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Pupillary diameter monitoring has been proven successful at objectively measuring cognitive load that might otherwise
be unobservable. This paper compares three different algorithms for measuring cognitive load using commodity cameras.
We compare the performance of modified starburst algorithm (from previous work) and propose two new algorithms: 2
Level Snakuscules and a convolutional neural network which we call PupilNet. In a user study with eleven participants, our
comparisons show PupilNet outperforms other algorithms in measuring pupil dilation, is robust to various lighting conditions,
and robust to different eye colors. We show that the difference between PupilNet and a gold standard head-mounted gaze
tracker varies only from -2.6% to 2.8%. Finally, we also show that PupilNet gives similar conclusions about cognitive load
during a longer duration typing task.
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1 INTRODUCTION

Pupillary monitoring is a well-established tool used in psychology for measuring stress, emotional arousal,
cognitive load, and a number of different factors objectively. Pupillary monitoring is used in varied scenarios
because pupillary diameter is controlled by the automatic nervous system. The automatic nervous system is
involved in a number of behavioral operations of the body. Thus, when behavioral stimulus exhibits in the
autonomic nervous system, dilations and constrictions of the pupil can also result. For example, stimuli that
exhibit sexual arousal [44] or stress [24] can dilate the pupil independently of the amount of environmental
lighting. In his seminal work, Kahneman demonstrates pupillary monitoring can objectively measure cognitive
load—pupillary diameter increases during high cognitive load and decreases when those tasks are finished
processing. This phenomenon is known as task-evoked pupillary response [7, 9]. Monitoring pupil dilations,
then, can help machines to understand when an individual is experiencing high cognitive load. To be sure,
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pupil monitoring is an extremely coarse measure of the thought process for an individual, but can serve as a
physiological indicator that a variety of behavioral processes might be occurring. In this way, pupillary monitoring
can be seen as another tool for cognitive, affective, and contextual computing.

In our previous work, we piloted experiments showing that sub-millimeter pupil dilations can be tracked from
commodity web-cameras and smartphone cameras [42, 43]. The ultimate goal was to characterize whether pupil
monitoring from commodity cameras was feasible in day-to-day ubiquitous applications, such as while commonly
interacting with a smartphone. However, many research questions remained including evaluations in different
lighting conditions and with different levels of common occlusion expected from using a forward facing mobile
phone camera. Furthermore, our pilot experiments only ascertained pupil dilations for one specific task (difficulty
of memorization) and did not perform well on individuals with darkly colored eyes. It was unclear how to apply
these measures of pupil dilation in longer duration, more cognitively complex tasks, such as when an individual is
learning. This paper dramatically extends the analysis of our original work to include more systematic evaluation
of pupil monitoring in different lighting, occlusions, and more realistic situations. Furthermore, we present
methods for analyzing pupil dilation when individuals practice typing, which is a longer duration and cognitively
more complex task. Because of the complexity of our evaluation, we completely redesigned the algorithms in our
original work, incorporating convolutional neural networks that extract pupil response from low-resolution RGB
images of the eyes. Because the new system is markedly different from our original design (called PupilWare), we
change its name to PupilNet. We outline our contributions for PupilNet as follows:

e The PupilNet algorithms, which use convolution neural networks to extract pupil size from the forward
facing camera of a mobile tablet.

e An evaluation of PupilNet in a human subject study approved by the SMU institutional review board. Our
evaluation investigates lighting conditions and occlusion while individuals conduct a memorization task
(23]

e An evaluation of PupilNet as to whether the system requires personalized calibration or if a general model
of pupil dilation can be created.

e Algorithms for monitoring pupil dilation to infer typing ability. To the best of our knowledge, this is one of
the first investigations of monitoring pupil dilation in longer duration, more cognitively complex task.

Our results show that PupilNet performs similarly to a head worn eye tracker and is robust to changes in
lighting variation and eye color. We show that the difference between PupilNet and a gold standard head-mounted
gaze tracker varies only from -2.6% to 2.8%.

2 PUPILLARY RESPONSE AND COGNITIVE LOAD

William Shakespeare once wrote that “the eyes are the windows to the soul” This famous quote was based mostly
on intuition. Most anyone in most any culture can attest that the eyes of a person intuit emotion. However, the
exact phenomenon is hard to explain. Modern psychology might rephrase Shakespeare’s words to be “the eyes
are a complicated mechanism that connects to many functional areas of the nervous system, revealing behavioral
cues through subtle and overt changes which engineers might describe as noise” In this way, pupillary monitoring
is the ubiquitous computing equivalent of infrastructure mediated sensing [39]. The infrastructure that we want
more information about is the nervous system (i.e., the user) and the point of mediated sensing is the pupil, which
has a complex relationship with the underlying processes of the nervous system. As we concentrate, focus, relax,
become aroused, and generally think, noise manifests on the pupil. While we cannot explain every artifact, we
can map many pupillary responses to different processes of the brain.

Pupillary diameter has a strong correlation with tonic activation of the Locus-Coeruleus-Norepinephrine(LC-
NE) system [4]. Essentially, this means that the pupil fluctuates in size with the constant excitation of low-level
brain function. The LC-NE is responsible for the modulating of signals that enter the neocortex, which is why the
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LC-NE is hypothesized to control reward-seeking behavior, cognitive processes, and arousal [3, 10, 22]. Although
a direct link between these phenomena and the responses of the LC-NE is unclear, a growing body of evidence
supports the notion that a relationship exists. For example, the LC-NE is hypothesized to regulate arousal and help
to focus attention through supplying norepinephrine to the pre-frontal lobe which neuroscientists believe is the
center of executive function. This is exciting because it means such high level “thought” functions might partially
manifest through the LC-NE and generate changes in the pupil. Therefore, we argue that measuring the pupil
reliably in day-to-day scenarios could be used to augment a wide variety of affective sensing and context-aware
applications. While this scenario might seem a distant use case, a number of pupillary response characteristics
in response to external stimuli are well understood by the neuroscience and psychology communities [49]. To
orient the reader to this community, we shift our focus to the tools employed in these experiments.

2.1 Tools for Pupillary Monitoring

The simplest measurement of pupil size can be captured with a pupillary diameter chart—a cylinder with printed
circles in sizes ranging from 2 mm to 9 mm. A user subjectively compares the size of a subject’s pupil to each
circle. While this method is cheap and simple, it cannot readily capture changes in pupil size in response to
stimulus from physiological experiments (about 0.25-0.5 mm changes).

The most accurate measurement of pupillary response is through a medical device known as a “pupillometer”
A pupillometer can refer to two different devices. In our context, we refer to the monocular device that measures
pupil dilation. This device covers the eye with a silicon cylinder and bathes the eye in infrared light. This infrared
light uniquely illuminates the iris versus the pupil. The pupillometer provides the average and standard deviation
of pupil diameter over a short period (2-4 seconds). This device is commonly used by ophthalmologists for eye
exams and other diagnostic purposes such as detecting neurosyphilis. Nonetheless, the measurement time is
typically too short for measuring cognitive load and these devices typically cost upwards to $5000 USD.

Infrared-based eye trackers have become the device of choice for most modern pupillary monitoring experi-
ments. The work of Klingner et al. has been instrumental in establishing the idea that IR gaze trackers are reliable
measures of pupillary response for cognitive load monitoring [30]. Gaze trackers commonly come in two types:
remote and head mounted. Both use infrared light sources to increase contrast between pupil and iris. Gaze
trackers typically do not inhibit the user’s movements and therefore can be used to track pupil size in a number
of different scenarios. Moreover, with the advent of mobile, glasses worn eye trackers, a number of experiments
can be carried out in ambulatory or driving scenarios. While gaze trackers can be expensive (for example, mobile
eye trackers are typically upwards of $10,000 USD) and are not suitable for measuring pupil size in day-to-day
applications, they are excellent choices for laboratory studies in pupil dilation. In our experiments, we employ a
TobiiPro glasses 2 which retails for about $12,000 USD and can be used in ambulatory settings as well as streamed
to a mobile device. We use this functionality in our testing to collect ground truth pupil size concurrently with
user-facing video in a synchronized manner from our tablet application.

