Refresh Rate and Graphical Benchmarks
for Mobile VR Application Development

Zhong Wang'*, Kenneth Foo?, Steven Yan?,
Vicente A. Gonzalez' and Nasser Giacaman?

' Department of Civil and Environmental Engineering, University of Auckland,
New Zealand

2Department of Electrical, Computer, and Software Engineering, University of
Auckland, New Zealand

E-mail: zwan256 @ aucklanduni.ac.nz; v.gonzalez@auckland.ac.nz;
n.giacaman@auckland.ac.nz

*Corresponding Author

Received 15 February 2022; Accepted 21 April 2022;
Publication 01 July 2022

Abstract

Virtual reality (VR) technology is quickly becoming more accessible to the
general public due to the availability and capabilities of modern smartphone
devices. However, such mobile devices are not as powerful as high-end
desktop systems where VR is mostly established. Running demanding VR
apps leads to performance issues such as lag, excessive heat, and fast battery
drainage. To avoid these problems, software factors must be optimised. The
user evaluation (N = 51) involved presenting multiple VR scenes (with vary-
ing frame rates), requiring participants to judge which scenes felt smooth; the
results indicate that anything below 50 FPS was tolerable at best and nause-
ating at worst. To also measure the performance impact of various software
settings, benchmarks were conducted on different smartphones. The results
highlight the effects when varying the number of displayed on-screen objects,
as well as outlining which settings should be avoid when specifically targeting
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mobile VR platforms. Heat and battery life were found to be non-issues at
recommended performance levels. The proposed work established valuable
guidelines which can be helpful for real time applications in development
time reduction and complexity simplification from graphical and refresh rate
optimization perspectives.

Keywords: Virtual reality, usability, lag, mobile devices.

1 Introduction

Virtual reality (VR) technology immerses users in a simulated environment
by displaying stereoscopic imagery [1,2]. Although there are multiple ways
to define VR, there are mainly four components in any VR environment:
target behavior, organism, artificial sensory stimulation, and awareness [3].
VR is recognized as one of the most trending visualization methods and it
has been used for training, education, tourism, and entertainment [4]. VR can
be demonstrated by various equipment and Head Mounted Displays (HMDs)
can be one of the most popular and cost efficient one [5]. Once constrained to
demanding powerful and expensive workstations to operate effectively, VR
is becoming more accessible to the general public due to the ever-improving
capabilities of mobile devices [6]. The compact form factor, however, means
that most of the internal components of a mobile device are inferior compared
to those of a powerful desktop system and this can lead to limited graphical
performance, as well as pronounced heat and battery issues [7]. Given that
VR’s core essence is to convincingly simulate virtual worlds, a positive user
experience is of utmost importance [8].

The development and publishing of software applications for mobile
devices is not constrained to large software companies; this is popular among
hobbyists and novice programmers [9]. This is likely to be more attractive
with the increasing popularity and accessibility of mobile VR toolkits [10].
However, given the inherent hardware limitations, software developers are
burdened with the task of optimising their VR apps to ensure smooth
operation on mobile devices [11]. An experienced VR developer may do
this systematically, knowing which settings and optimisation techniques to
employ. Profiling tools can also come in handy to determine which factors
affect performance. Debugging has long been acknowledged a difficult task
for novice programmers [12, 13]. Inexperienced or hobbyist software devel-
opers are therefore likely to employ a less systematical approach, possibly
through trial and error and avoiding profiling tools altogether.
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The first contribution of this study includes exploring how different VR
software settings affect performance on mobile devices, moving towards the
production of guidelines to help inspiring mobile developers understand how
to best optimise their mobile VR apps. Another contribution comes in the
form of the results from the user evaluation, illustrating the wide range of
perceived responsiveness reported by users. While together this helps inform
software developers of the targets to aim for, it also highlights the constrain-
ing challenges in ensuring a comfortable mobile VR user experience and
opening up future research opportunities to make mobile VR more feasible.
The research questions are as follows:

RQ1: How does user-perceived lag vary among users for mobile VR apps?

RQ2: What software factors affect performance of VR apps deployed on
mobile devices?

The rest of this paper is organised as follows. Section 2 presents related
work surrounding mobile VR and its performance. Section 3 presents a user
evaluation to determine how users perceive lag with varying frame rates,
while Section 4 investigates how frame rates are impacted with various VR
settings. Section 5 discusses the implications of this study, before concluding
and suggesting future topics of research in Section 6.

