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ABSTRACT

Head-worn augmented reality displays such as Engo Eyewear avoid
placing the virtual image in the user’s primary position of gaze
(PPOG) to allow a clear view of the user’s primary task. Several
studies suggest that horizontally offsetting the virtual image toward
the ear provides good performance and comfort during different
types of tasks. Less research focuses on offsetting the image toward
the nose. Extending a previous study with displays positioned at
0°, +10°, +20°, and +30° (defining toward the ear as the positive
direction), we run two studies each with four conditions and 12
participants (24 participants total) comparing user comfort at -30°,
-20°, -10°, and 0° and -15°, 0°, +15°, and +25°. We follow the previous
study’s procedures, using a 30-minute reading task and a video
display terminal as an emulated right-eye monocular display with
a smartphone-sized field of view (FOV). Comparing the results
from all three studies suggests that reading on displays with pixels
between -24.6° and +19.6° may be comfortable, with users tolerating
negative offsets better than positive.

CCS CONCEPTS

« Human-centered computing — Empirical studies in HCI;
User studies; Mixed / augmented reality.

KEYWORDS

Wearable Computers, Virtual/Augmented Reality, Empirical study
that tells us about people, Usability Study

ACM Reference Format:

Yukun Song, Parth Arora, Srikanth T. Varadharajan, Rajandeep Singh, Mal-
colm Haynes, and Thad Starner. 2024. Looking From a Different Angle:
Placing Head-Worn Displays Near the Nose. In The Augmented Humans Inter-
national Conference (AHs 2024), April 04-06, 2024, Melbourne, VIC, Australia.
ACM, New York, NY, USA, 18 pages. https://doi.org/10.1145/3652920.3652946

“Both authors contributed equally to this research.

This work is licensed under a Creative Commons Attribution International
4.0 License.

AHs 2024, April 04-06, 2024, Melbourne, VIC, Australia
© 2024 Copyright held by the owner/author(s).

ACM ISBN 979-8-4007-0980-7/24/04
https://doi.org/10.1145/3652920.3652946

Parth Arora’
Georgia Institute of Technology
Atlanta, Georgia, United States

partharora@gatech.edu

Malcolm Haynes
United States Military Academy
West Point, New York, United States
malcolm.haynes@westpoint.edu

Srikanth T. Varadharajan

Georgia Institute of Technology
Atlanta, Georgia, United States
svaradharajan6@gatech.edu

Thad Starner

Georgia Institute of Technology
Atlanta, Georgia, United States
thad@gatech.edu

1 INTRODUCTION

In the $5.5 billion estimated head-worn display (HWD) market [31],
manufacturers have made products with various combinations of
different technologies and design components, seeking a way to
reach better user experiences. Balancing HWD parameters under
the constraint of manufacturing resources is not an easy task, as it
involves treatment of focal planes, controlling the luminance and
chromaticity, sizing the perceptual eyebox, as well as considerations
in dozens of other aspects [37]. One of the most impactful factors
is the position of the display.

Past HWD products exhibit different answers from the manu-
facturers. While the Google Glass [17] family of displays as well
as the Nreal/Xreal [46] product series places the image centered
above the user’s primary position of gaze (PPOG), the Epson [11]
series of smart glasses places the image in front of users’ PPOG.
Tooz [42] provides slices of optical combiners in the center of users’
view with a slight horizontal offset towards the ear, while the Engo
1 [16] positions the image above the PPOG and horizontally offsets
it toward the nose.

Extensive research has been done to explore human preference
for positions of display under different types of tasks, and for many
tasks placing the display in PPOG is unfavorable. Chua et al. and
Lin et al. showed that participants find virtual images placed in the
PPOG obtrusive [6, 29]. Moreover, Foyle et al. found that placing
the head-up display (HUD) on PPOG can lead to cognitive capture
as participants struggled to maintain altitude in a flight simula-
tor when the HUD was in the PPOG compared to when it was
offset diagonally at 8.14° and 16.28° above and towards the left of
PPOG [14]. Hershberger and Guerin compared the PPOG position
to positions below the PPOG and found that the latter significantly
reduced binocular rivalry [22]. Furthermore, Dowell et al. showed
that cognitive capture can be avoided by displacing the HUD 8&°
horizontally from PPOG [9].

However, it is more complex to derive an agreement on where
to offset the display and how much the offset should be. The ideal
placement for the imaging display may be highly dependent on
the task, which can be classified into four categories: single tasks,
alternating tasks (i.e., tasks that require users to switch attention
between the HWD and the physical world), background tasks, and
dual tasks [29]. Similar to Chua et al., other studies have also looked
at and compared different positions of head-up displays (HUDs)
while driving (a dual task) [4, 15, 23, 30, 32, 45]. Even earlier studies
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focused on lateral and horizontal displacements for HWDs and
their effects on pilot performances while flying [14, 22, 43]. In a
study on a single task of 30-minute reading from an emulated HWD,
Haynes et al. concluded that displays centered at 0°, 10°, and 20°
from the PPOG towards the ear are significantly more comfortable
than those at 30° [21]. Lin et al. further tested these offsets for
alternating tasks and conclude that 0°, 10°, and 20° are visually more
comfortable than 30° towards the ear [29]. Our study, focusing on
the same single reading task in Haynes et al’s study, expands the
investigation over a wider range of conditions.

Despite the diversity of current research, the results often cannot
provide a guideline to manufacturers for positioning the image, as
the scope of angle displacements is often limited due to the focus
of the experiment, or biased due to the choice of HWD device
used in the experiments. For instance, Chua et al. studied lateral
displacements both towards the ear and the nose while performing
a dual task (driving) using Google Glass [6]. They concluded that
a 17.28° horizontal displacement towards the ear was significantly
more comfortable than the same displacement towards the nose.
This result may be specific to the dual task of driving and could also
be highly influenced by the design of Google Glass used in the study,
which occludes the vision to the right of the display. In addition,
due to the hardware design of Google Glass, participants’ comfort
may also be impacted by moving the Google Glass toward the nose
direction, which further makes this conclusion less generalizable
to general HWD experiences.

