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Abstract. The locations of the eye pupil centers are used in a wide range of
computer vision applications. Although there are successful commercial eye
gaze tracking systems, their practical employment is limited due to required
specialized hardware and extra restrictions on the users. On the other hand, the
precision and robustness of the off the shelf camera based systems are not at
desirable levels. We propose a general purpose eye pupil center estimation
method without any specialized hardware. The system trains a regressor using
HoG features with the distance between the ground-truth pupil center and the
center of the train patches. We found HoG features to be very useful to capture
the unique gradient angle information around the eye pupils. The system uses a
sliding window approach to produce a score image that contains the regressor
estimated distances to the pupil center. The best center positions of two pupils
among the candidate centers are selected from the produced score images. We
evaluate our method on the challenging BiolD and Columbia CAVE data sets.
The results of the experiments are overall very promising and the system
exceeds the precision of the similar state of the art methods. The performance
of the proposed system is especially favorable on extreme eye gaze angles and
head poses. The results of all test images are publicly available.

1 Introduction

Accurate estimation of the eye pupil center locations is crucial for many applications
such as eye gaze estimation and tracking [1], human-machine interfaces [2], user
attention estimation [3], and controlling devices for disabled people [4]. There are
several types of methods for pupil center localization. One of these types uses
specialized hardware such as head-mounted devices [5] or multiple near-infrared
cameras [6]. These methods estimate the center accurately but they are expensive,
uncomfortable, intrusive, and generally require a calibration stage. Furthermore, the
systems based on active infrared (IR) illumination are less robust in daylight
applications and outdoor scenarios.

Recently, appearance based pupil center localization methods, which need only
webcam type cameras, started addressing the above problems. These techniques can
roughly be divided into three categories [7]: model-based methods [8] [9] [10],
feature-based methods [11] [7], and hybrid methods [7] [12]. The model based
methods use the holistic appearance of the eye to estimate the centers. These
approaches often use classification or regression of a set of features or fitting of a



learned model to estimate the location of the pupil centers [7]. Hamouz et al. [8] use
Gabor filters to localize features, including eye corners and pupil centers. They
generate face hypotheses in the affine space by using feature triplets. Finally, an
appearance model is applied to pick out the best among the pre-selected face
hypotheses. Markus et al. [10] describe a method for pupil location estimation based
on an ensemble of randomized regression trees. This method employs the human
body part segment classification method of MS Kinect [13] which uses difference of
random pixels around the pupil center. Our proposed regression method, on the other
hand, employs Support Vector Regressor (SVR) technique, which is known to be
precise in terms of localization of structures [14]. Our employment of HoG [15]
features also helps us take advantage of the rich image gradient angle information
around the eye regions.

Feature based methods do not use any learning. They employ eye properties to

detect candidate pupil centers from local image features (e.g. corners, edges,
gradients). Timm et al. [11] propose an approach based on the analysis of image
gradients. They define an objective function that expects the intersection of all the
gradient vectors on the pupil center. Although, this method also uses image gradients
like our method, our employment of gradient information involves model training
which makes our system more robust for head pose and eye gaze changes.
The hybrid methods collect pupil center location candidates using feature based
methods. Model based methods are employed to select the optimal values among the
candidates. Valenti et al. [7] use the curvature of isophotes as image features to design
a voting scheme for pupil localization. They later combine this information with the
extracted SIFT [16] vectors for each candidate location and match it with examples in
a database to obtain the final decision.

In this paper, we propose a new model based approach for accurate and robust
pupil center localization on images supplied from a monocular camera system. We
argue that the gradient angle information around the eye pupil region has a unique
signature (see the extracted HoGs in Fig. 1 and Fig. 3) and employing HoG technique
as the basic feature extraction tool should capture this information. Classically, HoG
features are used with binary classifiers to detect objects such as pedestrians [15],
which is not suitable for accurate pupil center detection. Instead of using binary
detectors, given the HoG vector of an image patch, we feed this information to an
SVR [17] to estimate the distance between the patch center and the pupil center. This
approach eliminates overlapping positive patches problem of binary classifiers and
each image patch contributes towards the position estimation of the pupil center. The
estimated distances to the pupil center from image patches are used in a polynomial
curve fitting approach to obtain an accurate pupil center estimation. The resulting
pupil center estimation system is both very accurate and robust against extreme head
positions and eye gaze angles. We employed the output of this work for an iterative
pupil center refinement framework and presented the general architecture of the
system in a paper [18]. Note that there are studies that employ HoG features to detect
the eye regions on face image such as, [19], [20]. Our task of pupil detection uses
similar HoG features but our system is based on regression methods that measures the
distance to pupil center for each patch candidate which makes our system more
precise.
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Fig. 1. Training stage of the proposed method.

The rest of the paper is organized as follows: Section 2 describes the proposed
method; in Section 3 experimental results are reported and compared with the state of
the art algorithms presented in the literature; Section 4 draws the conclusions of our
work.

2 Method

The proposed system consists of two phases: training and testing. To train the model
(Fig. 1), we use k training windows around the eye regions (T, T,,...., Tx). The
window sizes are chosen much larger than the eye region to make the final trained
regressor robust against eye detector errors. About 30 patches (Pf*, P}, ....P3y) are
randomly sampled from each T,,. The sizes of these patches are 96 x 96.