2 Related Work

2.1 Mobile Virtual Reality

Virtual reality (VR) technology is becoming increasingly popular. In the first
quarter of 2016 alone, $US1.2 billion was invested into immersive tech like
VR, which is around 25 times the amount spent in the second quarter of
2014 [14]. Gartner also lists VR as one of the top trending technologies in
2019, and estimated that around 70% of companies will be experimenting
with it by 2022 [15]. VR used to be a niche experience, requiring the use
of powerful and expensive equipment. Headsets like the Sony PSVR, Oculus
Rift, and HTC Vive cost hundreds to thousands of dollars [16—-19]. The lack
of high performance machines at consumer-level prices also prevents most of
the general public from experiencing virtual reality on a regular basis [20,21].

As smartphones are becoming more powerful, this trend is slowly begin-
ning to change. For most users already in possession of a smartphone, the
only additional resource required is a modest VR headset; one such device,
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the Google Cardboard, can be purchased for as little as $10 dollars [22]. The
affordability and ease of use of these viewers, along with the simple unteth-
ered setup with standard smartphones, makes mobile VR an attractive option
for people who might otherwise choose not to enter the VR market [23-25].
For software developers, making VR applications for mobile devices also has
the benefit of having a shorter time and lower cost to market, compared to
selling high-end virtual reality gear [26].

Mobile devices unfortunately have their downsides [27], with thermal
management being a prominent concern. Mobile architectures are designed
with low power consumption, low overall device cost, and small amounts
of computation in mind [28]. The compact nature of smartphones forbids
conventional cooling methods like fans and heatsinks [29]. In this regard,
high-end mobile models often cap their CPU frequencies at 2-2.5 GHz in
order to meet the thermal constraints [30, 31]. He et al. believe that the
power consumption burden imposed by the high-resolution displays is one of
the main constrains of fluency for mobile VR applications, thus, a dynamic
resolution scaling technique was experimented to partially release the bur-
den by reducing the display resolution depending on viewing directions
and distances [32]. However, such technique has the limitation of affecting
user experience and can be less effective for application-embeded purposes
such as video streaming [33] and Lai et al. indicate that it is important to
identify the targeted refresh rate before balancing the power consumption
and processability [31].

With the hardware locked and limited, it is mostly the software devel-
opers’ responsibility to maintain a good VR experience by making the most
of such hardware. Optimisation is therefore crucial, since VR applications
are inherently computationally demanding [34]. Poorly-performing apps that
are laggy or unresponsive can induce nausea [35], and are among the most
common complaint types on app stores [36—38]. To improve performance,
developers can follow guides and tweak variables in game engines such
as Unreal and Unity [39, 40], then use built-in profiling tools to determine
the time an app spends doing various tasks [41,42]. There are mainly two
directions in the development of mobile VR application: local-based and
network-based [43]. Local-based VR applications utilise smartphone hard-
ware for processing and demonstrating VR contents, whereas network-based
applications incorpora-tes cloud computing for data processing, telecom-
munication technologies such as 5G and WiFi-6 for data transferring, and
smartphones for demonstraion [7, 31, 43, 44]. Although network-based VR
application can achieve significantly less local processing tasks, power
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consumption and heat generation will remain as long-time limitations for
current telecommunication technologies [31].

Oculus, as one of the main VR headset producer in the industry, provides
a guideline for local-based VR performance optimization, which identifies
key considerations as: number of polygons, number of lights, shadows
and ambient occlusion, post-processing effects, and anti-aliasing [45]. Such
consideratio-ns can be useful for the general development of VR applications,
however, they can be too broad to use in practice as there is no benchmarks
or specific metrics to measure the performance affected by them. Developers
are unable to know the exact impact of these factors, nor the extent of which
to change certain settings in order to reach a desired performance level. For
example, a guide may recommend reducing the number of polygons and
lights in a scene to boost frame rates, but it is unclear which of these two has
the biggest impact. Peer-comparison is widely used in practice, which leads
to development burdens and inaccurate results in optimisation. Therefore,
this study seeks to help developers understand the performance impacts of
different factors.

2.2 Performance Metrics

‘Performance’ refers to a broad range of different aspects when it comes to
mobile devices. This section discusses performance in terms of latency, lag,
thermals, and power consumption. Motion-to-photon latency can be defined
as the time taken for an action in the real world to translate accordingly to
motion on a screen [46—48]. This should be kept as low as possible, since
users will start to experience motion sickness when their environments do
not synchronise with their movements [49, 50].

