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Resolution and Network Complexity
Though neural network architectures for gaze estimation
vary widely in form and complexity [3, 11, 15], the minimum
required network sophistication for accurately estimating
a viewer’s gaze has not previously been analyzed. For a
camera that is stably fixed with respect to the eye, gaze
direction might be a simple function of the position of iris or
pupil, easily computed by a simple network. However, blinks,
different users, and slippage are common factors that often
challenge such simple algorithms and make a more complex
mechanism necessary. This section examines to what extent
these variations have an effect on the size and complexity of
the neural network required for accurate gaze estimation.

Network Architecture and Training. Our template neural net-
work consists of a variable number of convolutional layers,
followed by a single fully-connected layer that outputs the
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two result values for horizontal and vertical gaze. All convo-
lutional layers use 3×3 kernels and have a stride of 2×2 pixels,
i.e., they approximately halve the image resolution at each
layer. No pooling or padding were used. Motivated by Laine
et al. [9], the output channel count is increased by a factor
of 1.5 at each convolutional layer. The convolutional layers
use ReLU activation, whereas the final fully-connected layer
uses linear activation. Dropout layers [13] with p = 0.1 were
added after each convolutional layer to prevent overfitting.
Finally, when calibrating for multiple subjects, a learned,
per-subject affine transformation is performed as a post-
processing step.
To evaluate how well a trained network generalizes on a

novel subject, we define generalization error as the absolute
error between the test labels and inferred values transformed
according to an optimal affine calibration transform, com-
puted between the set of inferred values and the set of test
labels.
When training, the network weights were randomly ini-

tialized following He et al. [5], and Adam optimizer [8] was
run for 1500 epochs with parameters β1 = 0.9, β2 = 0.99
and ϵ = 10−8. Every minibatch contained 10 images from
each training subject, allowing the minibatch size to vary
between different experimental setups, but keeping the num-
ber of updates to the network constant. Learning rate was
ramped up to λ = 10−3 during the first 10 training epochs,
and ramped down to zero during the last 150 epochs to en-
sure convergence to a local optimum.

Experimental Conditions. There are three conditions, each
of which was characterized by a dataset representing differ-
ent degrees of input data complexity. The first and simplest
dataset consists of data generated using a single synthetic
head model. The distance and rotation between the camera
and the face are constant for all samples and the eye has no
animated blinks. The second and modestly complex dataset
was again generated by using a single synthetic model but in-
cludes randomized blinks and randomized slippage between
the camera and the face for each image sample. The last and
most complex dataset was generated using all 10 synthetic
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Figure 1: Effect of data and network complexity on gaze estimation accuracy. Using our synthetic data, we explore the effect of
complexity in input data on the required amount of information and size of network for accurate gaze estimation. Left, middle, and right
columns are, respectively, when input data consist of 1 subject’s images without simulating slippage and blink, 1 subject’s images with
slippage and blink simulated, and 10 subjects’ images with slippage and blink simulated. Each plot represents a set of gaze estimation
accuracy with a network with certain number of layers. The network yielding the best accuracy in each plot is denoted by a black circle with
its accuracy labelled next to it. The unit of estimation error was degree in visual angle.

head models and included blinks and slippage randomization.
The slippage value is randomly selected within [-0.5, 0.5]
cm around the original camera position in horizontal and
vertical directions with uniform distribution. The pupil size
is uniformly randomized within the normal range (2 to 8
mm) for all the datasets.

In each experimental condition, we trained approximately
150 networks with different degrees of network complexity
and input resolution. The number of convolutional layers
varies from 1 to 6 and, independently, the number of output
channels of the first convolutional layer is varied. As we
grow the number of channels by a fixed factor of 1.5 for each
layer, the total number of activations in the network scales
linearly with respect to the output channel count of the first
layer. Input resolution R is selected among the values that
meet the criterion in Eq. 1, which describes the condition
where every pixel in the input data contributes to the output
for a given stride size s, number of layers l, kernel size k, and
an arbitrary positive integer N.

