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Figure 1: (a-d) four different curved display field-of-views for a 2000R display and (e-h) corresponding flat display layouts with
equivalent width. Here, numbers such as 360 and 90 refer to the viewing angle of the display.

ABSTRACT

Large curved displays enhance the viewing experience beyond flat
screens by more closely aligning with the human field of vision.
Despite the growing prevalence of curved displays in immersive
environments, there remains a significant gap in understanding
how different display field-of-views (i.e., semicircular, fully cir-
cular) influence user experience, particularly regarding reading
comprehension and visual search performance in VR. This study
examines text readability and visual text search across four curved
layouts (90°, 180°, 270°, 360°) and their flat counterparts. Findings
indicate that narrower field-of-views significantly improve reading
speed over wider ones, and curved displays outperform flat ones in
search accuracy. Curve90 (90°) was preferred for its lower subjective
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workload. Participants preferred the Curve90 display due to its er-
gonomic advantages and lower perceived effort, while flat displays
with wider field-of-views were found to be more demanding. These
results offer guidelines for optimizing reading and search tasks in
virtual displays.
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1 INTRODUCTION

Large displays, integral to diverse applications ranging from data
visualization [4, 7, 14, 20] to collaboration [11, 48, 58] to entertain-
ment [5, 31, 59], primarily come in two configurations: Flat and
Curved. Although prior work [4, 5, 28, 35, 40, 47] primarily focused
on flat screens, curved displays offer a distinct advantage by pro-
viding a more immersive experience that aligns with the natural
human field of view, situating the content uniformly around the
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users [36, 60]. This immersive experience has been shown to in-
crease task performance and satisfaction in users, demonstrating
the potential benefits of curved displays over their flat counterparts
[17, 38, 50]. However, it is difficult to develop and use large curved
screens due to hardware and space requirements [10, 15, 65, 66].
Prior studies [39, 67] have indicated that virtual curved displays
can perform similarly to physical ones, suggesting that VR en-
vironments offer a viable platform for exploring the unique fea-
tures of curved displays without the constraints of space and cost
[13, 65-67]. Thus, VR presents an opportunity to explore the use
of flat and curved displays in virtual reality simulations across
diverse settings, including classrooms, libraries, training simula-
tors, meetings, and conferences. Despite the recognized benefits
[1, 16, 18, 36, 44, 45, 60, 68, 70] of large curved displays, there has
been relatively little attention given to the exploration of large
curved virtual displays in research. This gap in research highlights
an opportunity for further investigation into the potential of large
curved virtual displays, particularly the effect of display field-of-
view.

Prior research [6, 38] highlights the positive effects of specific cur-
vatures, such as 2000R on usability and visual fatigue. Researchers
also found the ideal viewing distance to be equal to the display’s cur-
vature radius [50, 51] for reading and viewing tasks. While there is
some evidence from existing work that display field-of-view affects
task performance, these findings are inconclusive. For instance, Liu
et al. [41, 42] compared semicircular and flat displays for graph
comparison and spatial memory tasks; however, they did not find
any significant difference in task performance between the two
display layouts. Changing the field-of-view of a display can alter
paragraph width, which has been found to impact reading accuracy,
with narrower paragraphs leading to faster reading times and better
comprehension [9]. This motivates exploring display field-of-view
in a more granular way such as quarter circular, three-fourth circu-
lar, and fully wrap-around display field-of-views. To the best of our
knowledge, no existing studies investigated display field-of-view in
areas critical to user experience such as text readability and visual
search. As a result, there exists a research gap providing a clear
guideline to the VR developers for how the field-of-view of flat
and curved displays particularly for text readability and visual text
search.

This work aims to address these limitations by focusing on how
different curved display field-of-view affect user performance. As
virtual reality becomes more pervasive, understanding the inter-
play between display field-of-view and user experience is crucial. In
this paper, we explore the effect of display field-of-view and display
types on text readability and visual text search performance within
a VR environment. We consider two display types: Flat and Curved.
We have defined four curved display field-of-views: Curve90 (quar-
ter circle with a 90-degree viewing angle), Curve180 (semicircle
with a 180-degree viewing angle), Curve270 (three-fourths circle
with a 270-degree viewing angle), and Curve360 (full circle with
a 360-degree viewing angle). We have implemented flat displays
with equal widths corresponding to each curved field-of-view. For
example, the width of Flat90 matches that of Curve90. We term a
combination of curved and flat displays with the same width as a
display field-of-view pair. In total, we have four display field-of-view

Author et al.

pairs: Curve90 and Flat90; Curve180 and Flat 180; Curve270 and
Flat270; Curve360 and Flat360.

We ran a user study where participants performed text reading
and visual text search tasks on all of these displays. Our key findings
reveal that display field-of-view significantly affected reading time
for the text reading task. More specifically, participants were faster
in the text reading task with the display field-of-view pair 90, 180,
and 270 compared to the display field-of-view pair 360. For the visual
text search task, we discovered that the display type significantly
influences search accuracy, with curved displays outperforming
flat displays.

