage 2: Eye detection

We performed eye tracking with the help of the DIib 68 face landmark detector for the images where the
face was detected correctly. Left and right eyes were extracted using 36-41 and 42-47 landmarks,
respectively, and each eye separately was pasted onto a mask to remove the effect of eyelids and eyelashes.
Refer to Figure 3 to see the process of eye mask generation. The output of the stage is a segmented eye on

a white mask.

Figure 3. Generating left eye mask using 36-41 Dlib facial landmarks; left: left eye with eye landmarks, right: left eye mask

Stage 3: Thresholding and flood filling algorithm
We used the global thresholding process to binarize the image, and next, morphological operations and

flood-filling operations were applied to the eye mask to reduce the effect of specular reflections and to close

the holes in the iris region. Output from this step is a hole-filled binary image, I;. Refer to Figure 4.

L

Figure 4. Hole-filled binary (left eye) image, Iy

Stage 4: Extracting the coarse iris center

In this stage, Iy was horizontally and vertically scanned separately to find the horizontal and vertical lowest

intensity points on the eye image. The horizontal lowest intensity point is returned as the x coordinate of
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the coarse iris center, and the vertical lowest intensity point is considered the y coordinate of the coarse iris

center. The output of this stage is the coarse iris center coordinates (x., y.). Refer to Figure 5.
N P —
W

Figure 5. Coarse iris center, X, Y. marked (intersection point for the vertical and horizontal lines) on the hole-filled left eye image

Stage 5: Maximum black pixel count and circle fitting

The maximum black pixel count method takes the hole-filled binary image (I), the height of the open eye
(h), and the coarse pupil center (x,y.) as the inputs. Next, our method finds a circle that contains most of
the black pixels while taking different x,,y,, and ry values. At the beginning of the iteration, x,,y,, are
assigned to x.,y. and 1, to 0. For each iteration, it calculates the total black pixel count belonging to the
circle defined by center x,,y,, and radius ry. Then, it records the maximum black pixel count with the

relevant x,, yo, and r, values. Refer to Algorithm 1. Refer to figure 6 to see the final output of the algorithm.
Results and Discussion

Non-learning-based iris localization algorithms remove the barriers of training and annotating bulk data,
high resource usage to train, and operating in real time. Such barriers confine applications in the field of
iris localization since they increase the cost of the system. Non-learning-based iris localization algorithms
bring advantages to many low-cost applications while extending the number of applications in the field.
The proposed algorithm tracks the iris center using a coarse-to-fine scheme. The algorithm is simple, and
it counts the number of black pixels included in a particular circle and decides whether it contains the
maximum black pixel count or not. The proposed algorithm possesses the ability to localize the pupil center
with high accuracy without training or annotating bulk data. Further, it uses resources efficiently and does
not require any GPU for its operation. We evaluated the proposed algorithm using three databases: self-
made dataset, GI4E dataset, and Extended YALE face Database B.

Algorithm evaluation is done using the following evaluation index, and the accuracy is depicted in Table
1. Further, Table 2 shows the performance comparison between current pupil localization schemes and the
proposed method. Where NL refers to non-learning-based algorithms and L refers to learning-based

algorithms.
Evaluation Index

The maximum localized error, e;,,, was calculated as the method proposed by Jesorsky et al., (2001) [43].
The equation to the e,,,, can be defined as below.

max(eper) .
Cmax = + Equation 1
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(¥ B

Figure 6. Final output of the maximum black pixel count algorithm

Where ¢, is the Euclidean distance between the original and the estimated left eye centers and e, is the
Euclidean distance between the original and the estimated right eye centers. D is the Euclidean distance
between the original left and right eyes. ey, is the ratio between the maximum value of absolute

localization errors and the distance between two eyes.
Algorithm Accuracy on Different Datasets

According to the results obtained for our dataset, the algorithm shows its best performance when the
images are taken in a less controlled environment. Similarly, the GI4E dataset returned its accuracy in a
higher range than the extended YALE face Database B.