R = sl × N + (k − s)
sl − 1
s − 1

(1)

Experimental Results. Fig. 1 summarizes the results of our
investigation. Note that the supported minimum resolution
of our network architecture grows with the number of used
convolutional layers due to the criterion of Eq. 1. As expected,
rather shallow network architectures are sufficient for the
simplest case (Fig. 1, left) to perform gaze estimation with
a surprisingly high degree of accuracy. Even a single-layer
network can estimate gaze with less than 2 degrees angular
error. A two-layer network brings the error down to below 1
deg. Increasing the number of convolutional layers improves
accuracy, but the improvement is marginal after 4 layers.
Interestingly, higher input resolution was not helpful for the
simple single subject case.
The middle plots in Fig. 1 show the results for modestly

complex dataset (1 subject with slippage and blink). Note
the dramatic increase in the estimation error in shallow net-
works. In this case, we need at least 5 convolutional layers
in order to get down below 2 deg of estimation error. Such
complex network architecture is probably required for deal-
ing with the complexity in input induced by the simulated
slippage and blink. As before, higher resolution input does
not guarantee improvement in estimation accuracy.
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Finally, the right plots in Fig. 1 show the result from the
most complex dataset (10 subjects with slippage and blink).
Note that we report generalization error in this condition. As
for a single subject with slippage and blink, we clearly need
a more complex architecture for an accurate gaze estimation.
The best network configurations are quite consistent as in the
single subject condition when the number of convolutional
layers are small. However, deeper networks benefit from
high input resolutions more than in the previous test.
We conclude from our investigation that a multi-layer

convolutional network with high feature count is necessary
to become robust to realistic challenges such as slippage
and blinks. A shallow network architecture can accurately
perform gaze estimation only when there is not much vari-
ation in input (e.g. no slippage or blinks). More channels
in each convolutional layer generally improve results, sug-
gesting a trade-off between performance and computational
resources. However, increasing the input resolution does not
guarantee improvement in accuracy; we advise choosing
the optimal resolution through experiments. We hope our
synthetic dataset is helpful in executing such experiments.
A good reference for computational complexity analysis

in terms of FLOPS and milliwatts can be found in Zemblys
et al. [18].

Synthetic Dataset Evaluation
In addition to the evaluation in the main manuscript, we ad-
ditionally compared our network trained on the UnityEyes
model of Wood et al.’s [16] with rasterized images and path
traced images generated from our anatomically-informed
extensions to the SynthesEyes model of Wood et al. [17],
holding both resolution and number of images (1M) constant.
In this experiment, path tracing the images and improved
anatomical accuracy decreased the generalization error from
3.7◦ to 3.1◦ when validated on real images. This result pro-
vides additional evidence of the superior performance of
our proposed synthetic model for the task of near-eye gaze
estimation under IR lighting.

Pupil Localization: Training
The network architecture is equivalent to the gaze estimation
experiment, except that we use 7 convolutional layers as
shown below.

Layer index 1 2 3 4 5 6 7
Kernel size 9×9 7×7 5×5 5×5 3×3 3×3 3×3
Output channels 24 36 52 80 124 256 512

We perform various augmentation steps during training as
we did for the gaze estimation network, making a subset of
our synthetic data sufficient for convergence of our network.
We use a resolution of 293x293 as input for pupil location

estimation and always rescale the input to this resolution
using bicubic filtering.

We train on 80% of all dataset samples for 150 epochs using
Adam [8] with parameters β1 = 0.9, β2 = 0.999 and ϵ = 10−8
and use the remaining samples for testing. The learning rate
is kept at λ = 10−4 until a fairly long ramp-down to zero
during the last 50 epochs. There is no learning rate ramp-up.

Our augmentations are as follows:
First, we transform the image and label using a random affine
transformation (translation up to 50 pixels, rotation about
origin up to 10°, rescale with a randomized factor within
the range [0.9,1.5]) while making sure that pupil location is
within a reasonable range of [0.1,0.9] of horizontal and verti-
cal image size. Second, we apply pixel-wise intensity noise
with a maximum offset of ±10 (probability p=0.5). Third, we
apply a global intensity offset of ±40 (p=0.5). Fourth, we ap-
ply Gaussian filtering with σ ∈[0.6,1.6] and kernel size of 7
(p=0.5). Fifth, using bicubic filtering we apply random shrink-
ing with a scale factor s ∈[0.25,1.0] followed by upscaling
again to the full input resolution (p=0.5). Sixth, to simulate
environment reflections in the eye we randomly overlay the
image with images out of 326 natural photographs from the
dataset published in [7] (p=0.25). Before blending, the typi-
cally larger overlay image B is converted to grayscale and
randomly cropped the eye image resolution. For eye image E
and a randomly chosen opacity value o ∈ [0.1, 0.2] we use a
soft blending function (1− ((1− E) ∗ (1−B))) ∗o + E ∗ (1−o)
and clip the resulting pixel intensities to a maximum of 255.
Seventh, we apply histogram equalization implemented in
OpenCV [1]. As a last step, we rescale the image intensi-
ties to a range of [-1,1] and randomly shift the mean about
±0.15 and the min and max intensities about ±0.1. During
inference of test images only histogram equalization and
normalization to [-1,1] are applied.