Various experiments exist relating pupillary response with different stimulus and different behaviors. These
experiments include traditional cognitive load (task-evoked) experiments, such as digit span tasks and target tests,
as well as more recent experiments such as monitoring driver fatigue [2] and interruptibility in human-computer
interaction [20, 33]. These experiments are typically carried out using mobile, head-worn gaze trackers. While a
survey of the experiments in the field is out of the scope of this paper, the interested reader can find summaries
and examples in [9, 14, 25, 32, 37, 43, 49].

Pupillary response is sensitive to both internal and external stimulus [49]. The most prominent external
factors are lighting and eye fixation distance. In fact, lighting and eye fixation can change pupil diameter by as
much as 9 mm independently [9]. Because of these external factors, most experiments use time-locked, short
duration analysis to keep changes in pupil dilation more easily interpretable. In the future, we anticipate analysis
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of longer duration pupillary response will be used to interpret more complex behaviors. To be competitive,
then, PupilNet must also have the ability to measure pupillary response in these longer duration scenarios. To
understand if PupilNet can measure these longer duration responses properly, we carry out a non-time locked
typing experiment, comparing the pupil response inferred by PupilNet and the ground truth eye tracker.

When comparing the usability of PupilNet and a gaze tracker for pupillary monitoring, the major benefit of
using a web camera is that it is much more pervasive and much lower cost. Most mobile devices and laptop
computers have built-in cameras. Our previous work has shown that a commodity web camera shows similar
performance to a more expensive gaze tracker in extracting pupil size and predicting levels of cognitive load
in controlled environments [43]. Nonetheless, RGB images introduce additional challenges when compared to
images captured from an infrared based gaze tracker. Images from a web camera have lower resolution, lower
signal to noise ratio, and are more sensitive to environmental lighting conditions. Moreover, darker iris colors
lower contrast between the pupil and iris. PupilNet uniquely addresses many of these issues through machine
learning and signal processing.

3 RELATED WORK

Measuring cognitive load can be divided into two categories: (1) subjective measurement using self-report and (2)
objective measurement using indicators like invested time, learning outcomes, and physiological signals like
pupil dilation, heart rate, and galvanic skin reaction. An overview of these different measurements is beyond the
scope of this paper, but the interested readers can find an excellent survey by Plass et al. [41]. Igbal et al. [20]
proposed that pupil dilation is highly correlated with mental workload while a user interacts with computing
devices. When a user is interacting with a Ul one can predict the mental effort by measuring the pupil dilation.
We find inspiration from the work of Igbal and are motivated to create a robust PupilNet system that can be
deployed in the use cases investigated by her [20]. Similarly, Pfeuffer et al. [40] proposed a proof of concept
model to classify mental workload from the pupillogram in three different lighting conditions. However, the
main aim of this experiment was to understand if cognitive load measures can be more consistently measured
across lighting (not for detecting pupil change from an RGB image). His experiments were performed with a
high-resolution remote gaze tracker.

There is also evidence that cognitive load measurement is important in some types of learning applications.
For instance, Beste et al. [54] developed a piano learning tool called BACh that could automatically adjust musical
score sheet difficulty levels based on the cognitive load of a user. Cognitive load was measured by a brain-computer
interface employing near-infrared spectroscopy. When the measured cognitive load was below a user-specific
threshold, the system increased the difficulty of the sheet music. They showed that users learned significantly
more efficiently using BACh.

There are also a number of related works describing algorithms for detecting that a pupil exists in an infrared
image and roughly where the center of the pupil lies. These works are typically used as the initial steps in
recognizing the gaze of a user. There are two well-known algorithms commonly used for pupil detection. The
first one is Hough transform [51]. Hough transform is used to detect shapes in an image through a voting or
peak detection in the Hough parameter space. The algorithm starts by roughly segmenting a pupil with a binary
thresholding, then applying a Canny edge detector to find edges of the pupil. Then, the image is transformed
to a parameter space (also known as the Hough space). In doing so, the algorithm scans all edge pixels to find
a shape that satisfies its parametric form. Local maxima in this parameter space are shapes within an image.
Since the Hough transform relies on the quality of edge detection, it performs well in high contrast images such
as in infrared images. However, most pupil and iris boundaries in RGB images are significantly lower contrast
than in infrared images, and, therefore, the Hough transform tends to generate high false-positive rates in such
conditions.
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The second well-known pupil detection algorithm is known as the integro-differential operator proposed by
Daugman [12]. The algorithm searches over a three dimensional space (x, y, and size) looking for the parameters
that maximize pixel intensity differences. This technique is arguably more straightforward than Hough transform,
but it is computationally expensive. Many combinations of these two techniques with other techniques have
also been proposed. For example, [18, 31, 45] estimates rough boundaries of the iris with the Hough transform
then places an active contour to find a pupil boundary. It reduces computational cost because an active contour
only searches within a region of interest: the iris and pupil area. Even so, this technique heavily relies on the
performance of the Hough transform and, thus, suffers from many of the same downsides when applied to RGB
images rather than infrared images of the eye.

Finally, another well-known algorithm for pupil detection and pupil center location is the Starburst algorithm.
Li et al. [36] proposed the hybrid Starburst algorithm that combines feature-based and model-based algorithms.
The algorithm starts by removing the corneal reflection from the image and estimates the iris boundaries with the
derivatives along 18 rays from the center of the eye. After detecting the edges, a RANSAC algorithm is applied to
eliminate outliers. Later, an extension of the algorithm was proposed by Ryan et al. [46]. Recently, Swirski et al.
[47] used Haar-like feature detector to roughly detect the pupil location and further refine the pupil center using
k-means segmentation. Javadi et al. [21] proposed SET method which decomposes contours in binary images
into sinusoidal components. Fuhl et al. [15] proposed the ExCuse algorithm, which is based on edge filtering and
oriented histogram. The method they use to refine the coarse pupil center is similar to that is used in the original
Starburst work [36]. Despite the success of these algorithms for infrared image pupil location tracking, none are
evaluated on RGB images with relatively low resolution of the eye. In contrast, our algorithms are evaluated
using commodity user-facing cameras available on tablets. Thus, the resolution of our eye images is significantly
lower than most studies in the literature. In our previous work, we [43] applied a modified starburst algorithm to
commodity cameras and achieved fair performance, though a number of challenges remained.

More in line with our current work, some low-resolution RGB image-based algorithm exists for tracking gaze,
but they are not directly designed for pupil segmentation or pupil size measurement. For example, OpenFace [6]
is an open source video-based tool for tracking head pose, face tracking, facial landmark detection, and gaze
tracking. OpenFace uses a Constrained Local Neural Fields (CLNF) [5] to detect both the eye and center of the
eye. Similarly, a number of different works have investigated RGB images for tracking gaze [19, 52]. However,
these works mainly focus on detecting the center of the pupil, not the size of the pupil.