The contributions of our paper are:

e Exploring the impacts of various display types and display
field-of-views in VR

e Providing empirical evidence on how different display con-
figurations affect text reading and visual text search, two
critical aspects of user interaction

o Offering design guidelines for text readability and visual text
search in VR

2 RELATED WORK

In this section, we review the closely related prior works that in-
spired us throughout our exploration and investigated different
dimensions of text readability and visual search in different do-
mains.

2.1 The effects of display curvature and display
field-of-view

The debate between flat and curved displays has been a topic of
interest in the research community. Research has demonstrated that
curved screens, due to their enhanced ergonomics, are more suit-
able for visual tasks compared to flat displays [1, 18, 36, 60, 68, 69].
Display curvature determines how curved a display is. The curva-
ture of curved displays is denoted by radius in millimeters followed
by the letter “R” [36]. For instance, Shupp et al. [60] conducted a
study comparing the performance of users on a large flat display
and a 762R (display radius 30") curved display while engaging in
various geospatial tasks. Their findings revealed that curved dis-
plays demonstrated several advantages over flat displays: i) higher
performance and ii) reduced region bias effects (related to the po-
sition of elements on the display) for both search tasks (such as
finding an icon on a map) and comparison tasks (such as comparing
values from static visual data). Zannoli and Banks [70] found that a
major advantage of curved screens minimize the distortion of the
image surface near the screen’s boundaries. For this reason, they
found that curved screens can accommodate a wider range of user
positions compared to flat screens. Wei et al. [69] examined the
impact of different 3D surface shapes on the reading experience in
virtual reality (VR) through two user studies. The results showed
that the horizontal cylinder surface was more comfortable to read
on than the sphere surface. Therefore, most research on curved
displays focus primarily on horizontally curved displays. Although
display curvature [1, 17, 36, 50] is well explored in previous studies,
until recently there was no work on the effects of display layout
[41, 42]. A recent study by Liu et al. [41] ran user studies to com-
pare three different layouts: flat, semicircular, and fully circular for
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data visualization in a VR environment based on chart comparison
and finding max value tasks. However, they did not find any dif-
ference in performance between the semicircular layout and the
flat layout. Liu et al. [42] further conducted a pattern recall task
where participants had to select 5 out of 36 cards arranged in a flat,
semicircular display and fully circular layout. Again they did not
find any difference in performance between the semicircular layout
and the flat layout.

Overall, previous research has indicated that curved displays
offer various advantages over flat displays. However, these studies
did not specifically examine the influence of curved display proper-
ties (such as display field-of-views having different viewing angles)
on text readability and visual search.

2.2 Text readability in VR

There is limited research on text readability in virtual reality envi-
ronments as most research focuses on pointing at targets [19, 53, 61,
66]. Rau et al. [55, 56] compared VR HMDs and desktop LCD screens
and found that the reading time was significantly longer (around
10%) for reading text in VR. Similarly, Grout et al. [27] compared
VR HMDs and traditional desktop displays for reading tasks in VR.
Their results indicated that reading tasks can be performed with
near-equivalent performance in the virtual environment compared
to traditional displays; however, participants generally preferred
reading on-screen to physical paper-based media. Consequently, to
improve text readability in VR, researchers examined key variables
in UI design that improve the text reading experience in virtual
reality (VR). In another work, Kojic et al. [34] asked participants
to select optimal values of text size, distance, and color contrast
for reading texts with 3 different lengths (i.e., short, medium, and
long). Their findings revealed significant differences in ideal reading
factor values depending on the text length. Researchers [12] also
investigated the influence of rotation on legibility in VR and found
that text rotated 60° or more requires a significantly longer time
to read and requires a higher font size to be legible. Furthermore,
although researchers mention different use cases [25, 32] for longer
texts (e.g., 100 words) in VR, most previous work text readability in
virtual reality focused on shorter texts [12].

Previous studies have explored different factors text size, user
distance, and color contrast. However, the impact of display field-
of-view on text readability has not been explored before in virtual
or physical reality .

2.3 Visual Search

Visual search is considered one of the most important tasks in VR
[49]. Letter search tasks [21, 64] are widely used in experimen-
tal psychology to evaluate search performance on computerized
displays as simple stimuli such as letters allow to systematically
analyze visual search in a controlled environment. However, search
performance in VR is different from reading on a 2D monitor. For
example, one particular study [24] found faster and more accurate
visual search performance in a VR environment than in a 2D condi-
tion. Kyung and Park [36] conducted a study comparing 33" and
50" physical displays with different display curvatures (400R, 600R,
1200R, and flat) from a fixed distance of 50 cm. They asked the par-
ticipants to perform a visual search task [30] for the target letter "A"
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from a sample pseudo-text. They found that the increased size from
33" to 55" adversely affected the performance of the flat display.
However, this adverse effect of increased display size on perfor-
mance was not seen for curved display configurations, indicating
curved configurations should be considered for larger displays.
Similarly, Shupp et al. [60] also found that searching for an icon
on a curved display was faster than searching for it on a flat dis-
play. Lim et al. [38] further explored the effects of curved computer
displays on visual icon search tasks. They used six 34-inch 21:9 TFT-
LCDs with varying curvatures (flat, 4500R, 3800R, 3000R, 2500R,
and 2000R) to evaluate visual performance and fatigue. They found
that the more curved displays such as 2000R and 2500R required sig-
nificantly more time for visual search compared to flatter displays
such as 3800R, 4500R, and Flat. Conversely, they found searching on
the 2000R display leads to a significantly lower average pupil size
compared to searching on the flat display indicating lower visual
fatigue for the curved displays such as 2000R.