Pupil Localization: Comparison to previous methods
We compare performance of our network for pupil center
detection against Park et al. (Fig.6 on the PupilNet datasets
from Fuhl et al. (Fig.2,3,4,5; Table 1,2).

Our comparison shows performance of each approach as
a percentage of samples within a give pixel range of values
from 0.1–15, increasing by 0.1 pixels at each step. To measure
Park et al’s approach, we used their pretrained network with
an input resolution of 180x108. To make the most charitable
comparison, we cropped images from the PupilNet dataset
in a 180x108 crop centered on the pupil position label and
clipped to the edges of the image. This approach provides
the highest resolution possible and the clearest pupil image,
thus ensuring the best performance of Park et al.’s method
on the PupilNet dataset.
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Dataset ElSe[4] ExCuSe[2] Fuhl et al.[3]
SK8P8

Fuhl et al.[3]
FCKX PY

Fuhl et al.[3]
FSKX PY

Park et al.[12] Ours

I 0.86 0.72 0.77 0.78 0.82 0.35 0.76
II 0.65 0.40 0.80 0.79 0.79 0.65 0.78
III 0.64 0.38 0.62 0.60 0.66 0.40 0.87
IV 0.83 0.80 0.90 0.90 0.92 0.72 0.92
V 0.85 0.76 0.91 0.89 0.92 0.42 0.95
VI 0.78 0.60 0.73 0.78 0.79 0.60 0.94
VII 0.60 0.49 0.73 0.80 0.73 0.39 0.78
VIII 0.68 0.55 0.84 0.83 0.81 0.47 0.91
IX 0.87 0.76 0.86 0.86 0.86 0.41 0.76
X 0.79 0.79 0.80 0.78 0.81 0.53 0.88
XI 0.75 0.58 0.85 0.74 0.91 0.77 0.73
XII 0.79 0.80 0.87 0.85 0.85 0.61 0.85
XIII 0.74 0.69 0.79 0.81 0.83 0.66 0.74
XIV 0.84 0.68 0.91 0.94 0.95 0.53 0.93
XV 0.57 0.56 0.81 0.71 0.81 0.35 0.88
XVI 0.60 0.35 0.80 0.72 0.80 0.65 0.86
XVII 0.90 0.79 0.99 0.87 0.97 0.66 0.96
XVIII 0.57 0.24 0.55 0.44 0.62 0.08 0.85
XIX 0.33 0.23 0.34 0.20 0.37 0.19 0.68
XX 0.78 0.58 0.79 0.73 0.79 0.31 0.85
XXI 0.47 0.52 0.81 0.67 0.83 0.25 0.91
XXII 0.53 0.26 0.50 0.52 0.58 0.30 0.82
XXIII 0.94 0.93 0.86 0.87 0.90 0.87 0.88
XXIV 0.53 0.46 0.46 0.55 0.55 0.30 0.71
New I 0.62 0.22 0.69 0.56 0.69 0.31 0.69
New II 0.26 0.16 0.44 0.35 0.45 0.08 0.69
New III 0.39 0.34 0.45 0.44 0.49 0.21 0.74
New IV 0.54 0.48 0.83 0.77 0.82 0.34 0.92
New V 0.75 0.59 0.78 0.76 0.81 0.25 0.88
Average 0.67 0.54 0.74 0.71 0.76 0.44 0.83

Table 1: Five pixel error on PupilNet dataset. We estimate the probability of finding the pupil within a distance of max. 5
pixels with respect to the ground truth label of the 384x288 input images. Values are estimated using our 293x293 network
images rescaled to 293x293. Images for Park et al.[12] are cropped to 180x108 as described in the text. Other values are directly
copied from original PupilNet paper by Fuhl et al. [3].
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Pixel
Error

Starburst
[10]

384x288

SET
[6]

384x288

Swirski
[14]

384x288

ExCuSe
[2]

384x288

ElSe
[4]

384x288

Fuhl et al.
[3]

FCKX PY
384x288

Fuhl et al.
[3]

FSKX PY
384x288

Park et al.
[3]