4  ALGORITHMS

In this paper, we present three different algorithms for tracking the size of the pupil from relatively low resolution
RGB images. In this section, we describe the three algorithms: (1) Modified Starburst (MSB), (2) Two-Levels
Snakuscules (2LSN), and (3) PupilNet (PN). In previous work, we proposed the modified starburst algorithm,
MSB,[43]. The MSB algorithm searches within a set of potential pixels that are located roughly around the
pupil and iris boundary and estimates an ellipse from these points. In contrast, 2LSN tries to fit edge locations
to existing predefined circular ring structures of the pupil and the iris. Both MSB and 2LSN use traditional
model-based segmentation techniques where features are hand-crafted by engineers. On the other hand, PupilNet
is a convolutional neural network (CNN) that automatically learns and extracts features from the raw images.
Preprocessing. We preprocessed the images captured by the iPad camera to find regions of interest (ROI)
centered on the eyes. The area around an eye was extracted by using a facial landmark detector trained with
iBUG 300-W facial landmark dataset and an ensemble of regression trees [27]. Once an eye ROI was detected, we
automatically cropped and scaled all the eyes to the same size (120 by 120 pixels). After resizing, we extracted
tighter regions of interest for both the left and right eyes using the landmarks around the eyelids and eye corners.
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Facial Landmark

Face Detection Detection Eye ROI

Fig. 1. Example of extracting the eyes with our pre-processing algorithm.

This final cropping resulted in 32 by 32 pixel frames with 3 RGB channels. These eye images were further
processed with our proposed algorithms. Figure 1 illustrates the image preprocessing steps.

4.1 Modified Starburst Algorithm

The modified starburst algorithm starts by identifying the rough pupil area using binary thresholding to extract
the dark area of the pupil. Noisy pixels are eliminated with a morphological closing operation. We calculate the
center of mass of the largest extracted binary area and use it as a seed point. From this seed, the algorithm marches
in different directions, looking for strong edges (i.e., the edge of the pupil). The algorithm only marches from 45
degree to 135 degree and each direction is separated by 20 degrees. The motivation for restricting the march is to
avoid the shadow from eyelashes and be more robust to squinting. The pixel intensity difference between the seed
point and the current point is calculated. If the pixel intensity difference is greater than a threshold ¢, we record
it as an edge point. In our previous work, we used a fixed scalar threshold obtained from a calibration process.
However, in this paper, the threshold we selected is identified by a percentile of the cumulative histogram of the
32 by 32 pixel eye ROL From our experiments, 1.5% of the cumulative histogram performs reasonably well at
detecting the edges of a pupil. In later analysis, we use grid searching to validate this percentage.

Once the algorithm has marched all directions and stored all the edge points, it uses the average of the x and y
points to calculate a new seed for the next iteration. We randomly add +2 pixels to the new seed point to prevent
the algorithm from stopping in a local optimum (similar to simulated annealing). These edge points from all
iterations are sent to an ellipse-fitting algorithm which returns a best-fit ellipse. We run this algorithm separately
on each eye.

4.2 2-Levels Snakuscules

Snakuscules [48] is an adaptation of traditional active contours tracing algorithm [26]. Traditional active contours
use planar parametric curves and their parameters are optimized with existing data, monitoring shape, and prior
knowledge. Thevenaz et al. proposed a simplified version of traditional active contours optimization for detecting
circular structures in an image [48]. Later, Garg et al. manipulated this algorithm to locate eye center in an image
[17]. In this work, we propose the use of 2-Levels Snakuscules, which attempts to exploit the concentric, circular
structure of pupil and iris. Instead of solely relying on detecting the edge of the pupil, the algorithm uses the
pixel intensity of the entire iris and pupil area to estimate the pupil location and size. Figure 2 (right) shows an
overview of the proposed 2-Levels Snakuscules algorithm.
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Modified Starburst (MSB) 2-Levels Snakuscule (2-LS)

‘ Select a RGB image | ’ .

Apply Truncate
Thresholding
v

‘ Detect and extract a face Apply Gaussian Blur

v
Extract eyes ROI Search eye center with First Level Snake for
center of momentum locating Iris
v
Reduce noise with 2D :
Search potential edge
median filtering it wﬁh 135-deg i o Generate' Sngke Energy
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pie gradients walking
Apply Modified Starburst v
Algorithm Iterative evaluate pupil Estimate Pupillary
models with circular Diameter
Extract Features RANSAC fit algorithm
Eliminate outliers with 2 Apply Fit Ellipse algorithm
degrees Savitzky Golay
filter
Convert to pixel unit to
millimeter

Fig. 2. Original Pupilware Algorithm (left), 2-Levels Snakuscules Algorithm (right)

The algorithm starts by applying a masking truncation threshold to reduce specular reflection and bright
objects such as bright spots on glasses lenses. This essentially clips the bright areas of an image to a maximum
threshold and it reduces the chance of creating multiple local optimums. The value of thresholding is 3% of
cumulative histogram. This parameter can be adjusted depending on image resolution. After clipping, a Gaussian
filter is applied to the eye images. This step is essential to increase the stability of a snake moving smoothly
to the center of eye. The size of a kernel depends on image resolution (A larger image requires a larger kernel
size). We used 11x11 kernel size for locating the iris. Next a circle “snake” is placed at the center of the image.
Snakuscules exploits the circular structure of the iris against the lighter (or nearly white) cornea. A snake that
has maximum energy is the one that has the greatest difference between average pixel intensity of the outer ring
(the iris and cornea boundary) and the inner ring (the iris and pupil boundary). The circles are constrained to
have the same center. Equation 1 shows how to calculate the energy of a snake:

_ Jorcimsot < f 0 x0)dx1dz, _ Jie-soi<pr f 0 xo)dxadx,
or< sl < Fx16%2 Mz <pr 12

where E is the energy of the snake with outer radius R and inner radius pR. This equation ensures that we can
adjust the snake body with fine-grained precision (inner circle). A simplified equation is similarly used by Garg et
al. [17] in finding eye position. Figure 3 shows the energy map after applying an iris snake (middle) and a pupil
snake (right) on a gray eye image. The brightest area is the iris/pupil location.

A snake iteratively searches for more energy in four directions (up, down, left, right). If a nearby location has
more energy, it greedily moves along that direction, searching for the highest energy until converged. In this

E

1)
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-

Original Gray Image Iris Size Estimation Pupil Size Estimation
Energy Map Energy Map

when scan with the ring model

Fig. 3. An energy map generated by the 2LS algorithm. (left) the original image, (mid) an iris energy map, (right) a pupil
energy map

work, we set a maximum of 15 iterations to increase the speed of the algorithm. Once the iris and eye center
are located, a smaller second snake (a pupil snake) is applied only in the iris area. Note that a pupil snake is
placed in an original eye image, not the blurred image so that contrast is preserved. A pupil snake can only
grow to be a maximum of 90% of the iris snake to avoid detecting edges of the iris and cornea. All energy points
are memorized in an energy vector (E). This energy vector is used to estimate pupil boundary with sub-pixel
accuracy. Once a pupil snake is converged (about 5-15 iterations), the final pupil size is determined by a linear
combination of radius and normalized energy weights. Intuitively, a higher energy snake boundary is more likely
to be a pupil boundary. If there is more than one high energy step, then the pupil boundary might be somewhere
in between those pixels as shown in equation 2 and 3.

E
Enorm = 23 E; (2)
n
I'final = Z Enorm,i - i 3)
0
where E,orm is @ normalized vector of energy. E is an energy vector. The algorithm is performed on both eyes

separately.

The hyper-parameters of MSB (primer, a percentage of cumulative histogram cutoff, and degree offsets) and
hyper-parameters of 2LSN (Gaussian blur kernel size, and kernel standard deviation, and maximum growth
percentage) reported in the earlier section were set as the optimal values. These optimized hyper-parameters
were chosen using a randomized grid search with the mean square error between the ground truth and the
inferred pupil size as the objective function value.