Refresh rate is crucial for user-centered applications and especially
VR [51]. It is one of the most significa-nt factors affecting VR sickness
and the fluency of the application, which all contribute to general usability
perspectives [52]. Refresh rate can be defined as the number of times that the
display can draw a new image per second, and is measured in Hertz (Hz).
El Beheiry et al. (2019) believe 60 Hz should be the targeted refresh rate
for most VR applications in order to achieve smooth navigation [6]. Refresh
rate can be affected by multiple factors, generally categorized into Software
and Hardware. Scene complexity and rendering/mapping method can be two
of the most important from a software perspective, while hardware factors
relate to Central Processing Unit (CPU), Graphic Processing Unit (GPU),
and Random-Access Memory (RAM) [6,53-55]. Debattista et al. conducted
an series of experim-ents using multiple VR devices, aiming to identify the
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frame rate suitable for VR applications, and they identified that the relation-
ship between frame rate and resolution (detail quality) is complex [56]. Thus,
it is important to control variables when conducting experiments to identify
the optimized targeting refresh rate. Mackin et al. indicate that demonstrating
VR contents in high refresh rate can be acknowledged to increase the per-
ceived quality [57]. Thus, this study focuses on the refresh rate status, aiming
to identify the targeting refresh rate range for VR application development,
whereas high FPS will be referred to as ‘smooth’, while low FPS will be
considered ‘laggy’.

For most smartphones, when running VR applications, the device tem-
perature increases in accordan-ce with the processing work load and running
time [32]. As temperature increases, so too does leakage power at an expo-
nential rate [58—60]. This loss of energy causes components to consume even
more power and leads to accelerated degradation of the battery [59, 61, 62].
Generally speaking, mobile devices have a thermal limit of around 60°C [58].
Exceeding this limit can cause mobile devices to overheat, shutdown, or
even explode [61, 63]. Therefore, it is recommended to always keep tem-
peratures as low as possible. Smartphone manufactors have been developing
and applying energy management techniques from operating system and
hardware perspectives [64]. Kim et al. believe it is important to pay attention
to the temperature in accordance with the energy consumption status when
optimising the fluency aspects for smartphones [64]. Most smartphones are
powered sorely by their batteries, which is the most critical component in any
mobile device, whose lifespan is a top concern [65]. Poorly-written apps can
drain up to 30-40% of battery life in a short span of time [66], and when
battery levels get too low, devices become more sluggish and capabilities
like WiFi might see a drop in performance as a result of built-in power
saving functionalities [67]. Mobile apps should therefore aim to consume as
little power as possible, particularly in a VR context where sluggish devices
are unacceptable.Thus, both device temperature and battery status will be
monitored and tested in this study.

2.3 Factors Affecting Performance

Different factors can come into play to affect the performance of a mobile
device. All modern mobile devices contain a CPU, GPU, RAM, and storage
space. These components are generally weaker than those found in a desktop,
especially the GPU as it is often designed with lower power consumption in
mind instead of high computing performance [68]. Components also widely
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vary between mobile devices, so software developers need to keep this in
mind when publishing mobile VR apps intended to reach a large number
of users. While the end user’s hardware limitations are out of the software
developers’ hands, developers are still responsible for how well their apps
run. It is practical to identify the refresh rate, thermal, and power con-
sumption statuses for an application before providing pre-defined graphical
configuration settings to users [69].

With numerous optimisation options available, balancing quantity and
quality is the key to good optimisation; tradeoffs must be made between high-
quality graphics and smooth performance [70]. For example, 3D graphics
objects are constructed out of polygons. Sets of them are used to create the
surface of an object, called the ‘mesh’ or ‘model’ [71]. As more objects are
contained in a scene, more polygons are used and therefore performance
suffers [72]. A common technique developers use to alleviate this problem
is to change the objects’ level of detail. Details are harder to notice when
things are farther away, so less polygons can be used to represent the same
object at different distances [71,73]. Aside from these options, other settings
that can affect performance include lighting, shadows, and post-processing
effects.

3 User Performance Evaluation

VR experiences with poor performance often lead to nausea and motion
sickness, so a smooth user experience is essential. While motion-to-photon
latency is an important indicator, setups to measure this tend to be overly
complicated for most software developers [47, 74]. Frame rate, on the other
hand, is another indicator that is accessible to software developers as this
is reported in development tools. The fact that the highest most smartphones
can output is 60 FPS [31], the goal was to determine how low this value could
go before users complained that the declining performance was perceived.
In order to determine this cutoff point, a user evaluation was carried out
with N = 51 participants, using a VR application developed by Unity Ver.
2020.3.31f1. The evaluation presented participants with a series of replicated
scenes (at differing FPS), recording which scenes were laggy versus smooth.

