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Abstract

Neurodegenerative diseases, such as Alzheimer’s and Huntington’s, can significantly
impact a patient’s ability to solve everyday problems. The ability to detect early
signs of mental decline is crucial for determining whether someone might be at risk
for these diseases. Eye behavior is often correlated to cognitive load, so examining
the behavior of the eyes during decision-making tasks could provide us with insights
on how individuals think when solving challenging problems. But eye tracking data
is notoriously noisy, so developing methods for cleaning, parsing, and visualizing the
data is important for understanding what it means. By conducting eye tracking stud-
ies on healthy individuals using mazes of various difficulty levels and characteristics,
I was able to gather, process, and examine gaze data to investigate patterns in eye
behavior during decision-making problems.
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Chapter 1

Introduction

1.1 Motivation

Studying eye behavior can provide us with insights about the cognitive load an in-

dividual experiences when solving challenging problems. There are several types of

behaviors that we can examine, discussed in detail below.

Throughout this project, I used various maze tests to conduct eye tracking studies

on healthy individuals from the MIT community. I processed the data to remove noise,

then analyzed and visualized the data to determine how eye behavior varied during

decision making tasks.

1.2 Eye Behavior and Cognition

Alzheimer’s disease is an irreversible neurological disorder that causes dementia, af-

fecting many cognitive functions such as memory, reasoning, concentration, and deci-

sion making [13]. In severe cases, the patient can no longer function on their own and

must depend on others for basic life activities. According to the National Institute

of Health, symptoms of Alzheimer’s usually begin to appear when individuals are in

their 60s, and the disease is among the leading causes of death in the United States.

Research has shown that cognitive effort is related to the behavior of the eyes

[4]. Blinking patterns, pupil size, and saccade speeds appear to be correlated with
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cognitive workload. For example, the blinking rate of an individual may decrease

as their concentration increases for a more difficult task. Patients with Alzheimer’s

disease are known to show increased delay before reflexive eye movements and changes

in the length of their fixations [16]. These differences, among other characteristics,

potentially indicate a loss of executive functioning. Although it’s still unclear whether

the correlation implies causation, this relationship is still useful for searching for signs

that mental function has changed.

1.3 Types of Eye Behaviors

1.3.1 Fixations and Saccades

Two basic eye behaviors are fixations and saccades [5]. Fixations occur when the

eyes are locked onto a target for an extended period of time. The minimum duration

necessary to qualify as a fixation is up for debate, but researchers often use a thresh-

old between 100 - 200ms [3]. When analyzing gaze data, a fixation is identified as

consecutive data points gathered in the same area within a small error. Examining

the frequency and positions of fixation points can reveal where a subject is directing

their attention and focus.

Saccades occur when the eye moves quickly from one fixation point to another.

In order to classify as a saccade, the eye movement must exceed an angular velocity

of 20◦/s for at least 4ms [18]. In general, there is a “ramp-up” time, or latency, of

around 200ms [10] before a saccade starts, so saccades that occur less than 20ms

apart are combined as one due those latency expectations.

Saccade behavior can be correlated to the actions being performed. When a

subject draws a line, their gaze path may consist of several saccades that jump from

fixation point to fixation point along the length of that line. When solving puzzles,

a sudden series of random or chaotic saccades might indicate that the subject is

confused and scanning around the page for a solution, while a smoother sequence of

saccades with fewer direction changes may indicate that the subject has learned how

14



to perform a task.

1.3.2 Blinks

We are also interested in blink behavior. There are three types of blinks: sponta-

neous, reflex, and voluntary [1]. Spontaneous blinks occur automatically without any

conscious effort or external stimuli, while reflex blinks, while not necessarily inten-

tional, occur in response to stimuli such as bright lights or a sudden touch. Voluntary

blinks are intentional.

Spontaneous blink frequency is correlated to mental performance, with lower blink

rates corresponding to higher cognitive load [15]. Furthermore, the duration of spon-

taneous blinks has also been shown to be an indicator of increased mental workload

[4]. One goal for the eye tracking study is to see whether the difficulty of certain

drawing tasks has any effect on blink behavior.

1.3.3 Pupilometry

Pupil size and dilation can be surprisingly telling of cognitive processes: changes in

pupil size on the order of < 1 mm can reveal changes in cognitive effort [7]. Therefore,

we also examine the size of pupils to follow a subject’s concentration.

15
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Chapter 2

Equipment

2.1 Pupil

In order to track eye movements and gaze positions, we used the Pupil headset. This

device is worn on the head in the same position that glasses would sit and is very

lightweight (weighing about 1 ounce), minimizing intrusiveness. If a subject wears

glasses, the headset can be fitted on top of them and secured by straps. The Pupil

headset contains three adjustable cameras: two eye cameras are pointed to each of

the eyes, using infrared sensors to locate the pupil, while a third camera (the “world”

camera) is pointed outwards to the wearer’s field of view. Together, these cameras

create a model of the eyes based on the positions of the pupils in order to calculate

exactly where the subject is looking in the world at any given moment [9]. The

cameras take samples at a rate of 120Hz, but by polling the eye data from the two

cameras, the software generates a sampling rate of 240Hz.

The Pupil headset cameras need to be calibrated for each use, even if the subject

had tested twice in a row. This results because it is nearly impossible to position

the headset in exactly the same way every time, and inaccuracies can result from the

headset shifting around while the user is moving their head or bumping into other

objects between trials. Gaze calibration involves asking the subject to focus on a

round target (Figure 2-1). The target is moved around the table and the subject is

asked to follow the target with only their eyes, while keeping their head and body
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Figure 2-1: Circle target for gaze calibration.

as still as possible. The target is moved up, down, left, right, and across diagonals

and the perimeter of the view of the world camera. More detailed instructions are

available in the Appendix.