4.3 PupilNet: Convolution Neural Network Structure

We propose a convolution neural network, called PupilNet, for measuring pupil size. Figure 4 shows the network
architecture of PupilNet. We noted that other architectures were investigated, but did not significantly increase
or decrease the reliability of the network. The input image data used by PupilNet is tightly segmented around
the iris area as a result of our preprocessing. As such, there is not much variation in the overall structure of the
input images. Because of this, we found that two convolutional layers are sufficient to extract features related to
pupil size. Using only two layers also helps to prevent over-fitting. Using more than two layers only marginally
increased the network performance (results were not statistically significant) but training required much more
computation power. With more data, a larger model may better extract pupillary features; however, with the
current amount of training data, we did not find that more convolutional layers increased performance. We also
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experimented with larger eye area segmentations (i.e., 64x64 input image size that encompassed more of the eyes
including surrounding skin). To attain the same performance as the 32x32 image inputs, the architecture required
3-4 convolutional layers. The overall result, however, was not significantly better than the 32x32 image size.
Segmenting only the iris area allows us to train a simpler network with fewer data. This supports a conclusion
that a simpler network using tighter segmentation has about the same expressivity as a larger segmentation with
a more complex network. With the amount of training data in our current dataset, that additional complexity is
not warranted.

Before training our model, we preprocessed the eye images by applying histogram equalization. This helps to
enhance the contrast between pupil and iris, and helps reduce the impact of different lighting conditions in the
images. Even so, for dimly lit images, it also greatly increases noise artifacts. We applied the filters of size 3x3x3
to capture variation in each color channel of the input images. In addition to using the RGB representation, we
also investigated using only one color channel and using the hue-saturation-value representation. We found that
training with all three RGB channels performed better and the network converged faster. After the convolutional
layers, we flattened the architecture and used two fully connected layers. We used Rectified Linear Unit (ReLU)
activation functions and 50% dropout rate in the hidden layer before the output layer. The loss function employed
was the mean squared error between calculated pupil diameter and ground truth pupil diameter. For additional
regularization, we employed data expansion techniques including a random rotation (up to 10 degrees) to the
images as well as vertical and horizontal perturbations (up to 10% of the image size). Finally, we used Adaptive
Moment Estimation (Adam) as out adaptive gradient optimization procedure [28].

We implemented the network using Tensorflow r0.12 implemented in python 3.5. We used a batch size of 128
frames per batch and ran all models for 400 epochs. The loss function on the training data began to approach
a stable value after 400 epochs. We also employ L2 regularization of each convolutional and dense layer, with
scaling factor of C=0.01 for all layers. Training of the network parameters was completed on a machine with
an Intel Xeon@2.6GHz CPU (24 cores) and 320GB of RAM. The specifics of constructing and back propagating
through a convolutional network as is beyond the scope of the paper. We refer interested readers to a number of
classical works: [16, 34, 35, 50].

2D Max 2D Max Dense Dense
X Conv Pooling Conv Pooling Network Dropout Network MSE
% % S s N
1
3x3 3x3
32x32x3x128 n=32 2x2 n=64  2x2 1024

Fig. 4. Convolutional neural network architecture used in PupilNet.

The output of PupilNet is an estimate of the pupil dilation for each frame of the video sequence. Once we
received these frame-level estimates from PupilNet, we post-process the signal as follows: We eliminate blinks
from the time series in the same manner as performed for the gaze tracker (i.e., via median filter comparison).
Left eye images and right eye images were treated as separate examples while training the PupilNet architecture.
During post-processing, we averaged the result of the left eye and right eye pupil estimates. We then applied a
median filter of length approximately 2 seconds to the estimated pupil size signal over time. This filtered signal
was then compared to the output of the gaze tracker pupil size. Each participant performed 36 total trials for the

Proceedings of the ACM on Interactive, Mobile, Wearable and Ubiquitous Technologies, Vol. 1, No. 4, Article 171. Publication date:
December 2017.



171:10 «» C. Wangwiwattana et al.

High Contrast Low Contrast

-

Green : Hazel Brown

Fig. 5. High contrast eye image(left) and low contrast eye image(right) . Here, eye color is used a proxy for eye contrast
because eye color is typically the best indicator of contrast between pupil and iris.

digit span task, each of which has about 800 frames. The total number of eye images collected was about 633,600
(800 framesx36 trialsx2 eyesx11 participants).

5 EXPERIMENTAL SETUP

All human subjects experiments in the evaluation of PupilNet were approved by the university human subjects
board. Participants were recruited by mouth, email, and flyers and were compensated with a $10 gift card for
their time. In all, we recruited 11 participants. Table 1 gives an overview of the participant demographics. All
participants reported normal or corrected to normal vision. One of the participants wore eye glasses and one wore
colored contact lenses. We group the participants by their iris color. Because eye color is the largest contributor
to contrast between the pupil and iris, we further subgroup the participants as follows: low contrast consisted of
brown and hazel eyes (6 participants) and high contrast consisted of blue and green colored eyes (5 participants).
We chose to combine hazel and brown eyes because the relative image contrast from the camera was qualitatively
similar, as shown in Figure 5. That is, participants in the experiments with hazel eyes tended to have more brown
color than green color in their eyes, subjectively. In our results, we use this high- and low-contrast grouping to
understand how resilient the different algorithms are to contrast changes resulting from eye color differences.

Participant Demographics Average lux | std lux

Age Average age = 22.25, sd = 6.181 Dark | 5.5 2.5

Gender 6 males, 5 females Dim 7.4 2.5

Eye color | Blue 4, Green 1, Hazel 2, Brown 4 Bright | 105.0 14.5
Table 1. Participant Demographics Table 2. Lighting conditions

5.1  Environment setup

Experiments were conducted in a closed room with controlled lighting conditions. Three lighting conditions
were used to simulate real-world situations. We did not constrain participants’ heads during the test; they were
free to move their heads and look around as they saw fit. In each lighting condition, we measured the light
level with an ambient light meter next to the eyes of the participant with the meter pointing toward the iPad’s
display. The lighting measurements recorded are summarized in Table 2. The room used for data collection was
windowless and the only light sources used were carefully controlled in terms of their position relative to the
participant. Bright: Firstly, we use a bright, well-lit room to conduct our experiments. Lighting was controlled via
two overhead lights that provided ample light. The lights used are fluorescent bulbs which are known to produce
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flicker. We did not observe any noticeable flicker in the room, but we did not explicitly control for bulb flickering
during our tests. Dim: Next we turn off all overhead lights and use a small office lamp to illuminate the room. This
lamp is situated behind the participant as to light up what they are seeing, not their face. Participants described
this lighting as dim and not an environment in which they would typically work. We chose this configuration to
produce visible grain artifacts in the images of the eye. The iPad tablet we employ uses a number of “low-light”
techniques to boost contrast and, as such, lighting had to be decreased considerably to collect a lower quality
image. Dark: in this configuration we turned all lighting off in the room. The only lighting to illuminate the
face came from the screen of the iPad tablet. Example images and the visible artifacts are shown in Figure 6.
Histogram equalization is used to enhance the contrast of these images. Note that in addition to the increased
grain noise, the baseline pupil size is noticeably wider in the darker environments. Finally, we did not instruct
participants to hold their head constant or to maintain any other pose. As a result, we observed a number of
artifacts in the dataset such as blurring from head movement, occlusion, and participants sitting too close or far
from the screen. Figure 7 gives some samples of issues observed in the dataset. We mitigate some of the artifacts
with head pose estimation and face detection. When the face is not detected in the image, we do not estimate the
pupil size.

Bright Dim Dark

» . -
.J st

Fig. 6. Eye images in different lighting conditions. Histogram equalization has been applied to increase contrast.

Fig. 7. (a) blurred image caused by rapid movement. (b) rapid eye movement while recalling memory. (c) occlusion when
participants looked down at the keyboard. (d) large screen reflection occluding an entire pupil when participant move too
close the screen.

5.2 Equipment and Gaze Signal Conditioning

Blinks cause distinct artifacts in the raw signals of the pupil diameter measurement. We remove blinks using a
custom filtering process. First, we smooth the signal with a median filter of size 101 points, about 2 seconds. We
then compare the filtered and raw gaze tracker signals, discarding data that differs more than three standard
deviations. This is the same procedure of blink removal we use from our previous work [42, 43]. After removing
blinks, we save the raw gaze tracker signal as our ground truth output for each eye.
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iPad Air
Gaze Tracker

Light Meter

Fig. 8. A participant getting ready to perform the experiment.