Among the experiments that examine enough conditions in a
wide range of display displacements in personal HWDs, most focus
on dual or alternating tasks [25, 39, 47, 48], which often have spe-
cific definitions varying in different experiments, making it difficult
for manufacturers to generalize and utilize the results. One exem-
plary study conducted by Katsuama et al. analyzed both vertical
(+15°, 0°, -15°, upward defined as positive) and horizontal (0°, +20°,
+35°, +45°, right defined as positive) offsets of the display using two
cathode ray tubes (CRT) under a dual Unstable Event-Monitoring
(UEM) task [25]. While they found that the error rate of task perfor-
mance increased along with the increment of display offset, the task
itself restricted drawing general conclusions for tasks performed
on HWDs.

Few current studies focus on human preference for displays that
offset towards the nose. Therefore, to complement the existing
results investigating the positioning of HWDs, we perform studies
that give insights into a wide range of horizontal angle offsets
that include both directions starting from users’ PPOG. We hope
to provide manufacturers with information on where to put the
display on the horizontal axis so as to be comfortable for the task of
reading text, which we identify as one of the most visually intensive
and common tasks for computer displays.

1.1 Contributions

Specifically, the contributions of this paper are

e Based on Haynes et al.’s experiment process [21] on people’s
eye comfort in single-task HWD reading experiences from
different horizontal angle offsets, we performed two new
studies (each with 12 participants), expanding the studied
angle range from [0°, +30°] to [-30°, +30°], with 10 different
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angle offsets in total (we herein define the positive direction
as horizontally offsetting towards the ear from the eye’s
PPOG, and the negative direction as offsetting towards the
nose).
Using the results from our two studies, we provide two addi-
tional direct comparisons of reading comfort among groups
of horizontal angle offsets (-30°, -20°, -10°, 0°) and (-15°, 0°,
+15°, +25°). Normalizing our results with those from Haynes
et al’s previous study [21], we provide the first 5°-granular,
bidirectional, and wide-range [-30°, +30°] comparison of peo-
ple’s eye comfort during HWD reading experiences.

e With the three studies and prior literature, we provide the
guideline of limiting display pixels between the angle range
of [-24.6°, +19.6°]. In addition, we illustrate our observation
of the implications and potential of centering displays at a
negative angle offset.

2 CONSIDERATIONS

Multiple factors affect the positioning of HWDs, including 1) monoc-
ularity of the display, 2) number of display segments in each eye,
3) field of view (FOV) of each display, 4) shape of the display, 5)
primary task of the display, and 6) the display’s angular offset from
users’ PPOG.

While binocular displays help avoid problems with eye dom-
inance and eyebox and can improve perceived brightness, most
displays on the market intended for extended everyday use are
monocular (due to price, head weight, nose weight, and power
consumption). Therefore, we choose monocular displays for our
study. We assume the monocular display will be placed in front of
the right eye as most users are right-eyed and almost all in-glasses
displays on the market are right-eyed.

For factors 2) and 4), most HWDs in the market only display a
single, rectangular image in each eye. Even the Tooz, which consists
of several segments of optical combiners, appears to the user as one
rectangular image [42]. As a result, we choose to investigate the
use case of a single rectangular display. For factor 3), even though
HWD manufacturers often target making displays with larger FOV
in both vertical and horizontal directions, we should still choose
a relatively small but acceptable FOV for the display so that the
experiment can be sensitive while still being practical. Currently,
smartphones are the dominant platform for consuming content
while having a relatively small FOV (approximately 18° diagonal).
Clearly, smartphone FOVs are sufficiently large to be usable yet are
similar to monocular FOV HWDs on the market (the Vuxiz Blade
is 19° diagonal; Google Glass XE is 14.6° diagonal)

For factor 5), we need to select a common, single task that
is preferably a sub-task for most daily tasks on HWDs, as some
dual/alternating task experiments may not translate to other use
cases than the one tested, and emulating dual/alternating tasks
would also involve more complex visual phenomenons such as
rivalry and interference [27].

With the requirements of controlling factors described above, we
are inspired by the study conducted by Haynes et al. [21], where the
participants perform a reading task (a pervasive task) with only their
right eyes (right-eye monocular) viewing a (single, rectangular) video
display terminal (VDT) having a 9.2° horizontal by 16.3° vertical
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FOV (smartphone-sized FOV). Notice that in this study, a VDT is
used instead of existing HWDs, which eliminates the concern of
biased results due to novelty effects. Using a familiar flat-screen
VDT also eliminates complications due to optics or the discomfort
of the head and nose-weight of wearing a HWD for an extended
time. However, the studies conducted by Haynes et al. [21] only
cover a few cases (0°, +10°, +20°, +30°) in angular offsets towards the
ear. Therefore, we decide to replicate Haynes et al’s study and cover
more cases in both the negative and positive directions. In this way,
we control factors 1) to 5) and focus our study on 6) the display’s
angular offset from users’ PPOG. For comparison, Haynes’s data
from his dissertation are re-graphed for this paper with permission.

2.1 Implications and Potential of Negative
Angular Offset

Covering more cases in both negative and positive angular offsets
may have more theoretical value than simply comparing users’
preferences on a specific direction of angular-position offsets. In
addition to traditional functionalities achieved by displays that
have a positive angular offset, displays that have a negative angular
offset can potentially support more system features with unique
layouts, especially when binocular displays are manufactured with
displays on both eyes positioned near the nose. As shown in Figure 1,
which represents a model of symmetric binocular displays near
the nose, the displays could form an area (Area 1) that supports
stereoscopic vision by combining images from both eyes, similar
to the video see-through solutions that form stereoscopic displays
[24]. In addition, due to the special structure of the display and
the optical see-through (OST) property, the model can also support
two separate areas (Area 2 and 3) for displaying regular content by
single (2D) displays. This technique forms an OST system structure
that allows the user to view 3D virtual content in the center while
viewing 2D virtual content on the sides of their view, in addition to
the information from the real world.