Overall, although we see some prior work investigating visual
search for physical displays, visual search tasks are large unexplored
in the virtual reality spaces. Furthermore, although we see display
curvature affects visual search performance, the impact of display
field-of-view on visual search performance has not been explored
in prior research.

2.4 Summary and Goals

Previous research has extensively investigated task performance
focusing on display curvature [36, 37, 37, 50], but there is limited
knowledge about the effect of task performance on curved displays
with varying field-of-views. However, studying the varying physi-
cal properties of large curved displays poses practical challenges,
including cost and equipment requirements [15]. Liu et al. [41, 42]
have highlighted the effect of display field-of-view on spatial mem-
ory. However, this effect of display field-of-view needs to be further
explored, especially for crucial interaction tasks such as text read-
ability [12, 22, 33, 34, 55, 56] and visual text search [21, 36, 64] par-
ticularly on long texts [25, 32]. The use of virtual environments to
display 2D content, such as for visual analytics tasks [13], presents
new opportunities. Consequently, we explore the effects of display
field-of-view and display type users for text readability and visual
search on large curved and flat displays provided by virtual reality
using HMDs.
Our study has two main goals:

e To establish which display field-of-view and display type
ensures higher reading performance (speed and accuracy)
for text readability tasks

e To establish which display field-of-view and display type
ensures higher search performance (speed and accuracy) for
visual search tasks

3 USER STUDY

We aimed to understand how different display field-of-view and
display types (flat or curved) influenced text reading and visual text
search performance. Therefore, in the first part of the study, we
assessed how participants performed text reading tasks on displays
with different characteristics. In the second part of the study, the
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participants performed a visual text search across various display
field-of-views for both curved and flat displays.

3.1 Display Type and Display Field-of-view

In our study, we considered two display types: Flat and Curved.
We conducted experiments on four curved display field-of-views
and four flat display field-of-views. The curved displays had a fixed
display curvature of 2000R, as it was found to be the most effective
in prior work [37, 50-52]. The four curved display field-of-views
are as follows: “Curve90” is 3.14m wide, “Curve180” is 6.28m wide,
“Curve270” is 9.42m wide, and “Curve360” is 12.56m wide. For our
curved display, the display radius is 2m, and 6 is the viewing angle
of the curved display in radians. The formula to find display width
is s=r@. For instance, for the display field-of-view pair 90, s = 2 X
90755 = 3.14m. For direct comparison, we introduced four flat
displays, each corresponding to the width of its curved counterpart:
“Flat90” (3.14m wide), “Flat180” (6.28m wide), “Flat270” (9.42m wide),
and “Flat360” (12.56m wide). The height for all displays was set to
2 meters.

3.2 Tasks

3.2.1 Text Readability. Previous research [57] suggested using text
that is comparable in complexity to isolate the effects of particular
factors, such as display type and display field-of-view pair in our
study. Hence, we used the comprehension passages from a corpus
of a standardized English reading assessment [54] to ensure a con-
sistent measure of reading speed. We used 20 paragraphs ranging
in length from 100 to 110 words (see Figure 2 top) following the
use case of long texts in VR [25, 32]. For each passage, participants
were required to answer two questions (see Figure 2 bottom). We
maintained a fixed interaction distance of 2 meters from the screen.
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Figure 2: Reading comprehension task on the Curve90 dis-
play. Here the top display shows the reading comprehension
and the bottom display shows the multiple choice question
based on the reading comprehension passage.
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3.2.2  Visual Text Search. For the visual text search task, we asked
the participants to count the occurrences of “A” in the pseudo-text
displayed on different field-of-views and display types. The partici-
pants performed a visual search task following the ISO standard
(2008b) [29]. Each pseudo-text consisted of 200 alphanumeric char-
acters, including both capital and lowercase letters as well as spaces
(see Figure 3). The target letter was capital “A” which the partici-
pants had to count from the pseudo-text. The participants had to
stand 2m away from each display and count the number of capital
“A” for two pseudo text frequency conditions: high frequency and
low frequency. We have randomly generated the pseudo-text to en-
sure that “A” comprises only 13-17 percent for the high-frequency
text (see Figure 3 bottom: curved display) and 1-5 percent for the
low-frequency text (see Figure 3 top: flat display).