We collect video data of the participants from the forward facing camera of an iPad Air 2. All camera settings
are left as default, 50% brightness, and auto-brightness turned off. We note that the iPad provides some basic
image processing and contrast enhancement for low light images as part of its default configurations. We collect
videos having 720p HD (1028x720) at 30 FPS, in all lighting conditions. The sensor compensates the lack of light
by increasing sensitivity (ISO). This does not affect the device frame rate in low lighting condition, but it affects
the quality of the images as shown in Figure 6. Because the Gaze tracker sample rate is 50 FPS and the video
frame rate is 30 FPS, we downsample the gaze tracker frames (with interpolation) to match the video frame rate.

5.3 Tasks

Participants were asked to perform two different tasks: the digit span task (memorization) and a typing task.
These tasks are described in more detail in later sections. In each task, participants sit at a comfortable distance
from the tablet screen and perform typing or memorization (Figure 8). We use these tasks to evoke cognitive load
that can be measured by the Tobii Pro Glasses 2 gaze tracker. Pupil dilation is sensitive to the lighting condition,
so we record lighting condition from a light meter next to participant’s eye pointing toward the iPad before the
beginning of each task. During experiments, we did not observe visible light flickering, shimmer, or ripple. We
change the lighting condition in a controlled manner before the experiment begins. All trials for that lighting
condition are then completed. That is, the ambient lighting condition does not change within a specific trial of an
experiment, it only changes between trials. Moreover, we applied counterbalancing for the lighting condition in
our experimental design. Thus, lighting level ordering was chosen randomly for each participant.

5.4 Ground truth selection

In the early 2000’s, Klingner demonstrated that high-resolution, remote eye-trackers could provide sufficient
precision for measuring cognitive load for task evoked pupillary response (TEPR). TEPR is measured by monitoring
percent changes in pupil size from the baseline pupil size (i.e., the pupil size after external stimuli is presented)
[29]. This is described mathematically by equation 4:

di - mean(dbaselintz)

mean(dpaseline)

©

dchange =
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where dpange denotes the percentage change in pupillary diameter from baseline (pre-stimulated stage). dyaseline
denotes pupillary diameter during a pre-stimulated stage which is typically a few seconds before stimulus is
applied. TEPR researchers have found the percentage pupillary change advantageous because the unit can be
standardized regardless of a unit (mm or pixels) and original baseline size. Even so, there is a changing relationship
between pupil dilation in response to TEPR and the lighting in the room. A number of researchers have shown
that percentage pupil dilation is not consistent for the same increases or decreases in cognitive load across
different lighting [53]. Even so, a linear correction factor can often be applied to correct these changes across
lighting [40].

We use a Tobii Pro glasses 2 [1] for ground truth comparison in this study. The Tobii Pro glasses 2 has several
advantages over remote gaze trackers. It is head mounted and therefore does not suffer from problems caused by
head pose or distance. It provides fixation estimation, which can be useful for discounting the accommodation
reflex (pupil dilation when fixating to far objects). The device also provides video of the participant’s point of
view and where she or he is looking. This kind of information is useful for further cognitive load analysis. The
pupil size is recorded at a resolution of 50 FPS. Our previous work showed that a more economical remote gaze
tracker also works, as long as it provides high-resolution IR images with a hough circle algorithm in a controlled
environment (i.e. office or classroom)[43].

Previous research has shown that remote gaze trackers are appropriate for measuring cognitive load [29, 30];
however, the Tobii Pro Glasses is not marketed or commercially tested for its ability to discern pupillary changes.
To test the performance of Tobii Pro Glasses 2 in measuring pupil size, we compared it with a medical grade
pupillometer. In particular, we use a Neuro-optics VIP hand-held pupillometer. This device allows static measure-
ment of pupil size and is a gold standard device for measuring pupil diameter in millimeters. To compare the
results of the pupillometer and the Tobii Glasses Pro, we measured pupil size of seven volunteers in three lighting
conditions each: bright, dim, and dark, corresponding to the same lighting levels used in our experiments. For each
participant, we conducted ten iterations in each lighting condition for a total of 7xX10x3=210 measurements. The
pupil size was captured at the same time from both devices for three seconds each (the medical pupillometer can
only record three seconds of data at a time). The pupillometer contains a rubber encapsulating shield completely
around the eye. To measure the pupil size from both devices at the same time, we placed the rubber shield inside
the lens of the Tobii Glasses. The results, averaged across each iteration and each participant, are shown in
Figure 9. Error bars correspond to the standard error in the mean. From the graph, we can observe that the Tobii
Pro Glasses 2 consistently captures pupil size slightly lower than the medical grade pupillometer by 0.1 mm on
average (sd=0.78). This difference increases slightly (to about 0.4 mm) when the environment lighting is very dark.
Because our interest is in tracking changes in pupil size (not absolute size), we calculated the percent change
from the “baseline” pupil size (in the bright condition) as shown in Figure 10. In this calculation, we divided
all of a participant’s pupillometer measurements and all of a participant’s gaze tracker measurements by the
average pupil size for that participant during the bright condition. In this way, the number reflects the percentage
change in the pupil across lighting, rather than the raw millimeter difference. The results show there is not a
statistical difference (based on a two-tailed t-test, p>0.5) between the pupillometer percentage measures and the
gaze tracker percentage measures for pupil size. This evidence suggests that the Tobii Glasses Pro is a suitable
ground truth measure of percentage pupillary change.

To further examine if the Tobii glasses are an appropriate measure of cognitive load, we conducted analyses of
the percentage pupil dilation for individuals when memorizing sequences of different lengths. This experiments
is commonly referred to as the digit span task and is described in more detail later on (we use this task to evaluate
PupilNet). We averaged the pupillary response over time (commonly called the pupillogram) from the Tobii
Glasses grouped by 6-digit, 7-digit, and 8-digit across different lighting conditions and participants as shown in
Figure 11. In this experiment, our pre-stimulus period is 10 seconds. The result is consistent with the results from
other TEPR literature [8, 9, 29] where pupil dilations are increased, on average, when participants memorize
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Fig. 9. Averaged absolute pupil size affected by pupillary Fig. 10. Averaged percent change in pupil size affected
light reflex across each iteration and each participant in by pupillary light reflex across each iteration and each
three lighting conditions participant in three lighting conditions

longer sequences. Pupil size for 6-digit sequences is clearly separated from 7- and 8-length sequences. However,
7- and 8-digit sequences are not as clearly separated. This result is also consistent with previous research, and
one theory is that human short-term memory capacity peaks at either 7 or 8 digits for most individuals [11, 38].
In summary, Tobii Pro Glasses 2 estimates pupil size consistently smaller than a medical pupillometer. However,
because we are interested in measuring percentage changes in pupil size (and the Tobii Glasses exhibit similar
behavior to previous research), we consider the Tobii Pro Glasses 2 a suitable ground truth measurement device.