Notice that due to the minimal near point of human eyes, which
averages 8.7cm [10] for the global average median age of 30 [38],
the angle 6 between the near-nose end of the displays and the hori-
zontal line of sight has a lower bound. Taking 63mm as the average
inter-pupillary distance (IPD) of adults [12], we can derive that
0 > arctan(%) ~ 70.1°. Therefore, if 0 is smaller than 70.1°, parts
of Area 1 become practically ineffective. Moreover, if 6+ ¢ is smaller
than 70.1°, then the entire Area 1 becomes practically ineffective
and the system degenerates to two independent biocular displays.
According to Song et al’s research [41], which examines the disrup-
tion in users’ vision caused by the transparency difference between
the optical combiner for a see-through head-worn display and the
surrounding glass, the right edge of a right-eye monocular HWD
is recommended to have a horizontal angle offset farther than -15°,
confining 6 + ¢ below 75°. However, this limitation can be miti-
gated with improved technology which makes the optical combiner
effectively disappear for the user, as shown in the latest released
model of Vuzix Ultralite [44], which has an indistinguishable border
between the optical combiner and the surrounding glass. Therefore,
the results of this study can help determine the lower bound for 6
and hence the angular scope of the display, which affects the effec-
tiveness of the potential stereoscopic optical see-through system
as discussed above.
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Figure 1: Conceptual model of a symmetric binocular display
with both displays positioned near the nose.

3 EXPERIMENT

Per the considerations described, we follow the experimental setup
and procedures published by Haynes et al. [20, 21] in our studies.
At the beginning of the experiments, the participants were tested
for visual acuity and IPDs. They were then seated in a chair with a
table in front and a chin rest anchored to keep their head movement
to a minimum. After that, the setup is calibrated to that user and the
30-minute reading procedure begins. The participants were asked
to read the novel, The Adventures of Sherlock Holmes by Sir Arthur
Conan Doyle, presented on a video display terminal (VDT) centered
with different angle offsets. The novel presented has an FOV of
9.2° horizontal by 16.3° vertical (the same as typical for a hand-held
iPhone 6 [2]) from the participants’ perspective. The participant’s
left eye is covered using an eye patch throughout the reading expe-
rience. During the study, participants’ head movements are strictly
controlled using the apparatus described in the following sections.
In Haynes’ study, angle offsets of 0°, +10°, +20°, and +30° were cov-
ered. In our first study, we test the offsets -30°, -20°, -10° and 0°. In
our second study, offsets -15°, 0°, +15°, and +25° are tested. To ensure
and measure participants’ focus on the text content and their read-
ing accuracy, random nursery rhymes are placed in between the
stories sentences, and the participants need to record the number
of nursery rhymes they find with mouse clicks. We measure the
comfort levels of participants’ eyes by asking how comfortable their
eyes feel, explicitly instructing them to ignore potential discom-
fort caused by supplemental experiment instruments (i.e. the chin
rest), and letting them express their comfort using a rotary knob
(Figure 3) corresponding to a 7-point Likert scale to keep verbal
interference to a minimum. We ask for their comfort before the
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(a) Text is displayed when the laser is pointed to the photo-resistor apparatus
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(b) Text is hidden when the laser is not pointed to the photo-resistor apparatus

Figure 2: The setting environment of the experiment, including all relevant apparatus.

Figure 3: Seven-position rotary knob to elicit comfort ratings

30-minute reading period to get an individual baseline of comfort
ratings. Every five minutes during the 30-minute period, a timer
will ring and participants give their comfort ratings again using the
knob. Participants are prevented from making changes to the knob
except when we ask them or the timer rings. In total, seven com-
fort readings were taken including the one at the beginning. Once
the participants finish a reading session, they are presented with
a NASA Task Load Index (NASA-TLX) survey, a comprehension
quiz with 10 multiple-choice questions, and an asthenopia survey
with one preference question and nine representative questions
asked in positive and negative wordings [19-21, 33, 34] to reflect on
their comfort during the study. Participants are repeatedly tested
for different conditions, with each reading session being at least six
hours apart. Figure 2 shows the exact experiment setting.
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3.1 Emulating an HWD Experience

One essential factor to emulate an experience similar to reading in
an HWD is simulating the exact FOV, focus distance, angle offset,
and size of the text presented to the participants. To make our
results comparable to Haynes et al’s study [21], we replicated their
experiment settings. The VDT we use is an RCA 55" LED HDTYV,
and to emulate the exact FOV of 9.2° by 16.3° as used in Haynes
et al’s study [21], we customize the computer program to only
display texts within the area defined by the FOV. We emulate the
focus distance of HWDs as we put the VDT 2 meters away from the
participant, which is a common focus distance for HWDs [21]. We
also format the page and paginate the text similar to the reading
experience in popular reading applications like Kindle in order to
maximize familiarity of the reading experience, utilizing Helvetica
as the font with a 20 pt font size [21], with 462 characters on a
single page on average.

To position the VDT at the exact position with correct angle
offsets, a set of laser pointers attached to the apparatus is used
together with markers fixed on the floor. The markers on the ground
denote angles of interest on the circumference of a circle with a
radius of 2 meters and the vertical projection of the participants’s
right eye as the center. The center of the circle is 3.15 cm to the
right of the vertical projection of the chinrest, compensating the
IPD for participants assuming an average 63mm adult IPD [12].
One laser is used to determine that the normal vector of the screen
is always pointing perpendicular to the vertical center of the circle.
A second laser is used to determine that the bottom center of the
VDT is vertically aligned with the markers denoting the angle of
interest for the specific study session. In addition, the height of the
VDT screen is fixed to be 85.5 cm from the ground, and participants
adjust the chair and chinrest before the beginning of each session
to compensate for the height difference among participants.

3.1.1 Controlling Head Movement. Another crucial factor to em-
ulate HWD experience is to accurately control the participant’s
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head movements while they are reading. The relative position of
HWD display to the user’s head position should always be fixed, as
they are in the real situation. Therefore, we need to keep the par-
ticipant’s head straightforward and in a fixed location throughout
the session as they are reading the text from the VDT. We opted to
implement an apparatus similar to the one used by Haynes et al.
[21].

To keep the participant’s head static in position, we utilized a
chinrest with adjustable height. The participants adjust the height
to their comfort in order to compensate for their height difference
against the VDT before each 30-minute reading session. In order to
keep their head static in rotation, we use a headband equipped with
a laser pointer that points toward a 1-inch circle positioned 1.75
meters away. We build an apparatus with a photo-resistor within the
circle, which senses whether the laser is pointing at the circle and
hides the text on the display (Figure 2) if the laser strays away from
it. This procedure restricts the participant’s head movement within
a range of approximately +0.416°. In addition, to avoid participants
giving lower comfort ratings due to the discomfort introduced by
these apparatus, we explicitly instruct the participants prior to
every session to focus on their eye comfort when they give ratings
using the rotary knob.