U JAZR 42Awd VEuJUAzucirzm6FIP FFYZD C4q4xufH 79 hX
XNrSsuCXnTU xOtBEa2 bIGKyO Hr M3U76YbdJSul HQW
7LXcSWGSN sR n VAnniY Gtx XXR4IxV9brl 4Pnl KxcHA9
RgHQC AmIfDh Yc6tiS01IX t0ixz dw ejoxR Org70 5w JTJ

©J aHAAGJIE AA 06AyQ X36p0fs eMnt8zd 1ApA GAIMN dLIDZ
10xTe gKXA s6vnA6A EOcnDU ASBzl) JAOk TYMRMAA 1iSJ4P
TTihqA8db ANOAJ72 WYeKs A6P 2tOCAN CqlFA tkn Au4ij9
3A7BJ znVXpdFA 4b1Arh uTVMT WT3WuD SEMVAAV

Figure 3: Pseudo-text for task 2 visual search task. Here the
top display Flat90 shows the low-frequency task with 4% “A”
and bottom display Curve90 shows the high-frequency task
with 16% “A”.

3.3 Font, Size, Length, Background, and Color of
the Text

Dingler et al. [22] provide a guideline for text parameters such as
text font, text size, text, and background color for user interfaces
for virtual reality environments. The two most popular fonts are
Times New Roman and Arial [2, 8, 22, 23, 57, 62]. Dingler et al. [22]
found 77.8% of their participants preferred the Arial text compared
to Times New Roman. Consequently, researchers [12, 33, 34, 62]
have widely used Arial for Ul in VR. Dingler et al. [22] found
72.2% of users preferred white text on black background compared
to black text on a white background. Furthermore, researchers
[12, 22, 34, 62] advised to use Google’s unit of angular size—dmm:
distance-independent millimeter— where the text size is equal to the
height of lowercase character “x” at a viewing distance of 1 meter.
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To ensure legibility across all display field-of-views we followed
the guidelines from previous work, we used the font Arial, set the
text size to 50dmm, and presented the text with a contrast of white
text on a black background.

3.4 Participants

We recruited 16 participants (8 male, 8 female) aged between 20
and 34 years (avg. 26.18, SD 4.58) from a local university using
on-campus flyers. The participants had an average of 1.81 years
(SD 1.44) of prior experience using head-mounted virtual reality
headsets, such as the Oculus Quest. All of the participants had
normal or corrected-to-normal vision. Only two participants had
no prior experience using VR. Each participant received $15 as
compensation for participating in the study.

3.5 Apparatus

We developed the application using Unity [63]. For the head-mounted
display, we used the Oculus Quest 2 [43] (see Figure 2), which has

a horizontal field-of-view of 90 degrees. We used the Firebase Re-

altime Database [26] to log data during the study. We built and

tested the Unity application on a workstation equipped with an

Intel 19-9900 CPU, 32 GB of RAM, and an NVIDIA GeForce RTX

2080 graphics card.

3.6 Design and Procedure

This experiment employed a 2 (Tasks: Text Readability, Visual
Search) x 2 (Display Type: Flat, Curved) x 4 (Display Field-of-view:
90°, 1807, 270°, 360°) X 2 (Questions) within-subjects design. The in-
dependent variables were display type and display field-of-view. The
presentation order of the displays was counterbalanced based on
display type and display field-of-view pair using the Latin Square de-
sign to reduce the learning effect. Each session was approximately
90 minutes from start to finish and was conducted as follows.
Introduction. (5 min). Participants were given a brief introduc-
tion to the study, followed by a demographics questionnaire.
Text Readability. (40 min). The participants were placed 2m
away from the screen and were asked to press the trigger of the
right controller when ready to start the reading comprehension
task. Participants were instructed to read a passage from the virtual
display. After pressing the trigger button on the right controller,
the passage disappeared, and the questions appeared. Participants
could not revisit the passage once the questions appeared. They
answered the questions by pressing the A, B, X, or Y buttons on
the Quest 2 controller. Each participant read one passage for each
unique display configuration (display type and display field-of-view
pair) from a non-repeating random list of 20 passages. Each passage
had 2 multiple-choice questions which 4 choices for each question.
Break. (5 min). Participants were given a 5-minute break.
Visual Search. (40 min). The participants had to perform one
high-frequency counting task and one low-frequency counting
task, identifying occurrences of "A" in the pseudo-text for each
of the eight displays. The order of the frequency conditions was
randomized. After completing the counting task, the participants
had to choose the correct frequency from a multiple-choice question
with 4 choices similar to the previous task.
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3.7 Measurement

We recorded the completion time and accuracy for each trial. We
define reading time as the duration from when participants start
reading the passage (indicated by pressing the right trigger) to when
they finish (signaled by pressing the right trigger again to proceed
to the multiple-choice questions). Similarly, we define search time
as the time to finish counting the letter “A” from the pseudo text.
We do not record the time to answer the multiple-choice questions.
Accuracy is measured by dividing the number of correct answers
by the total number of questions asked. We used the NASA-TLX
[3] questionnaire to collect participants’ perceived workload and
their preference for each display.