6 EXPERIMENT ONE: DIGIT SPAN TASK

6.1 Digit Span Task

The digit span task is used by many seminal studies in cognitive psychology [7, 9, 30]. During the task, a
participant is asked to memorize a sequence of digits, normally between five to ten digits [30], and, after being
presented with the entire sequence, the participant repeats those digits back. This artificially induces the cognitive
load of an individual which, in turn, increases the pupil diameter. In other words, the pupil diameter gradually
increases when a participant memorizes each digit in the sequence. Once the digits are spoken, the pupil size
gradually decreases back to the baseline. The amount of dilation in the pupil is typically small, sometimes less
the one millimeter. In our study, each participant is asked to memorize sequences of length 6, 7, and 8 digits.
Each sequence length if repeated for four iterations. These iterations are repeated under three different lighting
conditions (bright, dim, dark), resulting in a total of (3 sequences)x(3 lighting levels)x(4 iterations) = 36 trials

15.00% 20.00% 20.00%
& digit 6 digit 6 digit
— T digit ogy, | T gt o | T4t
s 1000% | —— 8digit s . —— sagt c —— Bdigt .
E E 10.00% E 10.00%
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a a a
3 3 3
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8 ooon g g
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8 8 8
g 5.00% g &
: 5.00% 5.00%
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Fig. 11. lighting condition 1 (bright) Fig. 12. lighting condition 2 (dim) Fig. 13. lighting condition 3 (dark)
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per participant. When the task begins, a sequence of digits appears, one-by-one, on the screen of the iPad every
second. Only one digit is displayed on the screen at a time. Participants memorize the sequence of digits and,
after being presented with all the digits, orally recites the entire sequence. This results in gradually increasing
cognitive load as the participant memorizes the sequence. Longer sequences induce more cognitive load and, thus,
larger dilations in the pupil. The experimenter ensures that the sequence is repeated without errors to ensure that
the participant is sufficiently focused on the task. The displayed digits for each sequence are chosen randomly
using a random number generator on the iPad. We use counter balancing at all stages of the experiments. That
is, the ordering of lighting condition is chosen randomly. Once a lighting condition is selected, the participant
will randomly be given a 6, 7, or 8 length sequence. The participant does not know the length of the sequence
beforehand. We continue presenting a random 6, 7, or 8 length sequence until four iterations of each sequence
have been displayed to the participant. We then randomly choose another lighting condition and repeat the
process.

6.2 Cross Validation

To train our machine learning algorithm, we employ two different cross-validation strategies: leave-one-subject-
out (LOSO) cross-validation and within-subject cross-validation. We perform LOSO cross-validation on 11
participants (i.e,, 11 models are created using data from 10 participants and tested on the left out user). This
mirrors a use case for an out-of-the-box solution that requires no specific user calibration. Ideally, this is the
preferred scenario for the PupilNet system, where no user calibration is needed.

However, we also wanted to investigate the benefit of personalizing the model with a calibration procedure.
The within-subject cross-validation mirrors a use case where calibration is available for a specific participant.
That is, we assume that there will be a calibration procedure using a remote eye tracker to retrain the PupilNet
architecture. We choose half of the data for training and half of the data for testing, stratified across sequence
length and lighting levels. So for one participant, 18 trials would be used for training and 18 trials for testing. In
this way, the data are separated in contiguous time spans which is imperative for a realistic evaluation of time
series data. Such a situation (requiring calibration data) limits the utility of the PupilNet system. However, in
some scenarios, we anticipate that the calibration step could be warranted.

6.3 Results: Characterizing Pupil Dilation in the Digit Span Task

During the digit span task, we expect the pupil to dilate while the participant memorizes the digit sequences and
for the pupil diameter to constrict quickly after speaking the digits. As the length of the memorized sequence
increases, the pupil should dilate more. However, every individual has a slightly different “baseline” pupil size
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which shifts in response to fatigue, sleepiness, lighting, and focal length. Therefore, we wish to characterize the
percentage increase in the pupil size above baseline. We utilize three different evaluation criteria for ascertaining
this difference. The first evaluation metric we choose is a custom metric based upon the difference between peak
pupil diameter and baseline diameter (discussed next). We also employ the correlation coefficient for one iteration
of the digit span task between the estimate of percentage pupil diameter and actual percentage pupil diameter.
Finally, we take the raw point-by-point difference between the estimated and actual percentage pupil dilation.
We abbreviate each algorithm according to: PupilNet (PN), Modified Starburst (MSB), and 2-Level Snakuscules
(2LSN).

We define an evaluation metric that is the difference between the percentage pupil dilation in the gaze tracker
and the algorithm. To calculate this custom evaluation metric, we first take the average size in millimeters during
the 5 seconds before the digits appear on the screen. For the gaze tracker we denote this as GTs;q,+ and for
PupilNet we denote this as PNy;,,;. The peak pupil dilation is calculated by the maximum dilation value while the
participant speaks back the memorized digits, denoted as GTj,¢qx and PNy, qx for the gaze tracker and PupilNet,
respectively. Figure 15 shows two example digit span sequences for one participant with each measurement
called out. Our evaluation metric is difference in these values. To compare the gaze tracker and an algorithm X,
for example, we calculate the dilation difference as follows:

_ GTpeak Xpeak

GTstart Xstart

We denote this difference for different algorithms by the subscript X. For PupilNet, the dilation difference would
be written as Apy. We note that we are taking the raw subtractive difference between two percentages. This
dilation Therefore if Apy = —1% it would mean that PupilNet calculated a 1% greater increase in pupil diameter
than the gaze tracker. The term pa,, is a constant, scalar correction factor for algorithm X that eliminates any

Ax — Hay (5)

L . . . GTpea
constant bias in the results. We calculate this correction factor by the average difference between ﬁ and

Xpea . . . . -
24K for each algorithm X. We apply a constant correction factor because we are most interested in the variation

start

of the residuals and are less concerned with a systematic bias in the entire output. For each algorithm, we apply

correction factors of pi,, 5 = —5.0%, fin,; sy = —8.0%, and pip,, = 6.2%. In practice, this correction factor would
 baseline listening period speaking period ., baseline listening period speaking period
—
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Fig. 15. Comparison of PupilNet and gaze tracker for two different participants. Also shown are the measures used in
evaluating pupil dilation inference.
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Fig. 16. Summary of Apn, Aprsp, and Agpsn. Results are separated by the average lighting level in the room, bright (=100
lux), dim (=7.5 lux), and dark (=5 lux). Please note that the plots vary from -30% up to 50%.

. . . . X ea
need to be added to the output of the pupil dilation estimate, ~ £
start

correction factor is applied to each algorithm. That is, we do not apply correction factors based upon subgroups
of the data, only the overall average. We also note that reporting mean differences with the correction factor
would be inappropriate. Instead, we report a variation of the residual differences. Smaller residual magnitudes
centered around the correction factor are desired.

This metric ignores whether both PupilNet and the Gaze tracker recover the same exact millimeter measurement,
as long as the percentage change from baseline to peak dilation is similar. Using Ax, we can understand if the
dilation during an iteration of the digit span task is estimated closely by an algorithm. To help understand the

, when the system was deployed. Only one

o GTpeq L
expected values for the percentage dilation for the gaze tracker, 7> - kt , we look at the variations seen by the gaze

tracker in Figures 11, 12, and 13. These figures show, on average, what the expected percentage difference from
baseline should be for each digit sequence, and thus, the expected percentage differences for different cognitive
loads. From the literature [23], the most marked cognitive differences occur between sequences of length 6 and
length 8. From Figures 11, 12, and 13 we can observe that the difference between these sequence lengths is
anywhere from 3%—-6%, on average. Therefore, a good algorithm would need to consistently have Ax< +3%. We
note that this is only an estimate of the needed Ay, which could still discern useful differences even if Ay is
greater than +3%, especially if the value constantly under- or over-estimates the value. Moreover, the average
pupil dilation across participants contains considerable overlap, so many pupil diameter differences could be
greater than 10% fluctuation, depending on the effort required for a particular individual to memorize a sequence.