Table 1. Iris localization accuracy obtained for different datasets

Dataset Sample images €,,,,<0.05 €,,,,50.1 Average frame rate (fps)
Our own dataset 60 96.67% 100% 0.027
GI4E dataset 209 88.04% 98.56% 0.410
Extended YALE face Database B 263 77.57% 94.68% 0.288

Since the extended YALE face Database B was collected under different illumination conditions, the
algorithm is susceptible to that in the thresholding process and recorded less accuracy in iris localization
than the other two databases. However, it recorded more than 75% of maximum localization accuracy <
0.05. Moreover, in some cases, the algorithm can track the pupil center when the user has blue or less dark
irises. According to Table 2, the proposed algorithm’s performance is good while working with

uncontrolled visible spectrum images, and without using a GPU.
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Algorithm MaxBlackPixelCount
Input (Iy,XsYe h)
maxBlackCount=0
for xy in range (x.—20,x.+ 20):
for y, in range (y,—20,y.+ 20):
for ry in range 7h/10:
circle mask =2>Iy(xg, Yo, 70)
black oyn:@ blackpixels (circle mask)
If (maxBlackCount<black oynt) :
maxBlackCount= black yynt
Xcircle = Xo
Yeircle = Yo
radius=r,

return Xgpcrer Yeircier radius

Algorithm 1. Pseudo code of the proposed maximum black pixel count algorithm

Running Time and Computational Complexity

According to the pseudocode given (refer to algorithm 1), the computational complexity of the proposed
algorithm is 0(n?), since it has two “inner for loops” inside the maximum black pixel count algorithm. The
specified time complexity is not good for real-time operations. Further, according to Table 1, we have
mentioned the average frame rate of the given algorithm. It is quite low since the time complexity is quite
high. To use the algorithm in real-time applications, we focus on improving our algorithm while reducing

computational complexity. It is described in the future works section below.

Future works

Even though the accuracy of the proposed algorithm was good, the frame rate is low for real-time iris
localization. Therefore, we expect to improve the performance of the algorithms in terms of frame rate by
combining the proposed method with an extension based on geometry. Further, a new thresholding
process that does not depend on the different illumination conditions will be proposed to increase the iris

localization accuracy.
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Table 2. Performance comparison between current research and the proposed method

Types of
Type of the .
] the GPU Real time
Author algorithm . . . Accuracy
images requirement operation
(NL, L)
used
Ma et al., (2020) NL NIR No No More than 95.00%
Manuri et al., (2020) NL IR, VS Yes No Satisfactory results
Zhang et al., (2020) NL VS Yes Yes Satisfactory results
Aharonson et al., .
NL VS No Yes Satisfactory results
(2020)
Lee et al., (2020) NL IR No Yes 99.77%
Dai et al., (2020) NL VS No Yes More than 84.00%
Navaneethan &
NL IR Yes No More than 98.00%
Nandagopal (2021)
Shi et al., (2021) L NIR Yes No 81.00%
Poulopoulos et al.,
L VS Yes Yes More than 96.00%
(2022)
Lertsiravarameth & )
. L NIR Yes No Satisfactory results
Taeprasartsit (2020)
Wu et al., (2021) L NIR No No 94.80%
Han et al., (2020) L IR Yes No 79.00%
Larumbe-Bergera et
L VS Yes No More than 99.00%
al., (2021)
Proposed NL \'%] No No More than 94.00%
Conclusion

Since the data annotation and training processes in learning-based iris localization algorithms are time-
consuming, therefore, a non-learning-based iris localization scheme is proposed to consume less storage
and eliminate the need to train and annotate a vast amount of data. The proposed algorithm is a coarse-to-
fine scheme for localizing the iris using the maximum black pixel count. The algorithm is validated using
our dataset acquired with a standard Logitech C930E webcam, the GI4E dataset, and the Extended YALE
face database B. The iris localization algorithm shows good accuracy even with low-quality images under

a less controlled visible spectrum and varying illumination conditions.
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