The software for the Pupil headset comes in two parts. The first, Pupil Capture,

is used to record the videos from the three cameras on the headset. Various settings

allow us to adjust the pupil detection sensitivity, indicate which test form is currently

being used, and change video quality settings. The interface also displays timestamp

markers that can be moved to indicate which portion of the video contains the cali-

bration session we want to use, if multiple calibrations take place during a recording.

Pupil Capture generates useful data such as pupil sizes, pupil positions, and whether

it detects the fiducial marks of the paper forms we are using.

The second body of Pupil software is the Pupil Player. It takes the recording

files from Pupil Capture and uses the pupil positions and surface detection data to

calculate the positions of the gaze on that surface. The pupil data can be provided

as either a 2D model, with the size of the pupils given in pixels, or as a 3D model,

with the pupil size given in millimeters. The downside of the 3D model is that it is

sensitive to noise and frequently produces unrealistic values. Hence, during the data

analysis, 2D was the preferred model as the data was more accurate and faster to

generate.

18



2.2 Pen

We had test subjects solve mazes using the Anoto pen, which automatically records all

pen movements as timestamped coordinates that can later be uploaded to a computer.

The test forms are printed with a faint and closely spaced set of dots which are viewed

by a camera in the barrel of the pen to determine its position on the page. This is

done at a rate of 75 samples per second and can determine the pen position to within

1000th of an inch.

The benefit of using the Anoto pen over a regular pen is that it provides a dynamic

picture of the pen movement. Timestamps are given for every point, allowing us to

know how fast the pen is moving at all times. Another benefit is that because the pen

results are uploaded and backed up, we don’t have to worry about losing the paper

test after the subject testing is done.

The software used for the Anoto pen is called THink. THink allows us to view

and score the pen drawings on tests such as the maze tests, symbol-digit tests, and

clock drawing tests. For my research, I focused only on the maze tests.

2.3 Mazes

The test mazes we have currently come in three difficulty levels: easy, intermediate,

and advanced. The difficulty of the mazes depends on the complexity of choices,

path length, and frequency of embedded decisions (i.e. when a choice leads to more

choices that have to be evaluated before the subject can be confident whether the

initial choice was wrong). Each maze is designed to be balanced, meaning that the

path that the solution takes is spread out to spend a relatively equal amount of time

on both the left and right halves of the maze, as well as a relatively equal amount of

time on the top and bottom halves of the maze.

On each paper form, there are two large mazes and one much smaller maze (see

Figure 2-2). This very simple maze consists of only two horizontal lines, solved from

left to right, and is meant to be used for speed calibration at the start of every maze

19



Figure 2-2: Small speed calibration maze, done before either of the larger mazes.

test.

For the larger mazes, there are two types (Figure 5-4). The first type, which we

call the “choice maze”, resembles a traditional square maze with one correct solution

path from the start to the finish and many junctions where the wrong decision leads

to dead ends. The “choice” refers to the presence of these decision junctions: the

subject has to make a choice as to which direction they should go. The other type

of maze is the “no choice maze”. The no choice maze is nearly identical to the

choice maze, except that extra walls are drawn at each decision junction to block off

incorrect decisions. The result is that every position has exactly one direction forward

for the subject to take; there is no way for them to take the wrong path if they do

not backtrack or cross through walls. In both the choice and no choice mazes, the

solution paths begin at the bottom of the maze and end at the very top.

Each maze is about 5 inches × 5 inches in size, and each is printed on half of

an 8.5 × 11 inch paper form. The small calibration maze is printed below the no

choice maze. For every maze test, the subject is given the paper form folded in half

such that only the no choice and the calibration mazes are visible. At the start of

each maze test, the subject is first asked to draw a line through the calibration maze.

Then, the subject is asked to solve the no choice maze. Once completed, the form is

flipped over to reveal the choice maze, which they are then asked to solve. Only one

large maze is visible at a time. The purpose of having these two types of mazes is to

form a baseline for behaviors such as how fast the subject draws their solution in the

presence and absence of choices and how their eyes move while doing so. We want to

see how these behaviors change when cognitive load is introduced.

In addition to the mazes, test subjects were also asked to solve a Symbol Digit (SD)

test after completing the mazes. Another researcher in our group was responsible for

analyzing these SD tests, which involve puzzles asking the subject to match numbers

to either symbols or other numbers.
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Figure 2-3: Sample choice (left) and no-choice (right) mazes.
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Chapter 3

Subjects

3.1 Training

Prior to conducting tests on any people outside of the lab, we submitted our project

to the Institutional Review Board (IRB) and received approval to proceed with the

study. Following that, every test giver was given training for how to properly conduct

the tests. For example, we need to ask subjects to keep their pen on the paper during

the maze test and avoid lifting the pen when thinking or after a mistake. Instead, the

subjects are asked to backtrack to where they last made the mistake. We also learned

about good practices to follow when testing subjects, such as how to make them feel

at ease, remove potential distractions, and protecting the privacy of the subjects.

3.2 Recruitment

The eye tracking tests were conducted on 60 healthy members of the MIT community,

between the ages of 18-30s. The subjects were recruited after they responded to an

email advertisement or after hearing about the study from a prior participant.

Initial tests were conducted on volunteers to give us a sense of how long the overall

testing process would take. Once we were familiar with the process, an email adver-

tisement was sent out to the CSAIL mailing list. Subjects were offered compensation

of a $20 Amazon gift card. Twenty volunteers responded, primarily grad students.

23



The following week, the advertisement was forwarded to an undergraduate psychol-

ogy class, with a fantastic response rate. From those respondents, the first thirty

undergraduates were recruited to participate in the study. It may be interesting to

note that the largest demographic representation among the test subjects were Asian

female students, who made up half of the total number of subjects.