4 RESULTS

We analyze completion time (reading time and search time) and
accuracy with repeated measures ANOVA, and pairwise compar-
isons with Bonferroni corrections. In case of sphericity violation,
we report Greenhouse-Geisser corrected p-values and degrees of
freedom. The summary of the results is shown in table 1

Table 1: ANOVA main effects and interaction effects for text
readability and visual text search

Criteria Factor(s) Text Readability Visual Search
Sig? ANOVA results Sig? ANOVA results
Time Type Fi15 = 0.41, p = 0.53 Fr15 =0.41,p = 0.53

Field-of-view F45 = 9.26, p < 0.001, 1?=0.38 F345 = 0.64, p = 0.60

Type  Field-of-view Fs45 = 6.51, p < 0.001, 7° = 0.30 F345 = 2.89, p < 0.05, 7> = 0.16

Accuracy Type Fi15 = 0.01, p = 0.92 Fi15 = 442, p < 0.05, n°=0.02

Field-of-view Fsa5 = 0.74, p = 0.54 Fia5 = 041, p = 0.74

Type X Field-of-view Fsa5 = 0.77, p = 0.52 Fsas = 2.26, p = 0.08

4.1 Text Readability Results

Display Type
Ocurved M Flat
60 1
o
% 50 208
£ g
3 % 3
£ 2%
i 30 o
o 5 04
5 20 s
dl
g %02
x 10 -
0 0

90 180 270 360 90 180 270 360
Display Field-of-view Pair Display Field-of-view Pair

Figure 4: (a) Reading time by display field-of-view pair for
each display type (b) Reading accuracy by display field-of-
view pair for each display type. Here error bars represent 95%
confidence interval.

4.1.1 Reading time. In terms of reading time, we found signifi-
cant main effects for the independent variables display field-of-view
pair (F345 = 9.26, p < 0.001, n%=0.38) (see Figure 4a). However,
we did not find display type (F115 = 0.41, p = 0.53) to have an
effect on reading time. As we found display field-of-view pair to
have a significant main effect on reading time, we perform pairwise
comparisons between display field-of-view pairs. We found display
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field-of-view pair 90, 180, and 270 are significantly (all p < 05)
faster than display field-of-view pair 360. We found significant in-
teractions of display type X display field-of-view pair(Fs 45 = 6.51,
p < 0.001, 5% = 0.30). As we found interaction effects of display
type X display field-of-view pair, we further performed pairwise
comparisons with Bonferroni corrections for each field-of-view. We
found that Curve360 is significantly faster than Flat360 whereas
Flat270 is significantly faster than Curve270. No other significant
effect was found.

4.1.2 Reading Accuracy. In the text reading task, we did not find
display type (F1,15 = 0.01, p = 0.92) and display field-of-view pair
(F3,45 = 0.74, p = 0.54) to have an effect on reading accuracy (see
Figure 4b). Furthermore, we did not find any interactions of display
type x display field-of-view pair (F3 45 = 0.77, p = 0.52).
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Figure 5: (a) NASA TLX scores for the reading task on each
display. Error bars represent 95% confidence interval. (b) The
figure also shows the most preferred display out of the eight
displays for reading.

4.1.3  Preference Score. We used NASA Task Load Index (NASA
TLX) [3] questionnaire to collect users’ feedback on their effort,
mental demand, physical demand, temporal demand, performance,
frustration, and overall task load for each of the 8 displays for the
text reading task.

A Friedman test on the text reading data revealed significant
differences for eight out of the nine criteria across the eight dis-
plays. Specifically, significant differences were found for mental
demand (y%(7,N = 16) = 63.01,p < 0.001), physical demand
(x?(7,N = 16) = 55.75, p < 0.001), performance (y(7,N = 16) =
70.17,p < 0.001), effort (y%(7, N = 16) = 66.561, p < 0.001), frus-
tration (y%(7,N = 16) = 68.74, p < 0.001), preference (y*(7,N =
16) = 73.15,p < 0.001), fatigue (y2(7, N = 16) = 54.93, p < 0.001),
and overall workload (y%(7, N = 16) = 66.57, p < 0.001) (see Figure
5a). However, no significant difference was observed for temporal
demand (y?(7,N = 16) = 12.391, p = 0.09).

For a detailed understanding, we conducted pairwise compar-
isons using the Wilcoxon signed-rank test, adjusting the a-levels
from 0.05 to 0.0017 through Bonferroni corrections. The key find-
ings from these comparisons are:

e Performance: Curve90 and Flat90 displayed the highest
mean performance, significantly outperforming Curve270,
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Flat270, and Flat360. Curve180, Flat180, and Curve360 also
exhibited superior performance compared to Flat360.

e Physical Demand: Flat360 was identified as the most phys-
ically demanding configuration, significantly more so than
Curve90, Flat90, Curve180, and Flat180. Conversely, Flat90
and Curve90 were associated with the lowest physical de-
mands.

e Mental Demand: In terms of mental demand, Flat360 was
found to be significantly higher than Curve90, Flat90, Curve180,
Curve270, and Curve360. Both Curve90 and Flat90 showed
lower mental demands compared to Curve270 and Flat360.

o Effort: Effort analysis revealed that Flat360 required the
most effort, significantly more than Curve90, Flat90, Curve180,
Curve270, and Curve360. Curve90 and Flat90 were among
the configurations requiring the least effort.

o Frustration: Frustration levels were highest for Flat360, sig-
nificantly more than for Curve90, Flat90, Curve180, Curve360,
and Flat270. Curve90 and Flat90 were among the least frus-
trating configurations.

e Overall workload: The overall workload was highest for
Flat360, significantly more than for Curve90, Flat90, Curve180,
Curve270, and Flat270. Curve90 and Flat90 were found to
have the lowest overall workloads.