In addition, to make sure the participants’ head movement is
straight (0° yaw and 0° roll, facing 0° in our angle offset coordinates)
at the beginning of each session, we perform a calibration before
we turn on the laser and adjust the photo-resistor apparatus. The
calibration is done via readings (with less than +0.5° error) from
the Microsoft Kinect V2 depth camera (giving less than 2mm er-
ror within 3m [26]), which is anchored to the center of the table
and aligned to the 0° angle offset. The participant is instructed to
move their head by mimicking our movements on a head model.
After the participant moves their head to reach 0° yaw and roll, we
turn on the laser and adjust the photo-resistor apparatus, finishing
the calibration process. During the 30-minute reading session, the
readings from Kinect V2 are not tracked, as we use the laser with
photo-resistor apparatus instead. After each reading session, we
check the reading of Kinect V2 again with the participant pointing
the laser at the photo-resistor apparatus to make sure that the laser
did not shift during the process. On average, the laser shifts within
+0.5° during the experiment.

3.1.2  Ensuring Reading Accuracy. 1t is important to encourage par-
ticipants to actively participate in the reading as they would during
regular reading experiences. The participants are tasked with read-
ing “The Adventures of Sherlock Holmes” by Sir Arthur Conan
Doyle, which is at a Scholastic reading level grade 7. To navigate
among pages, they were handed a normal mouse that had left, right,
and scroll-wheel buttons. The left button navigates to the previous
page, and the right button goes to the next page. To ensure that
participants read the text carefully, random nursery rhymes were
included in the text (1 rhyme sentence per page on average). Partic-
ipants were instructed to click the center button of the mouse every
time they encountered a rhyme, which increments the counter dis-
played on the screen. They were asked not to double count them if
lines spanned from the end of one page to the beginning of the next
page. The reading accuracy is then defined by the percentage of the
target sentences found by the participants. On average, each page
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contains 462 characters, including the rhyme sentences. Moreover,
to ensure that the participants are not just simply scanning the
passage for the rhyme sentences, they are given comprehension
quizzes after each reading session with 10 multiple-choice questions
on each quiz.

3.2 Choice of Conditions - Two Studies

In Haynes et al’s study [21], four angle offsets were tested on 12
participants: 0°, +10°, +20°, and +30°. Notice again that we define
positive direction as horizontally offset from the user’s PPOG to-
ward the ear. Per the goal of our experiment, which is to provide a
wider-ranging curve showing trends of users’ comfort over different
angle offsets for an HWD, we performed two studies sequentially
to evaluate the exact opposite conditions, fill in the gap between
the conditions, and compare the conditions with offsets in both
directions. In both studies, we involved four conditions to keep con-
sistent with Haynes et al’s study and facilitate comparison across
studies. We keep the 0° condition across the studies, which serves
as a de facto comfort baseline to compare the data across studies. In
pilot testing, we find that no participant can tolerate offsets greater
than -50° or +50° for even five minutes, which provides an upper
threshold for discomfort for all the experiments.

3.2.1 First Study. In our first study, we tested the exact opposite
conditions as Haynes et al. did on 12 participants: -30°, -20°, -10°, 0°.
Observing the results of this study (discussed in following sections),
we discovered a less significant internal contrast among conditions,
which was distinct from the trend exhibited in Haynes et al’s study.
As this inconsistency might indicate a higher tolerance of eye dis-
comfort when users are reading in HWDs that have angular offsets
towards the nose, we decided to perform the second study to verify
our findings and analyze the difference between the two directions.

3.2.2  Second Study. Our second study focuses on filling the gaps
between tested conditions while directly comparing different di-
rections of angular offsets. We tested the angles -15°, 0°, +15°, and
+25° on another 12 participants, following the same experiment pro-
cedure. Specifically, we wished to compare -15° and +15° as these
locations seem potentially desirable for HWD manufacturers, as
all pixels would be more than 8° from PPOG as recommended by
Dowell [9] while still being near enough to PPOG for fast reference.
Note that our emulated display centered at -15° has pixels ranging
from -19.6° to -11.4°, and +15° has pixels between +11.4° and +19.6°.
Furthermore, to confirm the sensitivity of our testing, we include
the +25° condition, which is close to the extreme +30° condition and
should be significantly more uncomfortable than the 0° condition
based on the previous study done by Haynes et al.

3.3 Participants

We required the participants to (1) not wear glasses (including any
kind of contact lenses and orthokeratology lenses), (2) have Snellen
visual acuity of 20/40 or better on both eyes, and (3) have not
read the novel “The Adventures of Sherlock Holmes.” The reason
why participants cannot wear glasses is that most eyeglasses and
contact lenses bend light to a different extent depending on the
entrance angle of the light regarding users’ PPOG, which results
in a disproportional distortion of the image from different angles.
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The prohibition of orthokeratology lenses (lenses people wear only
during sleep to temporarily correct vision) in this study is based
on the feedback of an early participant whose visual acuity varies
largely during the day (who also was excluded from the experiment
results due to the same reason). The second requirement of visual
acuity guarantees that the participants can read the text content
effortlessly in normal conditions. The third requirement encourages
the active participation of the participants during reading sessions.

Table 1 shows the demographic composition of participants in
our first (n=12) and second (n=12) studies, respectively. For the
computer usage time question, the participants are given the ranged
time lengths such as “0-1 hours” and “1-3 hours”. The average
time computer usage per day is calculated by taking the weighted
average of the lowest value and the highest value within the range
of participants’ selections. The eye dominance of each participant
is determined using their hands and a small target, as described by
Peli [34].

3.4 Data Collection

3.4.1 Bias Mitigation. Multiple potential sources of bias are in-
volved in the experiment process, which we try to address through
improvements to the experiment process utilized by Haynes et al’s
study.

1) Avoiding carryover effect. Each of the participants involved
in this study completes the four conditions separately and in a
specific order. In order to offset the bias caused by the carryover
effect (the experience of former conditions affects participants in
latter conditions), we utilize a 4x4 balanced Latin Square to define
the order of conditions for each group of four participants [18].
Participants are assigned to groups based on their registration
sequence. This way, given any two conditions A and B, the number
of participants experience A before B is equal to the number of
participants experience B before A.