3.3 Testing

Testing took place in multiple conference rooms throughout the CSAIL building over

the course of three weeks, varying due to scheduling availability. We avoided rooms

with windows, and if a room did have them, the blinds were pulled down to remove

outside distraction and natural light changes. Before every test subject, we measured

the light intensity in the room using a light meter.

Each study took roughly 30 minutes to conduct. To reduce stress for both the

subjects and the testers, each subject was given a 45 minute timeslot. Prior to testing,

subjects were given a consent form to read over and sign.

The subjects were then given five tests in order. The first three tests were all maze

tests, with three different levels of difficulty (easy, intermediate, and advanced) given

in a randomized order. For each maze test, the subject was asked to first solve the

calibration maze, then the no-choice maze, and finally the choice maze. Following the

maze tests were two identical SD tests. Throughout the test, the subjects were not

told which maze level they were taking, nor were they informed that the two SD tests

were the same. The testing procedure is described in more depth in the Appendix.
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Chapter 4

Data Processing

As mentioned earlier, eye tracking data is known for being extremely noisy. Little jit-

ters in the signal could be caused from anything from vibrations when the user moves

their head to inaccuracies in measurement or noise from the equipment. These jitters

could potentially be confused with meaningful eye movements such as saccades. To

separate the noise from the meaningful data, we need to understand what behaviors

are physically possible for the human eye.

4.1 Properties of Eye Movements

The first item to look at are saccade properties. According to Findlay [6], the typical

duration of an eye saccade is between 20ms - 100ms. The duration varies according

to the angular change of the eye. The raw gaze signal often contains small periodic

patterns that repeat at a high frequency (Figure 4-1). If this frequency is higher than

50Hz (i.e. more frequent than once every 20ms), then this measurement is most likely

to be noise. During data cleaning, I used 60Hz as my cutoff value for classifying noise.

Additionally, we know that the angular velocity of the human eye has a speed

limit of 900◦/s. We can translate this to how fast we expect the gaze point to travel

on the paper surfaces. We assume that a subject holds their head about 15 inches

above the form. The camera sampling frequency is 120Hz, but due to offset sampling

times of the two eye cameras, the gaze may be sampled at what appears to be 240Hz.
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Figure 4-1: Two segments of unfiltered data. The periodic peaks are too fast to be
physically possible for the eye and are most likely just noise.

Therefore, the time between samples is 4.16ms:

900◦/s · 0.00416s = 3.75◦

7.5◦ · (π/180◦) = 0.065 rad

0.065 rad · 15 inches = 0.98 inches

Therefore, a distance differential greater than one inch in 4.16ms would be phys-

ically impossible for the human eye, and any occurrences would require us to take a

closer look at the data and recordings to figure out what had happened.

Furthermore, saccades do not occur instantly. As mentioned in Chapter 1, there

a latency of around 200ms [10] before a saccade starts. This translates to around 24

gaze samples. Therefore, any “saccades” with a frequency higher than 5Hz are also

physically impossible.

4.2 Data Cleaning

Now that we know how to identify noise, we need to clean it from our data. This can

be done with a low-pass filter.

Designing a low-pass filter for this gaze data requires several considerations. First,
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Figure 4-2: Detection confidences values around a blink. The confidence values de-
crease to 0% before rising back up when the eye reopens.

we know the range of speeds and frequency of saccades, so we can safely filter out

any portions of the gaze data that are too high frequency. We will use a Butterworth

filter to ensure that we have the best preservation of frequencies below the threshold1.

Second, there are some data points that don’t correlate to motion - when a subject

blinks, the surface position coordinates can’t be properly calculated and as a result

are set to values that are unrealistically large in magnitude (such as being hundreds

of inches away). Fortunately, there are indicators for whether a blink has occurred:

there is a sequence of gaze samples for which the detection confidence values gradually

decrease to (or close to) 0% and then gradually rise back up (Figure 4-2); during this

time, the calculated positions will no longer be within the dimensions of the surface

(i.e., will no longer be on the form), which Pupil may indicate with an “on-surface”

parameter set to False for each sample. After the artifactual blink positions have

been removed, we smooth out the signal through the use of a median filter, which

also behaves as another low pass filter.

Finally, there are times when the subject is not blinking but the gaze position still

1 Many types of low-pass filters may have response ”ripples” in their passband, which can po-
tentially distort or add more noise to the signal being filtered. Compared to other low-pass filters,
a Butterworth filter has a very flat response, meaning that we are less likely to distort the portions
of the signal that we wish to keep.
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leaves the surface, such as when the subject looks away to glance at something in the

room during the test. If the subject glances just a little bit to side of the form, the

maze surface is still detected and Pupil will provide a position with values that are

outside of the dimensions of the surface but that are still realistic in terms of how

far away they are from the page. However, if the subject looks around the room, the

surface may no longer be detected and Pupil will generate position values that are

large and unrealistic, just like with blinks. The difference is that when looking away,

the confidence of pupil detection does not necessarily decrease, and the time that the

gaze is off the surface is much longer (such as 5 seconds). Oftentimes it helps to look

back at the video recordings to confirm what activity had actually occurred. Hence,

distinguishing between blinks and glances in our gaze data requires mathematical

checks with help from manual review.

4.3 Visualization

In this paper, the maze backgrounds will be replaced by a blank maze (Figure 4-

3), as information about the maze forms that we used for subject testing is not yet

available to the public. Most of the visualization is done using Plotly, which allows us

to create interactive graphs and plots. As we can see, the gaze signal largely follows

a discernible path through the maze, although the signal is too chaotic and spread

out for us to see the details of specific paths and turns. This also is due to the fact

that during the tests, subjects frequently look ahead or around the maze beyond just

the solution path that they are following, in both the choice and no choice mazes.
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Figure 4-3: Sample gaze data path in a blank maze, with walls removed.
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Chapter 5

Analysis

5.1 Blink Patterns

One of the first things I looked into was the blink behavior across different mazes.