Suppose patch P, contains the pupil center at the patch center (such as PJ' in
Fig. 1). We like to learn a function y(.) such that y(f(Py)) produces maximum
value where f is a function for extracting feature vectors from the image patches.
The value of the function y decreases proportional to the Euclidian distance between



the patch center and the pupil center. For example, y(f(P3y)) would produce the
smallest value and y(f(P3")) would produce the largest value for the patches of Fig.
1. We propose to learn the function y using the SVR method. To train the SVR
model, we need input patterns, which are the image features produced by the function
f. In our case, the function f produces HoG vectors for the given patch. SVR
training also needs the targets for each input pattern. To provide this target data to the
SVR model, we calculate the Euclidian distance djf between the center of the patch
P and the pupil center. The calculated distance values are fed to an exponential
function t (Equation 1) whose values rapidly increase around the pupil centers (see
the exponential function in Fig. 2.), which makes the overall localization problem
more accurate [14].

dr if dn

t(d;}) _ {ea(l—P—g> -1 lf dr < PS (1)
0 otherwise,

where a > 0 is a constant that controls the exponential increase rate. PS is taken
proportional to the patch size and it is used for producing value of zero if the distance
d? is larger than the patch. We observed that training a polynomial SVR model with
the target values from function t (instead of dIf) produces much better results for the
task of pupil center detection.

At(dh)

Fig. 2. The functions to generate labels against image patches.

The function f takes an image patch B and produces HoG vector PH;*. Finally,
the vector W, is formed by combining the input pattern PH;* with the target t(d}).
The SVR model is trained with all V* vectors, where n=1,2,..,k and r =
1,2,..,30. The proposed work trains only one regressor model for both eyes by
flipping the left eye horizontally to make it act like the right eye. Based on our
experiments, we observe that using a third degree polynomial kernel for the regressor
outperforms alternative kernels.



Given a testing image I, first approximate face and eye positions are obtained
(Fig. 3). There are many good face and eye detectors in the literature and our method
can work with any of them such as [21]. We fix the size of the pupil center search
areas (Fig. 3, E; and Ejy) proportional to the detected distance between the left and
right eyes. The eye region E, is scanned to produce sliding windows S to S,
where m is the number of sliding windows in eye region E;. Each sliding window
SI* is scaled to 96 x 96 pixels similar to the scaling process done in the training
phase. We then produce the HoG vector SH* for each S['. The vector SH]* is fed to
the trained SVR to produce the estimated exponential distance to the pupil center for
each S['. The same process is repeated for the other eye region Eg. A score image is
formed by using the regressor results which visually shows where the pupil centers
are located (Fig. 3).

We employ a two stage approach for the scanning window process. First, we start
from the top-left corner and slide the window by skipping 5 pixels. The regressor
response is calculated for each sliding window S. The maximal response areas are
then scanned again with 1 pixel window skipping. Thus, we reduce the search time
considerably. For the final estimation, our method selects the best 20 positions on the
score image. Second degree polynomials are fit around these maximal points on the
score image. We calculate the zero value of the first derivative of the polynomials to
find the pupil center. Our task of estimating the pupil centers is for both eyes, thus we
run a special algorithm that finds the pupil centers of both eyes simultaneously. Out of
the best 20 positions on the score image of both eyes, we chose the best combination
that produces best total score within a minimum and maximum Euclidian separation.
As a result, eye centers that have too close or too far positions are eliminated.
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Fig. 3. Test stage of the proposed method.



3 Evaluation

For the first set of validation experiments, we have chosen the BiolD database [21],
which has a challenging set of images for pupil center estimation. It consists of more
than 1500 gray level face images of 24 subjects taken in different locations and times,
which cause variable illumination conditions. Additionally, several subjects are
wearing glasses. The eyes of some subjects are closed and sometimes there are
shadow effects around the eyes. In a few images, strong reflection on the glasses
causes invisible pupils. The image resolution (286x384) is equal quality of a low-
resolution camera. The centers of the both eyes are hand marked in the dataset. We
use these eye centers as the eye detection results for this experiment. The experiments
are performed using leave-3-person-out cross validation method, i.e., the system is
trained with images of 21 persons, tested with 3 persons, and this process is repeated
using different person combinations until all the images in the set are tested. This
method guarantees no person is included both in the training and testing set. We also
repeated the same experiment with 10-fold cross validation method, which might
include very similar face images in both training and testing phases.