2) Adding training sessions. To avoid potential learning effects
[21], participants receive a 30-minute training session before they
begin with the four testing conditions using the Latin Square se-
quence. Therefore, the participants are always familiarized with
the equipments before participating in any testing conditions. In
addition to the 30-minute training session as used in the study of
Haynes’ et al. [20], a 5-minute introduction period is given to the
participants before the training session so that they familiarize
with the operation methods (e.g. navigating between the pages,
recording the occurrence of nursery rhyme sentences, etc.). The
angle offsets used in training sessions and the chapter read by par-
ticipants during the training sessions are different from what is
used in the testing sessions. For instance, in the first study when
we are testing —30°, -20°, -10°, and 0°, we use +15° as the training
condition. For each study we perform, we use the same angle offset
and training chapter for all training sessions.

3) Controlling subjective bias. Since we are investigating the com-
fort of participants between conditions, it is important to design
the experiment so minimal subjective bias is caused by participants’
prior knowledge or misunderstanding of the question. This involves
preparation before the participant enters the room, phrasing of the
question during the experiment, and the design of the survey ques-
tions. First, the location of the VDT is always set to the angle offset
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condition for the upcoming session before the participant enters
the room. This technique avoids giving participants a subjective
impression that the VDT “should” be in some place before the start
of the experiment. Second, note that the apparatus to control partic-
ipants’ head movement, including the chin rest, the headband with
laser, and the eye patch to cover the participant’s left eye, brings
extra discomfort to the participants on their general body. To com-
pensate for this effect, we phrase the question to the participants
as “how comfortable is your eye feeling right now?” such that they
give ratings only accounting for the comfort of their eyes. We also
print and put the question in front of the rotary knob to alert the
participants when they need to express their feelings using the
knob. Furthermore, in the asthenopia survey after the experiment,
we asked the 9 questions in both positive and negative ways (hence
18 questions in total) about participants’ comfort feelings to derive
their asthenopia score [20, 21]. For instance, “reading was comfort-
able” and “reading was uncomfortable” both exist in the survey,
where participants need to indicate their extent of agreement to the
statements using a 7-point Likert Scale. This way, the participants’
bias caused by the question wording is counterbalanced.

4) Increasing rating sensitivity. Notice that the comfort knob used
in Haynes et al’s study only corresponds to a 5-point Likert Scale,
which gives participants fewer options to choose from and hence di-
minishes their accuracy of response. As suggested by psychometric
literature, the 7-point Likert Scale is more sensitive to participants’
feedback while not increasing the stress for participants during the
choice [13, 36, 40]. In addition, the 7-point Likert Scale is found
better than the 5-point Likert Scale in online surveys [28], which
corresponds to our use of online surveys after each session. To
investigate a more accurate comfort range to put the displays in
the view of HWD users, we prioritize the sensitivity of the met-
ric in our studies. As a result, we utilize the 7-point Likert Scale
during and after the experiment, and we convert the Likert Scale
back to 5-point following conversion rules suggested by previous
literature[8, 36] to facilitate data comparison with Haynes et al’s
study in the data analysis process.

5) Reducing human interference. Since our experiment is a timed
and controlled process, we need to avoid participants being inter-
rupted unexpectedly or receiving different experiences. We also
need to ensure the accuracy of data collected by us. Therefore, to
minimize the latency in data collection, we automated this process
entirely with code. The computer program records when the partic-
ipants move their heads away from the desired location, the time
they spend on each page, as well as the number of sentences they
find, and the computer will automatically stop the experiment after
30 minutes. For the comfort level expressed by the participants
using the rotary knob during the session, we are also notifying the
participants using alarms and noting down their comfort level with-
out verbal communication when possible. Furthermore, to reduce
human error in data collection, we utilized the official NASA-TLX
mobile application [1] as well as Google Form to distribute the
surveys to the participants after each 30-minute reading session.

3.4.2 Measurements. During the study, multiple data are collected
from each participant aside from the demographic information in
each angle offset condition with which they are tested.
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Table 1: Demographic composition of participants in the first study (top half of the chart, n=12) and the second study (bottom
half of the chart, n=12). Categories provided but not selected by any participants (e.g., “Other” in the question about gender) are
not shown. Categories are ranked in alphabetical order.

Age Ethnicity Gender Eye Dominance Computer Usage
Range Count { Type Count { Type Count { Type Count { Estimated Avg.
18-21 4 Asian 11 Female 4 Left 4 7.96 (hrs/day)

22-25 7 White 1 Male 8 Right 8
26-29 1
Range Count Type Count | Type Count | Type Count Estimated Avg.
18-21 6 African American 1 Female 3 Left 2 7.83 (hrs/day)
22-25 5 Asian 9 Male 9 Right 10
26-29 1 Hispanic/Latino 1
White 1
1) Comfort levels. As stated above, we collect comfort levels from 4 RESULTS

the participants using the rotary knob, which corresponds to a
7-point Likert Scale. We collect the comfort levels by asking partic-
ipants the question (printed as a question card) “how comfortable
is your eye feeling right now?” The collections are made before
the 30-minute reading session begins (0 minutes) and after each
5-minute interval during the reading session. In total, seven comfort
levels are collected during each session.

We utilized 7-point Likert Scale scores throughout our study,
whereas Haynes et al. utilized 5-point Likert Scale scores [21]. There-
fore, before we do the analysis and compare our results with results
from Haynes et al’s study, all the Likert Scale scores we have are
converted to a 5-point scale using the following equation suggested
by the conversion rule in previous literature [8, 36].

X5—point = (X7—point -1)x4/6+1

The conversion to 5-point Likert Scale instead of 7-point Likert
Scale helps readers to compare the graphs established in this study
with the graphs in Haynes et al’s previous study.

2) Reading task performance. We collect the reading speed (sec-
onds spent per page), the rate of nursery rhymes found during the
reading session, and the comprehension score (number of questions
answered correctly in the comprehension quiz) from each session.