To detect blinks, the Pupil Player performs a convolution of the gaze data with a

gradient filter, consisting of a 1×n array where the values in the first half are -1 and

the values in the second half are 1:

[−1,−1, ...− 1, 0, 1, ..., 1, 1]

This gives us the gradient of the eye detection confidence over time, as calculated

within a window of length n. The value of n is however many samples can be found

within a 200ms time window. Given our sampling frequency of 240Hz, this gives us 48

samples, assuming there is no missing data. To determine whether a blink occurred,

we check whether the change in smoothed confidence fell below a fixed confidence

threshold (set to 50% in the default case) for a few milliseconds before rising back

up.

However, the algorithm used by Pupil did not take in account the realistic times-

pan of a typical blink. According to several papers, the expected length of a blink,

from the moment the eyelid begins to drop to when it is back up, lies within 100-

300ms [17] [2]. With the Pupil algorithm, even a lengthy drop in confidence (e.g. 1
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Subject Difficulty NC Blinks C Blinks % Change
1 Easy 8 6 -25
1 Advanced 4 6 50
2 Easy 1 1 0
2 Advanced 5 3 -40
3 Easy 37 21 -43.2
3 Advanced 21 13 -38.1
4 Easy 6 6 0
4 Advanced 5 8 60
5 Easy 0 0 -
5 Advanced 3 1 -66.7

Table 5.1: Table of some blink counts across five different subjects. “NC Blinks” is
the blink count over the No Choice maze, while “C Blinks” is the blink count over
the Choice maze.

second), such as may occur when the subject looks off the page or when pupil detec-

tion is temporarily lost due to extreme angle, will still be counted as a blink. The lack

of duration considerations also results in the algorithm detecting even a brief drop

in confidence, due to measurement noise, and also counting that as a blink. In some

extreme cases, Pupil would tell us that a particular subject had blinked as much as

300 times in a one minute interval, which is physiologically improbable.

To deal with this issue, I wrote a script that took timing into account and used

that instead of Pupil’s blink detection algorithm. Similar to the Pupil algorithm, I

used the drops and rises in confidence values to isolate potential blink periods. I then

calculated the range on the number of samples that realistically span the length of

a normal blink (24 to 36 samples), and filtered out all those potential blinks with

durations that lay outside of those ranges.

According to Coral [4], the frequency and duration of eye blinks can indicate how

much concentration an individual is exerting on a problem. More specifically, the

higher the level of concentration and focus, the fewer the number of blinks we expect.

Some sample blink data is presented in Tables 5.1 (blink counts) and 5.2 (blink

rates). Blink rates are calculated by taking the total number of blinks over the time

it took the subject to complete the maze test.

We can also visualize the blinks on the gaze data. While the blink positions are
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Subject Difficulty NC Rate C Rate % Change
1 Easy 0.15 0.14 -10.6
1 Advanced 0.12 0.16 43.7
2 Easy 0.02 0.02 20.8
2 Advanced 0.06 0.05 -24.1
3 Easy 0.71 0.47 -32.8
3 Advanced 0.51 0.37 -27.1
4 Easy 0.03 0.03 -0.9
4 Advanced 0.14 0.23 64.8
5 Easy 0 0 -
5 Advanced 0.06 0.01 -82

Table 5.2: Table of some blink rates (in blinks per second) across the same five
subjects as in Table 5.1. “NC Rate” is the blink rate over the No Choice maze, while
“C Rate” is the blink rate over the Choice maze.

Figure 5-1: Example visualization of a blink (in red) in part of the gaze signal.

invalid, the gaze positions before and after those data points are still on the maze

surface, so we can extrapolate a line between those neighbors and color them to stand

out. The number of points on the linear extrapolation segment should correspond to

the number of samples for which the blink takes place.

5.2 NSLR Segmentation

Since most saccade movements can be approximated as linear paths between the

static fixation points, a gaze path could be represented as a set of line segments,

connected with fixations as vertices. One method of separating a gaze path into linear

saccades and fixations is Naive Segmented Linear Regression (NSLR), a segmentation
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algorithm that relies on a Hidden Markov model classifier to predict which movement

type a gaze data point is most likely to be.

NSLR is capable of classifying four different types of eye movements: saccades,

fixations, post-saccadic oscillations, and smooth pursuits. Post-saccadic oscillations

refer to the small corrections the eyes make after transitioning from a saccade to a

fixation, while smooth pursuits describe the movement of the eye as it follows a moving

target. However, because our drawing tasks do not involve any moving targets other

than the pen, we will mainly focus on the first two categories.

This segmentation also serves the additional function of denoising the gaze signal,

as an alternative to the signal processing low pass filtering. However, the downside

is that NSLR assumes the saccades in the gaze data are all linear, which may not

always be the case. Furthermore, the algorithm was sensitive to small changes in

the data. By cropping out the last 100 data points and rerunning the algorithm, the

newly generated fixations points would have all shifted to slightly different locations.

Details of the NSLR algorithm are documented in [14]. I adapted a version of the

code provided in their paper and ran it on some of the maze tests, with a sample

result shown in Figure 5-2, which shows the simplified line-segment representation of

the saccades and fixations produced by the algorithm.

5.3 Fixations and Gaze Speed

An alternative approach to identifying the fixations in a gaze signal is to simply

look into the speed of the gaze throughout different parts of the maze test. During

fixations, the eye is focused on a single position and is therefore has speeds that are

close to 0. During saccades, the eye accelerates to much higher speeds, reaching a

maximum angular acceleration of 900◦/s, as discussed in the previous chapter.