3.1 Methodology

An Android mobile VR app (built using Unity) was designed for the user-
perceived performance evaluat-ion. This evaluation app was motivated using
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Figure 1 The interface of the user-perceived lag evaluation app involved presenting partic-
ipants with scenes identical to this. In the static set, the lion was stationary. In the dynamic
set, the lion was moving sideways within the cinema-like background. When one of the two
buttons is selected, both disappear and require the user to activate the next scene (with the new
FPS) by looking back up at the lion.

Delay Analyser [75], an online tool used to demonstrate user-perceived
delays in a GUI. This idea was adapted for in the context of VR to study lag.
Rather than presenting the user with tiles of differing delays, the evaluation
involved presenting the user with scenes of differing FPS rates. For each
scene, the user is required to look at the statue of a lion. This is presented on
cinema-like background, to assist users in knowing where to focus in relation
to the environment. The participant is then required to select whether the
current scene appears smooth or laggy by selecting the appropriate button.
A screenshot is shown in Figure 1. After the participant selects one of the
buttons for a given scene, they need to look back up at the lion in order to
re-activate the buttons for the next scene. This ensures participants do not
inadvertently and repeatedly select any of the buttons every time a new scene
appears; it also increased the likelihood that users actually “absorbed” the
FPS for the respective scene before deciding on its responsiveness.

As the maximum refresh rate of the mobile displays are limited to 60
FPS, the target FPS presented to participants ranged from 5 FPS to 60 FPS in
increments of 5. An initial pilot test determined that user responses tended to
“switch” opinions between the target FPS of 30 and 35. As a result, additional
scenes with target FPS of 31, 32, 33, and 34 were also added to allow closer
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Tutorial scenes
5160|330~

Static scenes
-p»35(45(20|31| 5 |25|55|32|40|30/10|33|50|60|15|34F-

: Dynamic scenes
~9135|50|34|25|31|40| 5 |45|55|32|60(30|15|33|10|20

Figure 2 Two sets of target frame rates (ranging between 5-60 FPS) were presented to the
participants using the above pseudorandom ordering. Although the ordering appears random to
each participant, the ordering was the same for all participants to allow for better interpretation
of the results. A short tutorial consisting of three scenes helped familiarise users to the
evaluation.

study of target FPS between the 30-35 FPS range. This brought the total
number of test scenes to 16 FPS. It was also important to investigate whether
users’ opinion of lag differed when observing stationary VR content (static),
compared to VR content with a moving object (dynamic). To allow study
this, there were 16 static scenes with a pseudorandom FPS ordering, followed
by 16 dynamic scenes with a different pseudorandom FPS order (Figure 2).
Throughout the entire experiment, in both static and dynamic scenes, partici-
pants were encouraged to minimise their own movement to avoid interfering
with their assessment. With that said, participants were encouraged to remain
natural in their stance so as to better reflect real-world usage. Despite the
intention of standing still, head rotation is neurally controlled and activates
with even subtle changes in the person’s environment [76].

To decrease potential issues when users are first familiarising themselves
with the evaluation, a short in-app tutorial was presented to all participants.
This involved guiding users through three practice scenes. The first was an
“obviously laggy” scene guiding the user to select the laggy button. The
second was an “obviously smooth” scene guiding the user to select the
smooth button. The final practice scene was a less-obvious FPS, allowing
the user to select any of the buttons they felt appropriate. The set of 16
static scenes immediately followed the tutorial, and the set of 16 dynamic
scenes wrapped up the evaluation. The pre-shuffled pseudorandom ordering
of the scenes was necessary to ensure participants selected laggy or smooth
without having any inclination as to whether scenes are meant to be getting
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better or worse. Fixing the same pseudorandom for all participants was also
important, as this allowed studying any potential “relativity” effects (e.g. a
particular target FPS is actually laggy, but is perceived smooth relative to an
immediately preceding poor FPS).

The VR app logged each participant’s decision made on each target FPS,
as well as the time taken to make that decision. In order to validate that
participants were experiencing the intended target FPS, the app also logged
actual FPS shown every 100 milliseconds. A total of 51 engineering students
from the University of Auckland participated in the evaluation (studying
either electrical, computer systems, or software engineering). To ensure
consistency in the measurements, all participants used one of five identical
smartphones (Samsung Galaxy A8 2018), as well as an identical VR headset
(VR BOX 2.0).