3) Subjective preference, Asthenopia score, and NASA-TLX. In the
post-session survey about asthenopia symptoms, the question “I
prefer a display at this position” is asked in addition to the 9 ques-
tions (asked twice in positive and negative wordings) related to
potential asthenopia symptoms [33, 34]. The asthenopia score is
calculated by the average of all the 7-point Likert Scale ratings in
the negatively worded questions and (7 - rating) of all the ratings in
the positively worded questions. The higher the asthenopia score is,
the worse the participants feel during the experiment. The NASA-
TLX score is calculated using the weighted average of the task load

indices in each section [19].

4) Head Stability. We also collect the number of seconds when
the participant doesn’t keep their head straight (fail to align the
laser with the photo-resistor apparatus).
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We first define the primary metric for comfort analysis. In Haynes
et al’s study, the summed comfort was used as a metric, which was
defined as the sum of the seven comfort levels collected from partic-
ipants in each condition [21]. However, the validity of such a metric
depends on all participants giving seven (the highest comfort level)
as their initial comfort level during the experiment (i.e., a partici-
pant giving sequential ratings 5,4,4,4,3,3,3 should be interpreted as
having the same level of discomfort as another participant giving
ratings 4,3,3,3,2,2,2). Among all reading sessions in our experiment,
participants started their ratings from a lower level (mostly a 5 or 6
instead of a 7 rating) 43% of the time. However, few participants
started an experimental condition (3 out of 96 total testing sessions
conducted) at lower than 7 and ended the condition at a 1. In other
words, the floor effect is negligible, and using the change in comfort
over time seems a viable metric across conditions. Specifically, we
use summed delta comfort (SDC) as our major metric for comfort
analysis, which is defined below (where Cyx represents the comfort
level given at the x-th minute in the 30-minute reading session). A
higher SDC indicates a higher total discomfort experienced during
the reading session.

6
Summed Delta Comfort (SDC) = Z(CO —Csi)
i=0

4.1 Analysis

For statistical tests, we first utilize the Friedman Test [35] to test our
hypothesis that the measurement results are significantly different
between conditions. If affirmative, we proceed with the Conover-
Iman method [7] adjusted by the Benjamini-Hochberg false discov-
ery rate procedure [3] to explore which specific pairs of conditions
are different. This procedure analyzes the variance among different
samples from the same participant group and limits type I errors
[5, 21]. Notice that the use of either a 7-point Likert Scale or a
5-point Likert Scale does not affect the results of this statistical test
procedure, as it primarily investigates results based on the ranking
difference among the conditions.

In the first study, we test the conditions -30°, -20°, -10°, and 0°.
Surprisingly, the Friedman test does not yield a statistically signifi-
cant result (y? ~ 4.37, p ~ 0.22) among the conditions, indicating



AHs 2024, April 04-06, 2024, Melbourne, VIC, Australia

Yukun Song, Parth Arora, Srikanth T. Varadharajan, Rajandeep Singh, Malcolm Haynes, and Thad Starner

25.0 4 25.0 A
- —— Sigmoid Best Fit Sigmoid Best Fit _
22.5 (R2=0.994) 22.54 (R2=0.999)
+ 20.0 + 20.0
s s
€ 17.5 € 17.5 A
(e} (e}
© 15.0 © 15.0
S S
@ 12.5 @ 12.5
a a
g 10.04 g 10.0
E 7.5 E 7.5
( ]
=) =)
v 5.0 g v 5.0
[ ]
2.5 1 2.5 1
OO 1 T T T T T T T T T T T T T T T 00 1 T T T T T T T T T T T T T T T
-65°-60°-55°-50°-45°-40°-35°-30°-25°-20°-15°-10° -5° 0° 5° -5° 0° 5° 10° 15° 20° 25° 30° 35° 40° 45° 50° 55° 60° 65°
Horizontal Angle Offset Horizontal Angle Offset
25.0 4
. S —
22.54
+ 20.01
o
€ 17.5 1
o
© 15.0
S
g 12.51
g 10.0
g 7.51
=)
v 5.0 [
2.54 Sigmoid Best Fit - hd
(R2=0.999)
0'0 L T T T T T T T T T T T T T T T T T T T T T T T T T T T
-65° -60° -55° -50° -45° -40° -35° -30° -25° -20° -15° -10° -5° 0° 5° 10° 15° 20° 25° 30° 35° 40° 45° 50° 55° 60° 65°

Horizontal Angle Offset

e Study Data Points

Theoretical Data Points

Figure 4: Separate sigmoid best-fit curves using data from study 1 (top left), Haynes et al’s study [21] (top right), and study 2
(bottom). Note that the steep slope at -15 for the bottom graph is misleading, as we suspect, given the results from study 1 (top
left), that the increase is much more shallow. Deltas are first converted to 5-point scale.

no significant difference among these conditions, challenging the
assumption based on Haynes et al’s study that there should at least
be a significant difference between the -30° and 0° conditions, as
0° and +30° are significantly different. With this counter-intuitive
result, we perform our second study, which tests the conditions
-15°, 0°, +15°, and +25°. As explained above, the conditions in the
second study fill the gaps between the data points and put more
emphasis on the positive direction to test the sensitivity of our
results based on the prior knowledge derived from Haynes et al’s
study [21]. Surprisingly again, the Friedman test gets a statistically
significant result (y? ~ 11.32, p ~ 0.01) comparing the conditions
-15°, 0°, +15°, and +25°. Using the Conover-Iman method [7] adjusted
by the Benjamnyi-Hochberg false discovery rate procedure [3] to
further test the results, we found statistically significant differences
between -15° and +25° (p ~ 0.0084), as well as between 0° and +25°
(p = 0.0007). However, we did not find a statistically significant
difference between the +15° and +25° conditions. Therefore, the
results in the second study effectively indicate an asymmetric trend
in the negative direction (horizontally offsetting towards the nose
from the right-eye PPOG) and the positive direction (horizontally
offsetting towards the ear from the right-eye PPOG).

Figure 4 shows psychometric sigmoids fit to the data of the three
experiments. Visually, the comfort scores at +25° and +30° positions
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suggest increasing discomfort, which is supported by the statistical
analysis. However, the trend between -30° and 0° is less clear.