Overall, 14 out of 16 participants prefer the Curve90 display for
reading comprehension tasks, while 2 out of the 16 participants
prefer the Flat90 display (see Figure 5b). The NASA TLX score
further supports higher preference for Curve90 as it has higher
subjective rating based on performance, physical demand, mental
demand, temporal demand, and effort.

4.2 Visual Text Search Results
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Figure 6: (a) Search time by display field-of-view pair for
each display type (b) Search accuracy by display field-of-view
pair for each display type. Here error bars represent 95%
confidence interval.

4.2.1 Search time. In terms of search time, we did not find signifi-
cant main effects for the independent variables display field-of-view
pair (F3.45 = 0.64, p = 0.60) and display type (F1,15 = 0.41, p = 0.53)
(see Figure 6a). We found significant interactions of display type
x display field-of-view pair (F345 = 2.89, p < 0.05, 72=0.16). As
we found interaction effects of display type X display field-of-view
pair, we further performed pairwise comparisons for each display
field-of-view pair. For display field-of-view pair 90, we found that
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the flat display was significantly faster than curved display. No
other significant effect was found.

4.2.2  Search Accuracy. In terms of accuracy, we found significant
main effects for the independent variables display type (F1 15 = 4.42,
p < 0.05, 7%2=0.02) (see Figure 6b) where curved displays are more
accurate than flat displays. However, display field-of-view pair
(F3,45 = 0.41, p = 0.74) did not have an effect on search accuracy.
We found no significant interactions of display type X display field-
of-view pair (F345 = 2.26, p = 0.08). No other significant effects
were found.

[Fiato0 Mcurvedso [ Fiat1so Mcurvediso [ riat270 Mlcurved270 [Fia3s0 Ml curvedsso
100

80
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40

Performance Mental Physical Temporal Effort

Frustration Overall

Figure 7: (a) NASA-TLX scores for the visual search task on
each display. Error bars represent 95% confidence interval.
(b) The most preferred display out of the eight displays for
reading task.

4.2.3  Preference Score. We used NASA Task Load Index (NASA
TLX) [3] questionnaire to collect users’ feedback on their effort,
mental demand, physical demand, temporal demand, performance,
frustration, and overall task load for each of the 8 displays for the
reading comprehension task.

A Friedman test on the reading comprehension data shows that
there is a significant difference for eight out of the nine crite-
ria: mental demand (y?(7,N = 16) = 65.15,p < 0.001), phys-
ical demand (y%(7,N = 16) = 78.30,p < 0.001), performance
()(2(7,N =16) = 75.93,p < 0.001), temporal demand ()(2(7,N =
16) = 73.87,p < 0.001), effort (y2(7,N = 16) = 64.26,p < 0.001),
frustration (y%(7, N = 16) = 79.96, p < 0.001) and overall workload
(x%(7,N = 16) = 77.99, p < 0.001) (see Figure 7a) across the eight
displays.

For a detailed understanding, we conducted pairwise compar-
isons using the Wilcoxon signed-rank test, adjusting the a-levels
from 0.05 to 0.0017 through Bonferroni corrections. The key find-
ings from these comparisons are:

o Performance: Curve90 showed the highest mean perfor-
mance, significantly outperforming other configurations
such as Flat180, Flat270, and Flat360. Curve180, Curve270,
and Curve360 also demonstrated superior performance com-
pared to Flat270 and Flat360.

e Physical demand: Curve90 exhibited the lowest physical
demand, significantly lower than that of Flat180, Flat270,
Curve270, and Flat360.
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e Mental demand: Curve90 also had the lowest mental de-
mand compared to Curve270, Flat180, Flat270, and Flat360,
indicating it is the least mentally taxing configuration.

o Frustration: Lower frustration levels were associated with
Curve90 and Flat90 when compared to Flat270 and Flat360,
making them the least frustrating options.

e Overall workload: Curve90 and Flat90 were associated
with the lowest overall workload compared to other config-
urations, especially Flat270 and Flat360.

Overall, 8 out of 16 participants prefer the Curve90 display for
reading comprehension tasks as shown in Figure 7b. Three par-
ticipants preferred the Flat90 display, three participants preferred
Curve180, and two participants preferred Curve360. The NASA
TLX scores demonstrate Curve90 as the most preferred display as
it consistently receives the highest rating for all the 7 subjective
feedback criteria for the visual search task.