Using our gaze data, speeds were calculated for each point using three gaze po-

sitions, that of the current gaze sample as well as that of the two timewise adjacent

points before and after that sample. The sample points were then colored based on

their speeds using a color scale. In the visualization in Figure 5-3, the fixations are
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Figure 5-2: NSLR segmentation of gaze data.
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depicted in dark purple, while any gaze points with speeds higher than 3 inches/s are

colored in yellow. As we can see, both NSLR and the gaze speed method were able

to capture many of the same fixations points.

5.4 Decision Areas

A major topic of interest is how the eye behaves when encountering decision areas in

the mazes, i.e. junctions in the choice mazes where the subject has to decide which

direction to continue in (in the corresponding no choice mazes, the extra options are

sealed off with a border.)

One might assume that the decision areas in the choice maze will always require

more cognitive effort due to the presence of choices, but it’s possible that the shapes

formed by the sealed off areas in the no choice maze may add cognitive load by being

distracting, especially if they are small and rectangular (Figure 5-4), which one would

not expect in a typical maze puzzle. Subjects may also be confused if it is their first

time solving a no choice maze.

The following two sections discuss two ways I examined eye behavior around

decision areas - through pupillometry and the distance between gaze and pen tip.

5.5 Pupil Size

Variations in an individual’s pupil size throughout a challenging task can be indicative

of changes in cognitive focus (such as higher levels of concentration or confusion).

Hence, I investigated how pupil size varied throughout different maze tests.

The range of normal pupil sizes among healthy individuals is between 2-8mm [12].

However, this range covers extreme cases, with 2mm occurring in very bright blinding

light while 8mm occurs in nearly pitch black darkness. During our subject testing, we

measured the light intensity in the room before each test. Hence, in a typical room

lighting of 150-550 lux, the expected pupil size is closer to 3.5-5mm [11].

Pupil Player can generate 2D pupil radiuses, given in pixels, for every gaze point.
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Figure 5-3: Fixations (purple) as identified by gaze speed on the surface. Fixations
circled in second image.
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Figure 5-4: Sample maze with solution pen paths drawn in. In the no choice maze
on the right, the sealed off junctions sometimes form small unexpected shapes that
could potentially be distracting to a subject.

The range of the pixel values varied from person to person, depending on the distance

between the camera and the eye as everyone has a different facial structure. As a

sanity check, we can calculate what we might expect to be a reasonable pixel size

range.

When I wore the Pupil headset, cameras sat 1.5 inches (38.1mm) from my eyes.

We can assume that the monocular horizontal field of view is about 90◦ [8], which is

also what is listed in the Pupil settings. The resolution of our camera is set to 1280 ×

720. Looking at each half the field of view (at 45◦), we calculate that at the distance

of the eye, one pixel covers 38.1 · 2 tan(45◦)/1280 = 0.060mm. To translate this into

pixel ranges:

3.5mm/0.060 = 58.8mm

5mm/0.060 = 84.0mm

The subject used in most of our examples has a pupil pixel range of 65-85mm. When

doing multiple tests on myself, my pupil sizes lie in the 70-100mm range. Given the

math above, we see that these values are realistic for the human eye.

When the gaze points are colored based on the pupil size, clear clusters can be seen

in many of the maze tests (Figures 5-5 and 5-6). Larger pupil sizes tend to appear

near the beginning or end of mazes, or around areas with many decision points.
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Figure 5-5: Gaze points colored by pupil radius (in pixels). Larger radius sizes are in
red, while lower radius sizes are in blue. Clusters of colors can be seen, such as the
blue area at the beginning of the maze and the red areas at the end and on the left.
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Figure 5-6: More maze samples where the gaze points are colored by pupil radius.
Larger radius sizes are in red, while lower radius sizes are in blue. Each row of mazes
are conducted by the same subject, with the choice maze on the left and the no choice
maze on the right.
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More excitingly, in the majority of the mazes, the median of the pupil sizes were

higher in the choice mazes than in the no choice mazes. As higher pupil radius implies

more cognitive load [4], this result is aligned with our expectations since the choice

mazes are designed to be more challenging. In the Figure 5-7, individual squares in

the mazes are colored according to the value of the mean of the pupil radiuses of

the gaze points contained within those squares 1. The means are compared around

the median of all radius sizes such that radius sizes greater than the median are

colored red and radius sizes less than the median are colored blue. This was done

to investigate whether areas of higher or lower pupil radius sizes correlated to any

decision areas.

People may work differently, so we used each individual as their own control. We

take the difference between choice and no choice mazes of the same difficulty from

the same individual by subtracting the means of corresponding squares. As seen in

Figure 5-8, the differences, when each point is present, showed that this particular

individual’s pupils were larger on average throughout the choice maze, as indicated

by the number of red squares and the intensity of the colors.

5.6 Gaze/pen distance

For the majority of the tests, the pen generally very closely follows the correct solution

path in all the mazes. The gaze, on the other hand, may deviate from the solution

path when the subject is scanning around if surprised, confused, or thinking ahead.

From the gaze data of several tests, the eye movement tends to be more erratic around

decision squares, as the subjects must look around to decide which route is the best

one to take.

I initially tried plotting the difference in position between the gaze and pen points

over time, as seen in Figure 5-9. The red bars indicate times when the current pen

data was within a decision square. There are several peaks which occur in or near a

1 At 240 samples/second, there are numerous measurements made while the gaze is within a
square.
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Figure 5-7: Heatmap of pupil radius means within individual squares on the choice
maze. The scaling is normalized about the median of all radius values.
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(a) Choice maze (b) No choice maze.

Figure 5-8: Difference of the heatmaps of the choice and no choice mazes.
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(a) No choice maze.

(b) Choice maze.

Figure 5-9: Difference in distance between pen and gaze over time.

decision region in both the choice and no choice mazes.