cropped
180x108

Ours
384x288

Ours
293x293

0 0 0 0 0 0.01 0 0.01 0 0 0
1 0.007 0.0278 0.0528 0.108 0.1306 0.105 0.1287 0.01284 0.1040 0.1296
2 0.03 0.0853 0.1548 0.2959 0.3693 0.2945 0.3477 0.09298 0.3295 0.3963
3 0.06 0.148 0.2343 0.4376 0.541 0.499 0.5564 0.19988 0.5565 0.6304
4 0.09 0.1849 0.2757 0.5045 0.6236 0.6279 0.6856 0.35068 0.7259 0.7876
5 0.115 0.2068 0.3012 0.5418 0.6709 0.7059 0.7671 0.43719 0.8308 0.8736
6 0.135 0.2159 0.318 0.5656 0.6973 0.7481 0.7991 0.48127 0.8910 0.9218
7 0.151 0.2229 0.3348 0.5824 0.717 0.7709 0.8225 0.52939 0.9282 0.9532
8 0.162 0.2279 0.3463 0.5933 0.7307 0.7857 0.8367 0.59343 0.9528 0.9719
9 0.173 0.231 0.3599 0.6034 0.742 0.7961 0.8465 0.67657 0.9708 0.9848
10 0.1819 0.2324 0.3694 0.6113 0.7502 0.8028 0.854 0.71770 0.9829 0.9931
11 0.1891 0.2332 0.3794 0.6187 0.756 0.8052 0.8589 0.73676 0.9906 0.9952
12 0.1965 0.2349 0.3888 0.6248 0.7606 0.8067 0.8624 0.75653 0.9950 0.9963
13 0.205 0.2368 0.4005 0.632 0.7637 0.8101 0.8652 0.78478 0.9972 0.9971
14 0.21 0.237 0.4093 0.6384 0.7689 0.8143 0.8679 0.81807 0.9975 0.9977
15 0.215 0.24 0.4171 0.6406 0.7738 0.8167 0.8711 0.83605 0.9978 0.9979

Table 2: Average Pupil Tracking Error on PupilNet dataset. The average pixel error distribution is given for our network
and other pupil trackers. Error is computed with respect to the given input resolution. PupilNet images have native size of
348x288. For fair comparison to Park et al. we crop the image to the network input size of 180x108. Crop is performed as
centric as possible to the ground truth pupil location. No rescaling of image is performed. For our network we rescale the
image to 293x293 and compute the error with respect to 384x288 as well as 293x293. The results show that our network is
performing better even with respect to 384x288 although inference is only using 293x293 input.
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Figure 2: Average Pupil Tracking Error on PupilNet dataset with respect to 384x288 input image resolution. Our 7-layer 293x293
pupil tracking network provides consistently high accuracy and exceeds previous work in terms of robustness. Please consider explanation
in Table 2 for details on the shown values.
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Figure 3: Pupil Tracking Error per individual dataset of PupilNet. Input rescaled to 293x293 for our pupil tracking
network. Error computed with respect to original dataset resolution of 384x288 pixels.
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Figure 4: Average Pupil Tracking Error on PupilNet dataset with respect to native network resolution. Results shown for our
7-layer 293x293 pupil tracking network. Please consider explanation in Table 2 for details on the shown values.
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Figure 5: Pupil Tracking Error per individual dataset of PupilNet. Input rescaled to 293x293 for our pupil tracking
network. Error computed with respect to the same resolution (293x293).
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Figure 6: Park et al. Average Pupil/Iris Tracking Error on PupilNet dataset with respect to dataset resolution. Re-
sults shown for 180x108 network of Park et al. for Pupil/Iris Center Tracking. Please consider explanation in Table 2 for details
on the shown values.
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for Low-Latency, Near-Eye Gaze Estimation CHI 2019, May 4–9, 2019, Glasgow, Scotland UK
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Figure 7: Successful pupil estimation using 7-layer network with 293x239 input resolution. The dataset includes challenging cases
such as bad lighting conditions, occluded and partly occluded pupils, head motion, mascara darkening eye lashes, refraction and reflections
off glasses and contacts. The estimated pupil location is shown in red.
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Figure 8: Augmentation samples for pupil estimation network. Image augmentations include rescaling, affine transformation, bright-
ness and contrast variation, gaussian noise, randomly overlayed images. The estimated pupil location is shown in red.
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Figure 9: Limiting samples for pupil estimation network. Pupil estimation failed due to insufficient pupil visibility. The estimated
pupil location is shown in red.
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Figure 10: Eye Capture Hardware setup. Top row: The mounted AR glasses setup used for the first real dataset includes beam splitters
to enable the on-axis view for the binocular eye tracking cameras. The infrared lighting units is driven by an Arduino microcontroller to
enable temporally varying lighting conditions.The face mask stabilizes the user’s head during the capture experiment. The overall geometric
setup is also used for generating the rendered synthetic dataset. Bottom row: Custom VR headset based on Samsung GearVR and Pupil
Labs cameras. The headset is used for creating the off-axis eye image dataset. The headset includes clips attached to the lenses to hold the
binocular eye cameras and infrared LEDs in place.
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Figure 11: Shader graph of skin material for Cycles renderer in Blender.
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Figure 12: Shader graph of sclera material for Cycles renderer in Blender.
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Figure 13: Shader graph of cornea material for Cycles renderer in Blender.
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