5 DISCUSSION

5.1 Text Readability

5.1.1 Flat vs. Curved Display. For the reading task, we observed
that the display type (whether flat or curved) did not significantly
influence both reading time and reading accuracy. This suggests
that the inherent advantages or disadvantages of either being flat
or curved might not affect reading tasks. However, an overwhelm-
ing number of participants prefer curved displays compared to flat
displays as “text located at the corners are easier see” (P7, P2, P16),
and the “display content is directed towards the user” (P8, P11).
Furthermore, the subjective feedback from the NASA TLX ques-
tionnaire indicates that certain flat displays, especially those with
wider display field-of-views (i.e., Flat360 and Flat270), are more
mentally and physically demanding for users. However, few partic-
ipants reported that the Flat displays provide a complete overview
but require more effort to read the text that are located at the edge
of the display.

5.1.2  Display field-of-view Pair. Our results highlight the impor-
tance of display field-of-view in influencing reading performance.
Specifically, participants exhibited faster reading speeds for the dis-
play field-of-view pair 90 compared to the display field-of-view pair
360. The feedback from participants further justifies the superior
performance of display field-of-view pair 90. The participants men-
tioned that they preferred the shorter display field-of-view pair as it
“requires less body movement” (P4, P7) compared to wider display
field-of-view pairs. Furthermore, the participants mentioned that for
display field-of-view pair 90 “the entire text visible at a glance simi-
lar to reading a book” (P14). Additionally, the NASA TLX results
further validate the superiority of shorter display field-of-views
(Curved90, Flat90) having higher subjective feedback scores com-
pared to wider display field-of-views (i.e., Flat360, Flat270). The
longer lines on wider displays may impede reading because they
make it harder for users to find the appropriate beginning of the
next line after finishing one. This is a plausible explanation for the
lower performance observed in the "Flat360" field-of-view, which
could be attributed to the difficulty of managing longer lines of text
without losing the reading flow. These results are consistent with
prior work [9] which mentions that narrower paragraph widths
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lead to faster reading and better comprehension. While curved
displays mitigate some of the issues by providing a more uniform
viewing experience, large flat displays exacerbate angular distor-
tion, making text harder to read as users need to move their gaze
more frequently across the screen [46]. A potential solution to this
issue could be breaking longer lines into multiple columns. By do-
ing so, the text field-of-view would more closely resemble narrower
text columns, reducing the need for extensive horizontal eye move-
ments and making it easier for users to maintain their place while
reading.

5.1.3  Summary. Curved displays were preferred over flat displays
as they allow the users to read text that is located at any region
of the display. The ergonomic advantage of a shorter display field-
of-view 90 allows users to easily view and process information
without significant head movement leading to higher user prefer-
ence. Overall, Curve90 has the highest preference and subjective
feedback rating while Flat360 has the lowest subjective feedback
rating.

5.2 Visual Text Search

5.2.1 Flat vs. Curved Display. For the visual text search task, we
observed that the curved display exhibited higher accuracy than flat
displays. This suggests that the curvature of the display provides
users with a more focused environment, leading to improved accu-
racy in visual search tasks. The participants mentioned that, unlike
the flat display, it was easier to identify letters in the curved display
as “the letters were facing the users” (P11) which made it “easier
to find the letters” (P2, P3, P15). The curved display also emerged
as the favorite display field-of-view based on user preference and
subjective feedback scores.

5.2.2  Display field-of-view. In terms of the search tasks, our re-
sults indicate that there was no significant difference between the
different display field-of-views for both search time and accuracy.
This suggests that the spatial arrangement or field-of-view of the
display might not play a pivotal role in influencing user perfor-
mance for visual search tasks in the tested configurations. However,
the subjective feedback from the NASA TLX questionnaire pro-
vides deeper insights into user preferences and perceived workload
across different display field-of-views. Notably, certain displays like
Flat360 and Flat270 were less preferred and had lower subjective
performance ratings compared to Curve90, Flat90, Curve180, and
Curve360. This indicates that users found flat displays with higher
display field-of-views (such as Flat360 and Flat270) to be inefficient
for visual search tasks. Their feedback suggested they preferred
all the curved displays, particularly the Curve90 display for visual
search tasks.

5.2.3  Summary. Curved displays lead to significantly more accu-
rate visual task performance compared to flat displays. The shorter
display field-of-view pair of 90 was preferred and had higher subjec-
tive rating than other display field-of-views. Similar to task 1, the
results of task 2 also show Curve90 has the highest preference and
subjective feedback scores while Flat360 has the lowest subjective
feedback scores.
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6 DESIGN IMPLICATIONS, LIMITATIONS, AND
FUTURE WORK

We interpret key insights from our results and discuss the design im-
plications for large displays in virtual reality. We also highlight the
limitations that we observed during the study and discuss potential
future works.