However, the problem with the previous representation is that because subjects

may potentially take vastly different amounts of time on different parts of correspond-

ing choice and no choice mazes, its difficult to compare the two based on location along

the solution path. This can be resolved by taking the mean of the distance difference

within squares along the pen path, similar to as was done previously for the pupil

radius. In Figure 5-10, the two mazes are aligned by location. The indices on the

x-axis show how many squares along the solution path the pen is current at. Colored

bars are also drawn to show whether the current position is in (red) or is near (yellow

and green) a decision square. As we can see, the mean distance difference had a
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higher maximum value in the choice maze.

It’s interesting to note that the peaks tend to occur in similar locations along the

solution path - both have high value peaks at index 51, 81, and 100, indicating that

the subject scanned around during those positions regardless of whether there were

decisions or not. Looking back at the maze, those three indices correspond to squares

that occur right before a long vertical or horizontal segment (“hallways”), perhaps

revealing that the subject looked up those hallways to determine the total length or

to see what the maze structure was at the end.

(a) No choice maze.

(b) Choice maze.

Figure 5-10: Mean difference in distance between pen and gaze over distance by the
squares of the solution path. Red indicates a decision square.
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Chapter 6

Discussion

6.1 Results

As expected, we found evidence of subjects exerting more cognitive effort for the

choice mazes as compared to no choice mazes of the same difficulty level.

From looking at the pupil sizes, we see that subjects exhibited changes in pupil

size throughout the mazes that often occur suddenly and in relation to a specific

geographical location on the maze. Although the patterns varied, the majority of

subjects showed a dramatic change in pupil size after the start of the maze as well as

right before the end. Clusters of colors can also be seen throughout the gaze paths.

More work will need to be done to determine the relationship between these clusters

and the features of the mazes.

Furthermore, when comparing the size of the pupils between the choice and no

choice mazes, we found that the median of the pupil radius was consistently higher

in the choice mazes. Since pupil size generally increases as attention increases, this

confirms our belief that subjects have to concentrate more for the choice mazes.

Additionally, when comparing mean pupil sizes in corresponding squares along the

paths in the choice and no choice mazes, we found that the mean pupil size in each

square was also more likely to be higher in the choice mazes.

From examining the distance between the pen and the gaze at corresponding

timestamps, we can see how much a subject’s gaze moves around throughout a test.
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Often at a decision junction in the choice maze, a subject will look around and

exhibit more chaotic gaze behavior as they try to determine which decision is the

best. Peaks of maximum distances occurred during or before decision squares in the

choice mazes, but also before unusual features in the mazes, such as long vertical

or horizontal hallways. In particular, when a peak occurred before a hallway in the

choice maze, there would also be a corresponding peak in the no choice maze in the

same position. This may show that visual features of the mazes can prove just as

interesting or distracting to a subject as the decisions that they have to make.

When comparing maze types, the blink rate increased for the choice maze over the

no choice mazes in most of the subjects. However, blink counts and blink rates did

not seem to follow any consistent trend between different difficulty levels for the same

type of maze. In particular, there was no majority for whether blink counts increased

and decreased from choice to no choice mazes, although many subjects spent less time

on the choice maze than on the no choice maze. What was also interesting was noting

the vast range in blink rates for different subjects - some individuals had blink rates

of one every two seconds, while others did not blink a single time during a half-minute

long test.

6.2 Next Steps

Currently, an updated version of the Pupil Player software is being developed to

improve the surface tracking accuracy for the newer version of our maze test forms.

Once this is complete, it can be used to process the subject tests that were taken

using the new forms. Although there are still many recordings that have yet to be

analyzed, the current data analysis on the subjects is already telling of trends and

patterns in eye behavior throughout the different types of tests. In the future, we can

extend this research and check whether these eye behavior patterns are consistent over

a larger population. Hopefully we will also eventually apply this study to patients

with Alzheimer’s and other neurological disorders and evaluate the similarities and

differences in their performances. My research will serve as a toolkit of analysis
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methods to help further the research in this topic.

49



50



Appendix A

Additional Documents
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Drawing study advertisement: 

 

 

Subjects Needed for Eye Tracking Study -- $20 for 30 minutes 

 

We're studying hand-eye coordination in a set of simple drawing tasks. You'll be asked to find a  

path through a maze, draw a common object, or do a simple symbol-digit substitution task, while  

wearing an eye tracker. The eye tracker is a lightweight eyeglass frame with very small cameras  

in place of lenses; it weighs only 34 grams (about an ounce).   

 

The study will be done in CSAIL (the Stata building) and will take about 30 minutes. Upon  

completion you will receive $20 in the form of an Amazon gift card.   

 

Qualifications: Age 18 and over, in good health, able to sit at a desk comfortably for 30 minutes,  

no restricted head or hand range of motion. 

 

For more information or to volunteer, email drawingstudy@csail.mit.edu. 

  



Calibration Instructions 

1. Begin by putting the headset on the participant. Place a piece of blank paper on the table in 

front of them and give them the (capped) pen to hold. Ask them to sit how they would to write. 

(Note: If the participant owns both glasses and contacts, suggest that they wear their contacts 

for this test to avoid potential issues with glare.) 

 

2. Adjust the three cameras: 

- World view camera should see all or most of paper while participant is looking down at it 

- Each eye camera should contain the full range of pupil movement. Ask the participant to 

look all the way to the left, right, top, and bottom to ensure that the entire range of motion 

is detected. It’s okay if the iris goes out of frame, but the pupil must always be detected. 

- If a pupil is not fully contained in the camera view, gently push the camera around until it 

can be seen. Ask the participant to close one eye to help you determine which camera 

corresponds to which eye. Sometimes one eye camera will be flipped, so ask the participant 

to look up to see if any of the eye videos show the eye looking down instead. Select the 

option “Flip image display” for that flipped eye. 

 

3. In the settings of each pupil camera, enter algorithm mode and adjust algorithm settings for the 

pupil detection, if necessary. 