4.2 Trends

Comparing data across experiments is fraught with possible con-
founds (e.g., different participants, different times of year, etc.),
which is why we use 0° as a baseline, “least discomfort” condition
from which we offset the other conditions in a given experiment.
Fortunately, +/-50° provides an upper limit on discomfort, providing
scaling. Thus, we can attempt to unify the curves to provide the
reader with a better intuition of the results. We recommend, how-
ever, that new experiments should be run for directly comparing if
one offset is better than another instead of relying on these curves.

First, we define offsetted summed delta comfort (OSDC) as fol-
lows, where SDC) 4 represents the SDC of participant p during
the reading session where the VDT is centered at the angle offset
a, and OSDC), 4 represents the OSDC of such participant at the
corresponding reading session:

0SDCp,q = SDCp.q — SDCpyo

In this way, we align all data points with the baseline of zero. We
then plot the participants’ OSDC relative to different angle offsets
tested, including the data gathered from Haynes et al’s published
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study [20, 21]. In the following graphs, we utilize opacity to denote
the number of data points overlapped.
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Figure 5: 3-degree polynomial best fit of Offsetted Summed
Delta Comfort (OSDC) (deltas first converted to 5-point scale)

1) Polynomial Fit. We first utilize a 3-degree polynomial line
of best fit (Figure 5) to create a polynomial trend across the SDC
data derived from all the studies. As exhibited by the polynomial
line, the angle offsets in the negative direction are more tolerable
than the angle offsets in the opposite direction. Furthermore, as the
absolute value of the horizontal angle offset increases, the estimated
standard deviation (using sample standard deviation) also increases,
indicating a more unstable preference level across the population.
The polynomial fit presents a trend within the [-30°,+30°] range of
cases tested.

2) Sigmoid Fit. As tested in the study of Haynes et al.[21], the
end-to-end change in comfort (Cy — C3p) shows a psychometric
sigmoid trend in the positive direction of horizontal angle offsets,
which is also true for the SDC metric we use, as they are highly
related metrics. Therefore, it is reasonable to assume that the SDC
metric we use also shows a psychometric sigmoid trend in the
negative direction of horizontal angle offsets. That is, the SDC is
expected to follow an S curve of increment, increasing slowly under
a certain threshold of negative angle offset and starting to increase
dramatically until it reaches close to the theoretical upper bound
of SDC, which is 6 * (5 — 1) = 24 on a 5-point scale on known
extreme conditions of -50°, -60°, +50°, and +60°. It is simple to test
the assumption of the higher bound as a quick self-study shows
that the -40° condition is around the edge of making people give
the lowest comfort level after the first 5 minutes, and -50° or -60° is
physiologically unfeasible for people to read.

Therefore, following this knowledge, we can fit all data to sig-
moidal functions, with theoretical data points having the highest
OSDC possible at the -50°, -60°, +50°, and +60° conditions and ap-
propriate weight (each of the points should represent data from 12
participants), as shown in Figure 4 (using SDC data from three stud-
ies to create separate sigmoid fits) and Figure 6 (using OSDC data
from three studies for a single bidirectional sigmoid fit). It is worth
noting that the bidirectional sigmoidal curve fitted (R*> ~ 0.962)
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using all data from the three studies highly resembles the fitted
sigmoidal function in the positive direction [21]. More detailed data
and trends derived from each participant are included in Appen-
dix A and B.

4.3 Other Metrics

In addition to the primary SDC metric measuring participants’
comfort levels during the reading period, additional data collected,
such as the subjective preference, asthenopia score, and NASA-TLX,
are also analyzed post-hoc using the same testing process as we
use for testing the SDC metric. Detailed data for these metrics can
be viewed in Table 2. Viewing the results of statistical tests, it is
worth noting that the Friedman test in subjective preference among
conditions in the second study also shows significant results (y* ~
21.03, p ~ 0.0001). Further analysis using the Conover-Iman method
[7] with the Benjamini-Hochberg false discovery rate procedure
[3] demonstrates a significant preference for -15° (p ~ 2 % 1077), 0°
(p ~ 3%1077), and +15° (p ~ 0.0059) against the +25° condition, and
the 0° condition is also significantly more preferred (p ~ 0.0012)
than the +15° condition. On the other hand, the Friedman test
on subject preference in our first study yielded a significant but
relatively weaker result (y? ~ 9.97,p ~ 0.019) and only one pair of
significant preference for 0° (p ~ 0.0021) against -30°.

5 DISCUSSION

The asymmetric trend derived from the study metrics as well as the
polynomial and sigmoidal curves in Figure 6 suggest that partici-
pants have a higher tolerance for displays offset toward the negative
direction (horizontal offsets toward the nose from the PPOG) com-
pared to their tolerance in the positive direction (toward the ear).
The curve suggests a range between [-20°, +15°] where horizontal
offsets have minimal effect on participants’ increase in discom-
fort compared to facing straightforward over a 30-minute reading
period. Being more aggressive, the curve also indicates a rough
tolerance range of approximately [-30°, +25°], where participants’
OSDC is predicted to be lower than 3, indicating a relatively accept-
able discomfort. However, the standard deviation of participants’
OSDC is expected to increase to approximately 4.58 at -30° and 4.22
at +25°, which increases the possibility of making at least some
users of the display more uncomfortable. Therefore, we suggest be-
tween [-20°, +15°] for HWD manufacturers to center their displays.
Note that our “display” had a horizontal FOV of 9.2°, suggesting
that pixels of the display should not exceed [-24.6°, +19.6°].

This increased tolerance for positions closer to the nose matches
intuition. As an object approaches a user’s nose, the eyes naturally
converge to track the object. However, the eyes rarely diverge past
the stage when viewing an object at a distance (beyond about 10
meters, changes in eye focus and divergence are minimal). Thus,
eye muscles are exercised more frequently towards the nose than
towards the ears.

Combining this result with the theoretical system (Figure 1)
proposed in the Considerations section, we have shown that starting
the display with 8 = 70.1° (corresponding to a -19.9° horizontal angle
offset of the display’s edge) is feasible from the point of considering
participants’ comfort of reading angles.
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Table 2: Median + median absolute deviation for summed delta comfort, subjective preference, and asthenopia. Mean * standard
deviation for other measurements. Bold texts indicate best conditions w.r.t measurements. The upper part represents data and
comparisons from our first study, and the lower part represents the second study. Data surrounded by parentheses denotes
statistically significant advantages over the cases included in the exponents marked on the top right of the parentheses.