3.2 Results

3.2.1 User-perceived lag

The summary of user-perceived lag for the different target FPS values is
presented in Figure 3, for both static and dynamic scenes. The results tend to
reveal clear patterns of user opinions, but there is no single prominent target
FPS revealing where users felt the difference between laggy and smooth
FPS. The middle-range targets tend to be blurred at times, with participants
possibly struggling to make a decision within these zones. For the static
scenes, target FPS of 5 to 20 were obviously unacceptable to the majority
of participants. However, for the dynamic scenes, the obviously unacceptable
target FPS were 5 to 25. Before concluding that a target FPS of 25 is
acceptable for static scenes (while they are not for dynamic scenes), one
needs to keep in mind the differing pseudorandom ordering (recall Figure 2).
In the static set of scenes, 25 immediately followed 5 (so many participants
may have been inclined to be more acceptable of 25 FPS in comparison). In
the dynamic set of scenes, 25 immediately followed 34 (so some participants
may have noticed the decline in smoothness in comparison). This interesting
observation will be discussed later on.

To better understand the statistical significance of the differences between
the different target FPS, McNemar’s test was used. This is a repeated mea-
sures test using the participants’ laggy/smooth responses as paired data.
This allows comparisons between any two target FPS to determine if users
perceived one target FPS as being different to another. If enough users had
differing opinions between the two FPS, then the difference is considered to
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Target FPS
10 15 20 25 30 31 32 33 34 35 40 45 50 55 60

5
Static 67% 71% 55% 69% 86% 76% 73% 76% 57%
Dynamic 37% 61% 71% 55% 82% 71% 80% 82%

Figure 3 Distribution of user opinions for each of the 16 targeted FPS, in both static scenes
without any moving elements, versus dynamic scenes with a moving element. The percentages
refer to the proportion of participants that felt the respective FPS was smooth as opposed to
laggy (red is bad, green is good). It is important to keep in mind that the target FPS were
presented in a pseudorandom order. This creates anomalies due to effects of relativity, for
example in the static scenes a target FPS of 33 (following the 10-FPS scene) performed much
better than a target FPS of 45 (following the 35-FPS scene).

Scenes

Pair-wise comparison of user-perceived Pair-wise comparison of user-perceived
lag on target FPSs (static) lag on target FPSs (dynamic)
vs 5 10 15 20 25 30 31 32 33 34 35 40 45 50 55 vs 5 10 15 20 25 30 31 32 33 34 35 40 45 50 55
10 x 10 x
15 x % 15 x x
20 x X X 20 &
25 & S 25« & & X%
& & X VS S
31 S xS Bl V& & & X
RS S X XX RS XA
B A A KEIEV SRV ARV ARV SRS SRV ARV SRV 4
U X XS XX UL A XXX
B XXV XX B S S XS XX
40 o S S X X & X X X X 40 S S S S S XS XXX
5L S S XXX XSS 5SS XSS
0O S A XSS S0 VS A X
S5 S S S A X S5 S S S A XX
O A S XSS XX O & S S A XY XX XXX
« Difference between target FPSs statistically significant +' Difference between target FPSs statistically significant
X Difference between target FPSs not statistically significant X Difference between target FPSs not statistically significant
(a) Static scenes (b) Dynamic scenes

Figure 4 Pairwise comparisons of user-perceived lag between all target FPS, in both the (a)
static and (b) dynamic scenes. The statistical test carried out at each comparison is a repeated
measures McNemar’s test (i.e. paired data) with a significance level of p=0.05. Cells with
v mean a statistical significance in the participants’ reported difference in lag between the
two respective FPS, while 'x means a difference that is not statistically significant. This helps
identifying “clusters” of neighbouring FPS that can be considered equivalent classes.

be significant. This allows the different FPS to be grouped into clusters, if
they are perceived to be more or less similar in user-perceived ratings. The
results of all possible pairs of target FPS are shown in Figure 4.

Using a significance level of p = 0.05, crossed cells (x) denote that
participants did not perceive a statistically significant difference between
the two respective FPS. In this regard, the two FPS are considered in the
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Order of static scenes
* * * *

Order of dynamic scenes
* * * *

Figure 5 The FPS were roughly clustered into equivalence classes for each set of scenes.
Red denotes obviously laggy, green denotes obviously smooth, while blue denotes in between.
As the scenes were presented in a pseudorandom order, outliers in the user-perceived perfor-
mance arose (denoted by *).

same equivalence class from the participants’ point of view. Checked cells
(+« denote that participants noticed a clear difference between the two FPS,
and they are therefore not in the same equivalence class. The results tend
to show some distinct equivalence classes at low (~5-15 FPS) and high
(~50-60 FPS) frame rates for both scenarios. This is almost the case for
the mid-range FPS (~25-45 FPS), although not quite as clear-cut due to the
“patchy” cells. Here, « cells appear where x cells would be expected (since,
in theory, neighbouring FPS should be in the same equivalence class). The
vague boundaries closely resemble the results shown in Figure 3, attributed
back to the relativity effects resulting from the pseudorandom ordering.