- Adjust minimum and maximum radius (units in pixels) to bound the size of the pupil 

- Adjust pupil intensity range (around 20 is good) so that the blue circle closely follows the 

circumference of the pupil. We want to avoid the algorithm reading shadows in the eye as 

potential pupil locations. If you see large blue areas in the shadows of the eye, decrease the 

intensity range. 



- Return to camera mode after adjustments are made. 

                 

           Intensity range too high                      After intensity range lowered 

 

4. Place the calibration target in front of the participant such that it is also in the center of the 

world view camera. Ask the participant to look at the center of the circle (at the cross) without 

moving their head.  

 

5. Hit “R” to begin the recording. Hit “C” to start calibration. While watching from the screen, 

move the calibration target (attached to a stick) around in the following ways (visualized below). 

Ask the participant to follow only with their eyes. 

- Up and down 

 

- Left and right 

 



- Up and down at the leftmost and rightmost sides 

 

- Left and right at the topmost and bottommost sides 

 

- Across each diagonal 

 

- A spiraling circle 

 

 

6. Hit “C” again to end the calibration process. Afterwards, a calibration window will appear on the 

screen. The goal is make this window as large as possible (reaching as close to all edges and 

corners as possible). This increases the accuracy of the calibration. 

 

Note: If the calibration comes out poorly, you can go back to Step 4 to redo the calibration 

process. This can be repeated as many times as necessary. 



 

Good calibration window 

  

Poor calibration window (too small and narrow) 

 

7. Now you can give the participant their test (Maze or SD).  

 

8. After the test is over, hit “R” again to end the recording.  

 



Maze and SD Testing 

 

 

Preliminaries 

Reserve a conference room for administering the test (we need a quiet room without 

distractions). Conference rooms are in short supply especially during afternoon hours, so plan 

ahead – match up subject’s schedules with available room times. The conference room 

reservation system is at https://calendar.csail.mit.edu/mrbs; you’ll need a CSAIL account to be 

able to use it. 

 

When you plan an appointment with someone, make sure to get their contact info. That way 

you’ll be able to remind them about the appointment the night before, and can get in touch if 

they seem to be lost in our confusing building. Also ask whether they routinely use glasses to 

read; if so they should be sure to bring those to the test. 

 

Have the testing room set up with all necessary equipment ready to go (laptop, light meter, 

glasses, calibration pattern/stick, a way to take notes if needed, a pen, subject log (attached), etc.) 

 

When they arrive, welcome them, stash their coat, etc., out of the way and ask if they are ready, 

or need to use the restroom first (to minimize interruptions). Seat them at the table so that they 

are facing away from any window (even if an interior window), to cut down on possible 

distractions.  

 



Explain the test in this way, trying to stick fairly closely to this script so that we treat all subjects 

the same: 

 

We’re studying hand-eye coordination in a set of simple drawing tasks. You’ll be asked to find a 

path through a maze and do a simple symbol-digit substitution task, while wearing an eye 

tracker [point to it]. The eye tracker is a lightweight eyeglass frame with very small cameras in 

place of lenses; it weighs only about one ounce. It allows us to record where you are looking 

from moment to moment. [Put on the glasses yourself so they can see how they look in place.] 

 

You’ll also be using this pen [pick it up, mimic drawing with it], which works as a regular 

ballpoint pen but also records your drawing motions digitally. [Take off eye tracker] 

 

We’ll start by having you put on the eye tracker, and we’ll adjust it to fit your head. Then we’ll 

ask you sit still while you follow this target [show them] with your eyes; this make the eye 

tracker more accurate. 

 

We’ll then ask you to do two simple tests – a maze and a symbol substitution test – wearing the 

tracker and using the pen. The entire process will take no more than about 30 minutes, and upon 

completion you’ll receive an Amazon gift card worth $20. 

 

Is this clear? 

 



One important thing before we start is for you to read this informed consent form, which 

describes what you’ll be doing and ensures that you understand the goal of this work. Take as 

long as you need to read and understand it. [Wait until they’re done, then ask whether they have 

any questions about it. Ask them to summarize it in their own words and correct any 

misunderstandings. Then say:], please indicate your understanding by signing on the last page. 

[Remember to counter-sign it and have an extra copy of the (blank) form to give them.] 

 

Testing 

Have them comfortably seated in the appropriate chair. Make sure subject is wearing theit 

glasses if needed. Put on the tracker and make appropriate adjustments. Then say: 

 

Now I’d like you to sit fairly still and follow this target with just your eyes, 

without moving your head. 

 

Instructions for administering both the maze and SD test are attached. Use the wording suggested 

there so that everyone receives the same instructions. 

 

After they are done, make sure to carefully collect the tracker and pen, log the test date time, and 

the fact that they got an Amazon card. Ask if they have any questions or concerns related to 

participating in this study, and point out to them that there is contact information for Professor 

Davis on page 2 of the informed consent form that they’ve been given a copy of. Give them the 

Amazon card and thank them for their interest and participation. If they say they’re interested in 

the work, tell them we’ll let them know when we have results analyzed and written up. 



Digital Maze Test 

 

General Instructions 

 Present the no-choice maze (the right side of the form) first. 

 Give the digitizing pen to the examinee AFTER the instructions and just before they are to 

write on the paper. 

 

Administering the test 

 When ready to test, check the pen “start” box (at top right of the form) just before presenting 

the paper to the examinee. 

 Show the examinee the paper and say: “This page has two parts.  The top part is a large 

maze (point to the maze) and the bottom part is small practice maze”  (point to the sample 

maze). 

The examiner should partially cover the large maze by lightly resting their hand over the 

maze while pointing to the small maze and giving the instruction, and while the subject 

completes the sample maze. 

 “On the bottom part  (point to the sample maze), you have a practice maze with a single 

path.  The beginning of the path has a green arrow and the end has a red arrow.  I’d like you 

to start by putting your pen on the green arrow and then draw a line through the path as 

quickly as you can and without bumping into any walls, stopping at the red arrow.  Any 

questions?  Okay, go ahead.”  