6.3.1  Within-subject Apn, Apsp, and Aapsn Across Lighting. We break up our results into several sections
based upon the research question addressed by the experiment or the analysis. We begin with analysis from the
digit span task sequences at different lighting levels. In our first question, we ask: what algorithm performed
most accurately at detecting pupil dilation during the digit span task? Figure 16 shows boxplots of the results
across algorithm for each lighting level using within-subjects training. Each boxplot represents the distribution
of differences, Apn, Apsp, and Azpsn, for all 11 participants combined. They are grouped by the lighting in the
room as bright, dim, and dark. Please recall that the lighting is chosen to produce noticeable, prominent artifacts
in the images of the eyes representing worst-case lighting scenarios. Across all lighting conditions, PupilNet
performs superior to all other algorithms. Overall, the interquartile range for Apy is -2.6%-2.8%, compared to
-9.2%-4.8% for Ay sp and -8.9%-4.3% for Ayrsn. When looking across lighting conditions, all algorithms perform
worse in low lighting conditions. However, the decrease in performance for PupilNet is markedly less than the
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Fig. 17. Results of correlation coefficient

other algorithms. In dark lighting (=5 lux), PupilNet has an interquartile range of -4.0%—-2.4%, which is only
marginally increased from the bright condition. However, the overall maximum and minimum variation (as
given by the whiskers of the boxplot) is increased. While these extrema are concerning, the vast majority of
trials have Apy within 5% of the actual value. Given that we expect the cognitive load to induce dilations in the
range of 3%-6%, we conclude that PupilNet follows nearly the same conclusion as the gaze tracker in brightly lit
environments and is robust to most lighting changes. However, one should expect inaccurate dilation measures
in dim and dark lighting conditions.

To further investigate the performance of each algorithm across lighting, we present results with a different
evaluation metric, linear correlation. Correlation is agnostic to systematic biases in the outputs. For our purposes,
correlation measures how closely two time-series increase and decrease together. Figure 17 is a boxplot of
correlation coefficients between the gaze tracker and the algorithm under test: PN, MSB, or 2LSN. The correlation
coefficient is calculated between the gaze tracker and the algorithm separately for each iteration of the digit
span task. In this way, we seek to understand if the algorithm and gaze tracker increase and decrease linearly
during each iteration. All of the correlations for all participants are grouped for the boxplot. The conclusions of
correlation are similar to that of Apy. PupilNet and the gaze tracker produce similar trends for each iteration of
the experiment, with overall correlation typically above 0.5. PupilNet by far outperforms MSB and 2LSN, which
have significantly smaller median correlations based upon a Wilcoxon rank-sum test (p<0.01). Across lighting
conditions, we also see that PupilNet has some degradation in performance for dim and dark environments. The
degradation in the median correlation is significantly smaller than when in a bright environment based on a
Wilcoxon rank-sum test (p<0.01). This leads to a similar conclusion as previously: dim and dark environments
will cause some inaccurate dilation measures, but overall, PupilNet is far more robust than other algorithms
across lighting. Because of the clear performance advantage of PupilNet compared to the other algorithms, we
focus primarily on the results of PupilNet for the remainder of the paper.

While our previous evaluation criteria show trends in the overall conclusion from each digit span task iteration,
they do not elucidate the point-by-point accuracy of PupilNet. That is, how well does PupilNet match gaze
tracker time series output. We use the percentage pupillary response as measured from baseline, dcpange, that
is customarily used when reporting pupillograms in studies of cognitive load (as discussed in equation 4). We
report the results of this point-by-point difference using a modified Bland-Altman plot. The plot is shown in
Figure 18. The vertical axis is differences between ground truth and PupilNet.

The horizontal axis is the mean of differences between ground truth and PupilNet. This type of plot helps
to show any bias and variance in the estimates across the range of the ground truth measurement. We do not
apply any constant correction factor to the plots, as was done with the Ax measure. The majority of dcpange
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Fig. 19. Summary of dilation percentage differences for individual with high contrast (5 subjects) and low contrast eyes (6
subjects). The distributions for each boxplot are calculated only in the bright lighting configuration.

measurements are zero during the tests. This is because there is a relatively long duration of silence when
the participant waits for the digits in the sequence to appear on the tablet, compared to the relatively quick
memorization and speaking of the digits. We can see that PupilNet has a constant underreporting bias. However,
close inspection of the plot reveals that there is also a small linear bias in the residual values that becomes more
apparent in darker lighting conditions. This supports previous conclusions that darker lighting conditions degrade
the performance of PupilNet. However, in bright conditions, there is almost no linear trend in the Bland-Altman
plot, and the bounds of variation from percentile measures are mostly within 5% of the actual value. This supports
a conclusion that PupilNet estimates follow the gaze tracker output closely.

6.3.2  Within-subject Apn, Apsp, and Ay sn Across Different Eye Contrasts. In our second analysis, we wish
to understand how PupilNet performs with individuals having a different contrast between iris and pupil. As
discussed, gaze trackers use infrared lighting source and therefore are quite robust to different pupil/iris contrasts
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because the infrared light uniquely illuminates either the pupil or the iris. However, the contrast between the iris
and pupil is critical for RGB-based algorithms like PupilNet.

Because the conclusions between evaluation criteria are similar, we choose to report results only for evaluation
metric Ay for the remainder of analyses. Figure 19 shows boxplots of Apn, Aysp, and Aypsn using within-subjects
training in a bright environment. We group the results by the contrast of the participant’s eyes. From Figure
19 we can see that for participants with high contrast eyes, the algorithms have more similar performance, but
PupilNet still has markedly smaller residuals. In the low contrast group, however, PupilNet is the only algorithm
that maintains performance. In particular, 2LSN dramatically drops in performance for low contrast eyes but is a
relatively good performer for high contrast eyes. This indicates that the performance gap in MSB and 2LSN might
be explained by a combination of eye contrast and lighting condition. Figure 19 also shows multiple subgroups for
each algorithm, lighting condition, and eye contrast group. For PupilNet, the degradation in performance due to
lighting differences is about the same regardless of whether the participant was in the high- or low-contrast group.
However, MSB and 2LSN had dramatically different performance across lighting, depending on the contrast
group. We therefore conclude that PupilNet works reliably across different eye contrasts and the degradation in
performance across lighting conditions is similar for different eye contrasts. MSB and 2LSN do not exhibit this
reliability across eye contrast or lighting.

6.3.3 Apn for Within-subject and Across subject Training. In this analysis, we want to understand if PupilNet
generalizes across subjects. That is, all results thus far presented assume that a calibration stage has been used
to collect gaze tracker data and RGB eye data. In this analysis, we compare within-subjects cross-validation to
leave-one-subject-out (LOSO) cross-validation. Ten participants’ data are used to train a PupilNet model and
then tested on the remaining participant. The results are summarized in Figure 20. In the figure, p01 means the
model is trained using participants p02 to p11 and tested on participant p01. This mirrors a use case when no
gaze tracker calibration would be available. All lighting conditions and all eye contrast groups are combined. We
show results grouped by each participant in the study and for all users combined. From Figure 20 we can see
that most of the models perform slightly worse than the within-subjects models. However, the degradation in
performance is not consistent. Some users show dramatic degradations in performance. This is especially true
for p09, who is degraded in performance much more than other participants, with an interquartile range that
includes 20% dilation difference. We reviewed the video for this participant and discovered that this participant
had trouble wearing the Tobii Glasses frame because her head diameter was below average. This resulted in the
glasses slipping down from the bridge of her nose and occluding part of the eye. The personalized, within-subject
training was able to account for this occlusion, but the LOSO cross validation had no training examples with this
type of occlusion. However, when we disregard p09, there are still a number of users with significantly degraded
performance. In Figure 20, we denote users with significantly different results between within subject and LOSO
with an asterisk (*). All but three users have statistically worse residuals.

It is unclear if gathering more data from more diverse participants would boost the performance of the LOSO
algorithm. It is possible that collecting more data and creating a deeper, more complex network could improve
results. This can only be determined empirically. Even so, from this result, we can conclude that PupilNet can be
used as an out-of-the-box system for some individuals but not all users. From our previous results, the results can
be readily and significantly improved through a calibration process.