In order to explain these odd pattern of results, outliers were identified and
analysed. Figure 5 shows the different FPS in the order they were presented
to participants, colour-coded according to the equivalence classes highlighted
by the McNemar’s tests. By cross-referencing the results of Figure 3 with
Figure 4, this allows the identification of outliers (denoted by * in Figure 5).
These outliers result for various reasons:

* Static-25: This FPS was perceived smoother than it should have been
(compared to Dynamic-25). This happened because it was ordered
immediately after 5 FPS, where the additional 20 frames per second
potentially caused users to have an overly positive bias towards 25 FPS
in comparison to 5 FPS.

* Static-31: This FPS was perceived slightly more laggy than it should
have been. On further inspecti-on of McNemar’s test results, the p-value
for 30 vs 31 FPS was 0.048. If this was only slightly higher (0.05 or
above), the difference would have been considered statistically insignif-
icant. This outlier was therefore likely the result of a few participants
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being uncertain about the verdict of 31 FPS, and many of them selecting
laggy out of pure indecisiveness.

* Static-33: This FPS was perceived much smoother than it should have
been. This happened because it came right after 10 FPS, and the addi-
tional 23 frames per second potentially caused some users to have an
overly positive bias towards 33 FPS in comparison to 10 FPS.

* Static-45: This FPS was perceived much more laggy than it should
have been. While there is no clear explanation as to why this might
have happened, it may be attributed to being an early scene in the user
evaluation. Users had not been exposed to a wide range of FPS at this
point, and were probably still getting used to the process of deciding.
Adding further confusion, 45 FPS was immediately preceded by 35 FPS,
which had a higher perceived smoothness.

* Dynamic-20: This FPS was perceived slightly smoother than it should
have been (compared to Static-20). This happened because it came right
after 10 FPS, an extremely laggy frame rate. The mere additional 10
frames per second were sufficient to convince some users that 20 FPS
was smooth.

* Dynamic-32 and Dynamic-34: These FPS were perceived more laggy
than expected. This happen-ed because they came right after high FPS
(55 and 50 respectively), and the drop in frames caused some users to
have a heightened negative bias towards these FPS.

* Dynamic-45: This FPS could be considered smoother than it should
have been. This happened because it came right after 5 FPS, and the
jump of 40 frames caused users to have an overly positive bias towards
45 FPS.

Additional McNemar’s tests were carried out to compare the participants’
responses on the FPS between the static and dynamic scenarios. If the
differences are significant, this may suggest that the perceived lag differs
in a static environment compared to one with moving objects. The results
are presented in Figure 6. In general, and as expected, there is no statistical
significance difference between static and dynamic scenes on the same FPS.
The exceptions are for 20, 25, 31, and 45 FPS. However, all of these cases are
known outliers discussed above.

3.2.2 Time to decide

In addition to recording the participants’ decisions, the time taken for to
decide was also recorded for every scene. The results are summarised in
Table 1. FPS on the extreme ends (the ones that are considered either very
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Static vs dynamic comparison of user-perceived lag

5 10 15 20 25 30 31 32 33 34 35 40 45 50 55 60
X X X off o X o X X X X X o X X X

« Difference between target FPSs statistically significant
X Difference between target FPSs not statistically significant

Figure 6 Comparing differences in user-perceived lag for the static versus dynamic scenes,
using McNemar’s tests with a significance level of p=0.05. Cells with v means a statistical
significance in the participants’ reported lag difference for the respective FPS, while x
means a difference that is not statistically significant. The existence of statistically-significant
differences is largely attributed to the effects of the different pseudorandom ordering of static
versus dynamic scenes.