 After the examinee completes the sample say, “Good.  Now I’d like you to try the bigger 

maze up top” (point to the bigger maze) 



 “As before, you should start by putting your pen on the green arrow. When I tell you to start, 

you should draw a line through the maze as quickly as you can, without bumping into or 

cutting through any walls.  If you make a mistake, keep your pen on the page and just 

backtrack.  Do you understand?” 

 If there are questions, repeat the instructions or relevant portions of the instructions as many 

times as necessary. 

 “Okay, go ahead.” 

 When the examinee completes the right-side maze, turn the paper over so the left-side maze 

is on top, and give the same instructions as you did for the right-side maze (there is no maze 

trial with the left side maze). 

 When the examinee has completed both mazes, use the digital pen to write subject 

identification information at the bottom . 

 

Testing Issues 

 The examiner should watch the examinee carefully. If the examinee: 

o lifts the pen say, “remember to keep your pen on the page” 

o bumps into a wall say, “try not to bump into the walls” 

o cuts through a wall, point to the path where they cut though the wall and say, “put your 

pen here and remember not to cut through the walls” 

o lifts the pen and moves it to another location, point to the place where the pen was  lifted 

and say, “keep your pen on the page and backtrack” 

o has difficulty seeing the pen point because their hand is in the way, say “try your best to 

keep the pen on the page the entire time” 



Administering the digital Symbol Digit Test 

 

General Instructions: 

 Present the Symbol-Digit subtest (the top half of the form) first. Explain the test using the 

script below. When you are ready to proceed, put a checkmark in “start box” in the upper 

right hand of the form just before handing the subject the pen.  

 The examinee completes/writes all of the sample items. 

 When complete, the examiner takes the pen, writes necessary identification in the upper 

left area of the test, and then makes a checkmark in the upper left box:  

 

Symbol-Digit Trial 

Explain the first half of the test by saying: 

 This part of the test has two parts.  The top part is an answer key (point to the answer key) 

and the bottom part is where you write your answers (point to the response section). 

 

Up top at the answer key  (point to answer key)  you have boxes that have pairs of shapes 

and numbers.  The top boxes all have shapes and the bottom boxes all have numbers.  Each 

shape has its own unique number. 

 

On the bottom part (point in general direction of the response section),  you have top boxes 

with shapes, but the bottom boxes are empty.  I want you to use the answer key above to write 

in the bottom boxes the number that goes with each shape. 

 



EXAMINER DOES NOT WRITE IN ANY SAMPLE  ITEMS 

Look at the first shape. (point to first shape in the Sample section)  You see that it’s a cross.  You 

look up to the answer key to find the cross and you see that it is paired with the number one. You 

put the number one in the empty box where it belongs. (point to the empty square below the 

cross) 

 

Now look at the second shape and see that it’s a triangle.  Look back up to the answer key, find 

that the triangle is paired with the number 10 and then put the 10 in the empty box.” (point to the 

empty box below the triangle) 

 

You should point to the answer key and repeat the instructions as many times as necessary.   

Proceed to the sample when the examinee understands the task.   

 

Give the examinee the digital pen. 

 

Let’s do the sample.  Start at the beginning and take them in order, stopping at the bold line 

here. Remember take them in order – no skipping. (point to the bold line that divides the sample 

items from the test items) 

 

Watch as the examinee completes the sample. You should point out any mistakes that the 

examinee makes at the time of the error and ask them to correct their error. 

 

After the sample is completed say: 



Good.  For the next part BOTH speed and accuracy are important. When I tell you to ‘Go’  you 

should  start here…  (point to the first test item – the cross) …and continue on to the end at the 

stop sign. (at the same time point generally to the second and fourth lines using a sweeping z-

shaped gesture – stopping near the stop sign) 

 

Remember to work as quickly and as accurately as you can – without skipping any items. 

Are you ready?  Okay, GO. 

 

When the symbol digit subtest is completed, immediately turn over the page and expose the Digit 

Copy subtest. 

 

Digit-Copy Trial: 

This page is a little different, but it also has an answer key (point to the answer key) and a place 

to write your answers (point to the response section). 

 

Up top at the answer key…  (point to answer key) …you now have boxes that have pairs of 

numbers.  The top boxes and the bottom boxes each have the same number. The numbers in each 

pair are the same. 

 

On the bottom part … (point in general direction of the response section), you have top boxes 

with numbers, but the bottom boxes are empty.  I want you to write in the empty boxes the 

numbers that match the ones in the top boxes – that is, you should copy the numbers in the empty 

boxes below them. 



 

Let’s do the sample.  Start at the beginning and take them in order, stopping at the bold line 

here. Remember take them in order – no skipping. (point to the bold line that divides the sample 

items from the test items) 

 

Watch as the examinee completes the sample.  You should point out any mistakes that the 

examinee makes at the time of the error and ask them to correct their error. 

 

After the sample is completed say: 

Good.  For the next part BOTH speed and accuracy are important. When I tell you to ‘Go’ you 

should  start here…  (point to the first test item – the number 1) …and continue on to the end at 

the stop sign. (at the same time point generally to the second and fourth lines using a sweeping z-

shaped gesture – stopping near the stop sign) 

 

Remember to work as quickly and as accurately as you can – without skipping any items. Are 

you ready?  Okay, GO. 

 

When the test is complete immediately proceed to the Symbol-Digit recall trial. 

 

Symbol-Digit Paired-Recall trial: 

Do you see here that you once again have some shapes, and below them are empty boxes?  I’d 

like you write in the empty boxes the numbers that belong there, just as you did a few minutes 

ago. Try to remember which number matches the shape.  If you’re not sure, try to guess. 
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