To measure the accuracy for the estimated pupil centers, the normalized error is
evaluated. This measure was proposed by Jesorsky et al. [22] and is defined as

o< max (e, eg) @
d

where e; and ey are the Euclidean distances between the estimated and the ground-
truth pupil centers for the left and right eyes, respectively. d is the Euclidean distance
between the ground-truth pupil centers. Approximately, an error of e < 0.25
corresponds to distance between the pupil center and the eye corners, e <0.1
corresponds to the diameter of the iris, and e < 0.05 corresponds to the diameter of
the pupil [12]. We argue that more accurate pupil center localization methods should
produce values smaller than 0.05. Table 1 compares our normalized results with the
results of other known methods. As can be seen from the data, our method achieves
best error rates for two categories and matches the best method for the third error
category. Since the other methods did not report their cross validation details, we
report our results for both leave-3-person-out and classical 10-fold cross validation.
We should note that our search windows around the pupils are much larger than other
methods to eliminate any problems due to eye region detection errors. If the employed
eye region detectors are robust, then the search regions can be kept smaller to achieve
better performance due to reduced search space. The first two rows of Fig. 4. show
some of our results on BiolD data set. The last column shows failure cases. The
results of our system different data sets are available publicity at the project page [23].

For the second set of validation experiments, we evaluate our system on the
Columbia gaze dataset, CAVE [24]. It contains high-resolution (5184x3456 pixels)
images of 56 subjects each looking at 21 different positions that require a wide range of
eye gaze positions. In addition to different eye gaze angles, the subject heads take one of
the five head poses. We manually marked the pupil centers for 300 images, which
involve nominal and extreme eye gaze angles and head poses, and report our results for
10-fold cross validation. We also run the system of [11] with the publicly available code



on CAVE set. Table 2 compares our results with the results of [11]. Although [11]
performs worse on this dataset due to very extreme head poses and eye gaze angles, our
system takes advantage of the extra resolution to produce much better results.

Table 1. Comparison of the normalized error on the BiolD set.

Method e < 0.05 e<0.1 e <025
Our Results (leave-3- person-out) %92.2 %97.7 %99.6
Our Results (10-fold validation) %94.7 %98.7 %99.7
Markus etal. p =31 [10] %89.9 %97.1 %99.7
Tim et al. [11] %82.5 %93.4 %98.0
Valenti et al [7] hybrid. %86.1 %91.7 %97.9

Table 2. Comparison of the normalized error on the CAVE set.

Method e < 0.05 e< 0.1 e< 0.25
Our Results (10-fold validation) %98.3 %99.3 %100
Tim et al. [11] %74.7 %78.0 %83.7

For the third set of experiments, we employed a face and eye detector to find the
initial eye positions instead of the hand marked positions provided by the datasets. This
is the standard practice with the other state of the art methods. The well-known face
detection algorithm Viola&Jones [25] is used for this purpose. If the face and eye
detector is successful, then we find the pupil centers. Otherwise, we do not estimate the
pupil center. Since the face and eye detectors fail on bad images, the success rate of
pupil detectors are higher for this experiment. In test stage, leave-3-person-out and
classical 10-fold cross validation is followed like the first test strategy. As can be seen
the Table 3, better performance is achieved than the using the full dataset. Generally,
non detected face images contain the extreme head pose, profile face, or occluded
scenario. These situations mostly cause to increase detection error for the first two
experiments and decrease the error for the third experiment.

Table 3. Comparison of the normalized error on the detected face images in BiolD set.

Method e < 0.05 e< 0.1 e < 0.25
Our Results (leave-3- person-out) %97.5 %99.6 %99.9
Markus etal. p = 31 [10] %89.9 %97.1 %99.7
Tim et al. [11] %82.5 %93.4 %98.0
Valenti et al [7] hybrid. %386.1 %91.7 %97.9

In order to show the characteristics of the proposed method on nominal and
extreme cases, we show the normalized error versus accuracy graph of the CAVE
experiments in Fig. 5. As expected our method and [11] show similar performances as
the BiolD set on nominal cases. However, the performance of [11] drops significantly
for extreme cases while our results stays at good levels.

The third and fourth rows of Fig. 4. show some of our results on CAVE data set.
The last column shows failure cases. There are two main reasons for the failures
whose score images are shown in Fig. 6. First, for some cases, our score images do



not produce the correct positions of the eye pupils, which may indicate a training set
problem. If the training set includes more closed eye lid examples or glass subject
examples, our training could reflect the real world cases better. Second, for some
cases, although the score images produce the correct positions, our simultaneous pupil
estimation method fails, which suggests we may need a more sophisticated combined
pupil estimation method.

Fig. 4. First and second rows: our results on BiolD, third and fourth row: our results on CAVE.
The last column shows the failure cases. Plus marks show the ground truth, cross marks show
the estimated pupil positions.
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Fig. 5. Proposed method versus [11] on the CAVE set.
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Fig. 6. First row: the failure cases, second row: score images generated from the failure cases.
Cross marks show the estimated pupil positions.

4  Conclusions

We propose an appearance based approach to estimate the eye pupil centers
accurately and robustly by using a Support Vector Regressor. Our method extracts
HoG features from the candidate eye patches and estimates the distance of the patch
center to the pupil center. The HoG features can take advantage of the gradient
direction information around the eye region especially with good resolution images.
As a result, our method is more suitable for pupil center localization for the eye gaze
angle estimation. The experiments performed on the standard datasets show the
effectiveness of the proposed method. For the future work, we plan to make our
method faster by using a steepest ascent algorithm on the regressor function results
that moves towards the pupil center. It is also possible to make our system faster by
running parallel threads for each sliding window patch, which are independent of each
other.
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