Table 1 Time to decide for static and dynamic scenes
Target FPS
5 10 15 20 25 30 31 32 33 34 35 40 45 50 55 60
Static ~ Mean(s) 17 2.6 25 38 46 36 46 38 37 37 60 40 48 31 33 30
SD 123 143 199 239 304 230 274 225 242 275 307 231 275 251 220 194
Dynamic Mean(s) 1.0 24 23 35 41 36 40 39 32 43 58 33 28 33 25 26
SD 044 161 124 222 229 297 244 299 194 228 332 178 152 170 1.67 149

smooth or very laggy) seem to be the easiest for users decide on, requiring
less time to decide. Participants tended to take longer deciding on FPS
in the middle range, understandably as the lag becomes more borderline.
The 35 FPS stands out with the longest mean time across both static and
dynamic. This is most likely due to it being the first scene presented in
both cases. In the static scenes, 35 FPS was the first to appear in the entire
evaluation—so participants were probably familiarising themselves to the
app interface. In the dynamic scenes, 35 FPS was the first time users see the
lion statue started moving—so participants were probably intrigued with this
new behaviour. While these results present no unusual information, they do
help to reinforce the previous results where participants may have struggled
determining whether some FPS were laggy or not.

3.2.3 Actual FPS validation

As the target FPS presented to users were software-generated within the
VR app, validation was carried out to verify that participants were indeed
seeing the intended target FPS. To achieve this, the VR app was polling and
recording the effective “actual” FPS every 100 milliseconds. Due to lack of an
external method to read the actual FPS, this had to be implemented within the
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Target FPS vs Actual FPS
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5 10 15 20 25 30 3 32 33 34 35 40 45 50 55 60

Target FPS

Figure 7 Target FPS versus the actual FPS that what were generated to be shown to the
participants.

evaluation app itself. At each polling point, the app logs the time passed since
the immediately-preceding frame within Unity’s Update() function (which
executes on every frame).

It is important to keep in mind that these actual FPS recorded are what
the VR app is capable of generating and sending to a smartphone, and not
what the smartphone is physically displaying to the user. As a result, it is
possible for the app to generate more than 60 frames per second—but the
devices (Samsung Galaxy A8 2018) are physically only capable of displaying
60 FPS. This is generally not a problem as smartphones would try to push out
as many frames as possible. The overall process of limiting to target FPS (and
the subsequent recording of effective FPS) for each scene tends to be largely
accurate, but not 100% perfect. Figure 7 plots all the polled actual FPS for all
the targeted FPS across all the scenes.

For the most part, the FPS are reliable, and participants saw what was
intended. Towards the higher FPS, particularly 50-60 FPS, the actual frame
rates start to deviate more substantially. Fortunately, most of the data points
here were outliers for 50-55 FPS. This did not seem to affect the perceived
lag, as participants were still reporting high performance at these target FPS
(Figure 3). The issue seems to be more concerning with 60 FPS, to the point
where users might not have been seeing that value during the evaluations.
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Figure 8 Additional testing was performed to investigate what happened when the target
FPS was set over 60 FPS. Ultimately, the smartphone still caps the actual FPS to 60 and aims
to deliver around this.

It is assumed this might have been due to the synchronisation of frame
delivery and displaying, potentially coupled with the smartphone struggling
to work at maximum pressure trying to deliver at its physical limits of 60 FPS.

To determine if the unstable pattern was only happening with 60 FPS,
additional tests were carried out where the frame rate was capped at new
targets beyond 60: as well as uncapped entirely. Actual FPS were again polled
for each of the target FPS every 100 milliseconds, for a total of three minutes
per target FPS. The results in Figure 8 show that limiting the VR app’s FPS
to 60 is very similar to capping it beyond 60 FPS, and even not capping it at
all. An ANOVA test between these target FPS confirms that the differences
are not statistically significant (p-value = 0.409).

Uncapping the frame rate would mean that the mobile device in question
is running at its maximum potential, and a VR app would not be able to appear
any smoother to users. Since 60 FPS follows this pattern, it can be safely
concluded that the abnormally-varying values do not affect the results of the
user evaluations. Nevertheless, the inaccuracy of capping high FPS cannot be
ignored. While there is no reliable explanation at this time, the behaviour is
best explained by the implementation of the code itself. Limiting the FPS
is achieved by busy waiting depending on the targeted FPS. This action
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utilises the platform’s system time via the Unity API, and perhaps the time
granularity is less accurate than desired.

4 VR Settings Benchmarking

Software developers have numerous settings and tools at their disposal when
developing VR apps. The goal was to determine how many of these software
factors affected mobile device performance, so commonly-used ones were
selected from the Unity game engine, and individually benchmarked on three
different smartphones (OnePlus 3, Huawei Nova 3i, and Samsung Galaxy
A8). Experiments conducted in this section used a VR application developed
by Unity Ver. 2020.3.31f1.