Measurement -30° -20° -10° 0°

Summed Delta Comfort 6.33 + 2.67 7.33 + 2.67 5.0 £2.33 3.67 + 1.0

Subjective Preference 1.33 £0.33 3.0 + 0.67 333+£1.0  (4.33+0.0){~30"}

Asthenopia Score 32.75+£ 4.0 28.75 £ 7.75 29.25£5.0 25.75 +5.75

NASA-TLX 57.78 £ 14.86 48.33 £ 19.37 51.05 £ 15.42 48.86 + 18.01

Reading Speed (pgs) 76.25 £ 29.22 83.83 £+44.24 69.17 £ 32.71 72.83 £ 31.65

Reading Accuracy (%) 88.38 +16.13  86.06 £ 13.0  84.92 + 14.33 90.7 + 10.7

Reading Comp. (# correct)  6.58 + 1.55 6.75 2.2 6.08 + 2.66 7.58 + 1.61

Head Stability (%) 93.21 £ 2.77 93.65 + 3.97 94.11 £ 4.37 95.12 + 2.96
Measurement -15° 0° +15° +25°
Summed Delta Comfort  (3.33 + 2.67)(*%5"} (3.67 £ 2.0) (257} 4.0+ 2.0 7.0 £ 1.67
Subjective Preference (333 £ 1.001425°}  (4.33 £ 0.67)(V1°%25° (2.0 20.33)(+25°) 167 £0.67
Asthenopia Score 25.75 £ 8.25 23.75 £ 8.25 38.0£7.0 38.25£5.5
NASA-TLX 46.03 £ 17.91 41.72 + 14.43 50.72 £ 15.96 57.89 + 18.98
Reading Speed (pgs) 76.17 £ 13.64 72.5 £ 16.33 75.17 £ 22.99 77.33 + 17.06
Reading Accuracy (%) 92.81 + 11.68 91.66 + 8.39 87.16 + 14.37 89.61 + 13.99
Reading Comp. (# correct) 6.58 +2.1 7.08 + 2.66 6.25 + 2.59 6.33 + 2.32
Head Stability (%) 94.04 + 2.93 93.49 + 3.32 90.98 + 4.69 89.55 + 4.82

For many tasks, users may tolerate even more extreme angles,
as the users are alternating their visual attention between the off-
center HWD and a task in PPOG, providing the eyes with small
breaks. That possibility was noted by both Lin [29] and Haynes [20].
On the other hand, a reading task implies that the user is scanning
their eyes across the page. A task that requires the user to spend
more of their visual attention time on the more extreme angles
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may result in more discomfort. Thus, we suggest that interface
components that are used most often be placed at the edge of the
display closest to PPOG.

6 FUTURE WORK AND LIMITATIONS

In our second study, we only directly compared the difference
between the -15° and +15° conditions. Deriving from the trend we
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predicted, future work can select and directly compare conditions
farther from users’ PPOG, such as -25° and +25° to further test
the prediction. Furthermore, the feasibility of the proposed system
with both a stereoscopic view and a separate view is also dependent
on users’ eye strain caused by different focal distances, especially
when the users’ eyes are focusing on the stereoscopic view located
at a position close to the user. Also, our study only focuses on a
single task (i.e. reading). As Lin et al.’s study [29] further validates
the findings in Haynes et al’s prior study [21] (which we base our
approach on) in an alternating task with HWD (i.e. order-picking),
future studies focusing on the same topic but with different tasks
are also essential in expanding the scope of our study results. While
our research extensively studies the effect of horizontal offsets,
vertical offsetting the display could yield other positions for the
display that users may find comfortable. In addition, testing the
prediction of our study by crafting HWD prototypes or applying
the result to positioning larger FOV displays are also recommended
directions for future research.

7 CONCLUSION

Based on the procedure of Haynes et al’s study testing participants’
reading comfort with displays centered at the horizontal angle
offsets 0°, +10°, +20°, and +30° [20, 21] from users’ PPOG, we further
tested the conditions -30°, -20°, -10°, and 0° in the first study and -15°,
0°, +15°, and +25° in the second study. Our second study shows that -
15° and 0° conditions are statistically significantly more comfortable
for reading than +25°, while +15° is not significantly better than +25°.
Here, the positive direction is defined as horizontally offsetting the
HWD towards the ear from the users’ PPOG. Our first study yields
small differences between conditions, suggesting an asymmetric
trend of increasing discomfort with respect to increasing absolute
horizontal angle offsets. The bidirectional psychometric sigmoidal
curve derived from the combination of our and Haynes et al’s data
aligns with the predicted curve in Haynes et al.’s study. Furthermore,
the sigmoidal curve suggests a general range of [-20°, +15°] for
manufacturers to center displays, which limits the angular position
of lighted pixels in the range [-24.6°, +19.6°] for a HWD having a
9.2° horizontal FOV. From the aspect of users’ reading comfort, the
data suggests the feasibility of a two-eyed AR system, which can
potentially support one stereoscopic view and two 2D views.
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Figure 7: Line Graphs of Comfort Data Collected From Participants in Study 1 (7-Point Scale)
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Figure 8: Line Graphs of Comfort Data Collected From Participants in Study 2 (7-Point Scale)
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Figure 9: Line Graphs of Comfort Data From Haynes et al’s study [21] (5-Point Scale)
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Figure 10: Sigmoid Best Fits for Each Participant in Study 1 (Converted to 5-Point Scale)
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Figure 11: Bidirectional Sigmoid Best Fits for Each Participant in Study 2 (Converted to 5-Point Scale)
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Figure 12: Sigmoid Best Fits for Each Participant in Haynes et al’s Study[21] (5-Point Scale)

45



	Abstract
	1 Introduction
	1.1 Contributions

	2 Considerations
	2.1 Implications and Potential of Negative Angular Offset

	3 Experiment
	3.1 Emulating an HWD Experience
	3.2 Choice of Conditions - Two Studies
	3.3 Participants
	3.4 Data Collection

	4 Results
	4.1 Analysis
	4.2 Trends
	4.3 Other Metrics

	5 Discussion
	6 Future Work and Limitations
	7 Conclusion
	Acknowledgments
	References
	A Line Graph for Each Participant
	B Sigmoid Best Fit for Each Participant