7 EXPERIMENT TWO: TOUCH TYPING VERSUS NON-TOUCH TYPING

While we have presented results of PupilNet for capturing pupil size in the digit span task, it is still unknown if
PupilNet can be used outside of this specific cognitive task. The motivation for PupilNet was to understanding
individual’s cognitive load in general, but the current results only display an ability to measure task evoked
cognitive load. In general, using pupil diameter to understand general cognitive load is still an open research
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Fig. 20. Results of across-subject leave one out cross validation for each model. An asterisk (*) indicated that the distributions
are statistically different based on a two-tailed T-test (p<0.01)

problem. However, it is important to understand if PupilNet can achieve the same conclusions as a gaze tracker
for tasks that requires more than simple digit memorization. To investigate this, we chose to evaluate PupilNet
while subjects perform a typing exercise. We consider the results of this experiment to be exploratory because
the relationship between pupil diameter and cognitive load outside of simple tasks is not a well-understood
phenomenon. In this way, our aim in the analysis is to discover if PupilNet and the gaze tracker deliver similar
conclusions.

The digit span task is designed to evoke cognitive load and is therefore straightforward to evaluate. However,
the exact degree of cognitive load for a typing task is not well defined. We hypothesized that there would be a
difference in the cognitive load exerted by individuals that can and cannot perform touch typing. Touch typing is
defined as a skill in which individuals use all of one’s fingers to type, without looking at the keys. Touch type
requires a mix of memorization and muscle memory. We assume the memorization will result in different pupil
dilation behaviors between participants that can perform touch typing and individuals that cannot perform touch
typing. Moreover, because typing involves muscle memory, we anticipate cognitive load differences will manifest
for participants that focus less on the movement of their hands. We know that cognitive load is affected by tasks
involving muscle memory from previous research by Yuksel et al. [54], who used cognitive load differences
(measured via brain interface) in a system to train individuals to play piano. Therefore, we will explore if it is
possible to observe similar shifts in cognitive load using PupilNet and the gaze tracker between touch typing and
non-touch typing behaviors. We note that throughout this experiment we use within-subject trained models to
infer pupil size because it was shown to have more consistent accuracy across a wider range of subjects.

7.1 Procedure and Recruitment

We designed an experiment in which users carried out a typing task using a custom interface (Figure 21).
Participants were asked to type a given paragraph of 163 words with no time limit. The interface shows 18-20
words at a time to minimize variation in lighting intensity and help mitigate up-down eye movement. A cursor
moved over the characters as the user typed. The cursor would stop moving if the typed character was not the
correct character. Typing experiments were carried out only in the brightly lit room and only using within-subject
trained models. We recruited participants that had already completed the digit span task experiment. In this way,
we could use the already trained within-subject PupilNet model for that participant to generate the PupilNet
prediction of their pupillary response during typing. In this way, we used the digit span task to calibrate the
PupilNet model for each participant.
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Five users agreed to participate in the typing test. Three self-identified as being able to perform touch typing
and two identified as not being able to perform touch typing. Because the sample size for this experiment was
smaller, we present only qualitative analysis of the results. The content of the paragraph was taken from a
Wikipedia article about unicorns. This was chosen because the subject matter is familiar but the exact words used
are more diverse. Users are likely not familiar with typing many of the words in the article such as proper Greek
names like “Ctesias” and “Strabo.” Therefore, we can expect some cognitive load to be induced by memorizing
the names and some cognitive load to be reduced by muscle memory. On average, subjects took about 5 to 10
minutes to complete the typing exercise depending on their skill level.

Participants wore the gaze tracker while performing the typing task and were instructed to complete the text
quickly but take care to not make many mistakes. We observed that individuals moved their heads and eyes in
this experiment considerably more than during the digit span task. As such, there were increased motion artifacts.
The gaze tracker, because it was head worn, was not very sensitive to the movement of the head during this task.
However, PupilNet uses a remote, embedded tablet camera. In this way, we rely more on the landmark detection
and facial head pose estimation to correct angles and motion in this task than in the digit span task.
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Fig. 22. Gaze tracker data for each of the fours users during a subset of the typing task.
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7.2 Results: Within-subject Modeling for Typing Behavior

Figure 22 shows the gaze tracker data for four participants for a two-minute interval during typing. There are
marked differences in the pupil dilation for this task depending on the whether the user reported as being able to
perform touch typing or not. The touch typing subjects (left) had considerably fewer peaks in their pupillary
response than the non-touch typing participants. It is important to note that not all of peaks are due to cognitive
load increases. When users gaze down at the keyboard, the pupil size will change in response to the different
focal length. Also, the illumination from the tablet interface may dilate and constrict the pupil in response to head
motions. Because of the exploratory nature of this experiment, we are less concerned with the mechanism for
why the pupil dilates or constricts; we want to understand if the same behavior is apparent in PupilNet estimate.

We predict the pupil size for each participant using PupilNet. The training examples for each participant come
from the same models used to predict their digit span task from experiment one (within subject). In this way,
our method mirrors a use case where the participant has provided some calibration data at an earlier date. To
understand if PupilNet can discern the differences in peaks, we extract the peaks in each time series using the
continuous wavelet transform as proposed by Du et al. [13]. This algorithm convolves the signal with an array of
wavelets with different frequency and time bandwidths. Peaks are uniquely apparent by setting a global threshold
for the response of the wavelets. We use this algorithm to count the number of peaks in each 30-second interval
for each participant during the typing task. Figure 23 shows a box and swarm plot of the number of peaks for
each 30-second interval grouped by touch and non-touch typing. It is apparent from the gaze tracker data that a
clear difference exists in the number of peaks extracted for non-touch typing and touch typing. Non-touch typing
individuals have considerably more peaks as extracted by the algorithm. This trend is also well established in the
PupilNet box and swarm plots. However, the difference between touch typing and non-touch typing is not quite
as pronounced. We can observe this because there is a slight overlap in the interquartile range for each group
using PupilNet, but not the gaze tracker. We also investigated if there are any meaningful statistical differences in
the distributions and we find that the results follow an intuitive pattern. A two-tailed t-test between each group
reveals that: (1) no significant difference (p = 0.15) exists between groups Non-touch GT and Non-touch PN, (2) no
significant difference (p = 0.24) exists between groups Touch GT and Touch PN, and (3) a significant difference
does exist (p < 0.01) between the touch typing group and non-touch typing group for both the gaze tracker and

PupilNet.
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Fig. 23. This figure shows a box and swarm plot of the number of peaks for each 30-second interval grouped by touch and
non-touch typing.
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While the gaze tracker and PupilNet do not give identical measurements for the pupillary dilation during
the typing task, the results are largely similar and the conclusions are identical. We, therefore, conclude that
PupilNet shows great promise in inferring cognitive load in cognitive tasks beyond the digit span task. We have
only shown this difference for a typing task, but we hypothesize that the results extend to a number of different
tasks where a user interacts with a tablet. As we begin to understand how cognitive load changes for different
tasks, PupilNet can be evaluated in other cognitively complex tasks. We hypothesize that PupilNet can effectively
capture aspects of many pupillary response tasks but leave the evaluation of other tasks to future work. In future
work, we also wish to understand if PupilNet and a gaze tracker can be used to judge the quality of a number
of tasks like reading, writing, and test-taking. Understanding the cognitive load of subjects during these tasks
could be key to understanding confusion, attention, and engagement. We also want to explore the combination
of different sensing modalities with PupilNet in these scenarios, such as facial expressions, gaze, and heart rate.
Combining these different sensing protocols could be key in the creation of a robust context-aware computing
environment.

8 CONCLUSION

In conclusion, we presented three algorithms for estimating pupil size using off-the-shelf commodity cameras.
The most promising algorithm was shown to be PupilNet, a convolutional neural network architecture. The
results show the PupilNet model is robust to lighting condition and participants with different eye color which
are major challenges for traditional image processing methods. Moreover, we have shown that conclusions are
similar in a cognitively more complex typing task whether using PupilNet or a head worn eye tracker.
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