6.1 Design Implications

6.1.1  Optimal Display field-of-view. The results suggest that users
were significantly faster in the reading comprehension task with
shorter display field-of-view pair (i.e., 90, 180, and 270) compared
to longest display field-of-view pair (i.e. Flat360 and Curved360).
Subjective Feedback from both tasks shows a trend of increasing
workload with the increase of display field-of-view pair value seen
in Figure 5 and 7. Therefore, For reading tasks in VR, it would be
beneficial for designers to optimize the display field-of-view to
around 90 degrees to 180 degrees to enhance reading speed and
reduce user workload, as evidenced by the workload comparisons
shown in the study results for both tasks. The longer displays
impede reading: this could be because longer lines make it harder
to find the appropriate beginning of the next line after finishing
a line. To improve readability on wider displays, app developers
should consider breaking longer lines into multiple columns to
enhance reading flow and comprehension.

For visual search tasks, there was no significant difference be-
tween the display field-of-views in terms of both search time and
accuracy. This suggests that the spatial arrangement or field-of-
view of the display might not play a pivotal role in influencing user
performance for visual search tasks. Designers can have flexibility
in choosing the display field-of-view based on other factors like
user comfort or hardware constraints. However, preference and per-
formance indicators favor curved displays, especially the Curve90
field-of-view, for their ergonomic benefits and lower associated
user workload.

6.1.2  Flat vs. Curved Displays. Although the display type (flat or
curved) showed no significant effect on reading time for the text
reading task, curved displays exhibited higher accuracy in visual
search tasks compared to flat displays. Additionally, across both
tasks, curved displays consistently presented lower workload rat-
ings (see figure 5, 7) than their flat counterparts for comparable
display field-of-view pairs. VR developers can benefit from curved
displays’ advantages in providing a more engaging and less strenu-
ous environment for VR applications, especially in tasks requiring
focused visual attention.

6.1.3 Subjective User Workload and Display Characteristics. The
NASA TLX results from both tasks indicate shows that wider dis-
play field-of-views (notably, Flat360 and Flat270), lead to higher
workload and lower task performance. Display field-of-views with
shorter viewing angles, particularly those with a field-of-view of
90 degrees, emerged as optimal choices for minimizing user work-
load and enhancing the overall experience. Therefore, based on
the overwhelming preference for the Curve90 display compared to
all other displays, VR developers integrate this display for various
application scenarios.
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6.2 Limitations and Future Work

Our study utilized a head-mounted device with a fixed field-of-view
of 90 degrees. While this allowed us to simulate specific display
configurations, it might not capture the full range of experiences
users might have with devices offering a wider or narrower field-of-
view. Future work can explore the impact of different field-of-view
on user performance and preferences, especially as newer HMDs
with varying field-of-view become available. Additionally, while
the font size, style, and color contrast were carefully selected to
ensure readability, the chosen font size of 50dmm might not be
ideal for wider field-of-views. Although this factor might be neg-
ligible within a 90-degree field of view, it becomes significant as
the display width varies greatly. Moreover, angular distortion on
large flat displays is another factor that negatively impacts read-
ability which we did not cover in our paper. While breaking longer
lines into multiple columns could mitigate some readability issues,
further investigation is needed. Future studies should explore the
advantages of adjusting font sizes to minimize angular distortion
and implementing narrower text columns for improved readability.
The current work was conducted exclusively in VR. While VR offers
the flexibility to simulate various display configurations without
physical constraints, it’s essential to understand how these findings
translate to real-world physical displays. Future work could con-
duct comparative studies between VR and physical curved displays
to gain insights into the direct applicability of our results in real-
world scenarios. Our study, based on recommendations from prior
research [6, 38], focused on the effects of display type and display
field-of-view for a specific display curvature of 2000R. Future work
could investigate whether our findings remain consistent across
different display curvatures, especially as technology evolves and
offers a broader range of curvature options. We set the interac-
tion distance to a fixed 2m based on previous work [50, 51], which
helped reduce the number of variables in our study. Future studies
could investigate varying interaction distances to more thoroughly
examine the impact of spatial differences on user experience and
performance with curved displays. Our research focused on two
specific tasks: text reading and visual text search. While these tasks
offer valuable insights, future studies could expand the range of
tasks, exploring interactions such as pointing, collaboration, view-
ing videos, or navigating interactive environments. Investigating
the effect of display field-of-view will lead to a more holistic under-
standing of user interactions with curved displays.

7 CONCLUSION

In this paper, we investigated users’ text reading and visual text
search performance on large flat and curved displays with various
field-of-views in VR. More specifically, we explored the effect of
display field-of-view (with different viewing angles) and display
types (flat or curved) on users’ text reading and visual text search
performance. We found shorter display field-of-view (particularly,
viewing angle 90) display leads to significantly faster reading speeds
compared to a wider display field-of-view (i.e., 360). Additionally,
we showed that curved displays have significantly higher accuracy
for visual search tasks. Overall, results suggest curved display with
a viewing angle 90 (Curve90) is the most preferred display while
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flat display with a viewing angle 360 (Curve360) received the low-
est subjective feedback rating for both text readability and visual
search tasks. According to our findings, we presented guidelines
for VR designers and provided suggestions on leveraging display
specificities to improve users’ performance for text readability and
visual search on large virtual displays.
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