4.1 Design and Implementation

The creative freedom enjoyed by software developers is immense, and there
are a large number of setting options available. After exploring the pos-
sibilities within Unity, the following software factors were selected to be
investigated based on fundamentality, practicality, and impactfulness:

* Polygons

* Point lights

* Shadows and ambient occlusion

* Post-processing effects (chromatic aberration, depth of field, grain,

vignette)

* Anti-aliasing
The building blocks of 3D graphics are polygons, which are used to model
different shapes and objects. Therefore, every benchmark made for the VR
app had to have them. In order to test the entire range, a comfortable amount
was set as the baseline (100,000), and this value was incremented in steps
of 100,000 all the way up to 3 million. The performance impact of the other
software factors were eventually evaluated by adding them to these scenes
separately. In order to accumulate enough data, each scene was presented on
the VR app for 20 seconds before switching to the next one while the FPS
were automatically logged.

4.2 Results

Due to the amount of data points collected, only the median FPS were plotted
for the following graphs.
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FPS VS. POLYGONS FOR DIFFERENT SMARTPHONES
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Figure 9 Impact of polygon count on FPS for the three different smartphones. These
performances represent best-case “baselines” for the respective smartphones, as all additional
settings that might affect performance are disabled.

4.2.1 Polygons

The impact of different amounts of polygons on FPS is shown in Figure 9.
The results show a clear trend for all three smartphones. As more polygons
were added to the scene, the effective FPS significantly dropped until around
10-15 FPS. Since Section 3 determined that the cutoff point for a smooth VR
experience is 50 FPS, software developers should avoid having more than
500,000 polygons for a mobile VR app (assuming the targeted smartphones
are similar to those in the chart). One feature worth noting is flat line at 60
FPS. This was explained in Section 3.2.3, where the frame rates presented to
the smartphone are logged rather than what the smartphones are physically
displaying.

After experimenting with polygons, the benchmarking process hit an
unexpected obstacle. Plotting the results from the other software factors
showed that they were all highly unstable with unexpected spikes. No amount
of retesting fixed the issue, and the only device that appeared unaffected
(and continued producing clean readings) was the OnePlus 3. Additional
research was carried out, and althou-gh there was no definitive clear answer,
the cause is believed to be hardware-related (for example, online benchmarks
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FPS VS. POLYGONS FOR DIFFERENT AMOUNTS OF POINT LIGHTS (ONEPLUS 3)
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Figure 10 Impact of point lights (OnePlus 3).

reveal that the OnePlus 3’s Adreno 530 performs better than the Mali-G51
and Mali-G71 in the other two smartphones). In order to report only stable
results, and have a more reliable understanding of the impact, the remainder

of the benchmarks will predominantly focus on performance exhibited on the
OnePlus 3.

4.2.2 Point lights

Point lights are light sources, and they were benchmarked by pointing them
at all the polygons present in the scene, with 10 range, 135 spot angle, 1
intensity, and O indirect multiplier. The impact on FPS is shown in Figure 10
carried out on the OnePlus 3. For completeness, Figure 11 has also been
included demonstrate the unstable performance on the Samsung Galaxy A8
(with similar behaviour for the Huawei Nova 3i). The results show that point
lights have a major impact on performance—adding just one to a scene can
decrease FPS by up to 30 (at 600,000 polygons). Additional lights thereafter
will decrease frame rates by a negligible amount. If point lights are necessary,
it is recommended that less than 300,000 polygons be present in a scene. It
was discovered during the benchmarking process that when a point light was
inserted into a scene, the total polygon count reported by Unity (listed as
‘triangles’) doubled exactly.
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FPS VS. POLYGONS FOR DIFFERENT AMOUNTS OF POINT LIGHTS (SAMSUNG GALAXY A8)
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Figure 11 Impact of point lights (Samsung Galaxy AS).

4.2.3 Shadows and ambient occlusion

Shadows can be cast under objects, but at least one light source must be
present in the scene. For these benchmarks, one point light was used and
the shadow was set to 1 strength, 0.05 bias, and 0.2 near plane. Ambient
occlusion, on the other hand, is a shading technique that adds subtle shadows
around the edges of objects, and does not require a light source to be present.
The impact of the different settings are shown in Figures 12 and 13 respec-
tively. These results show that turning on shadows will cause performance to
drop by about 5 FPS, regardless of the amount of polygons present (but keep
in mind that FPS would have already dropped significantly as this required
adding at least one light source). This trade-off is arguably worth it for the
increased realism. However, in doing so, the amount of polygons in the
scene should be kept around or below 250,000 to maintain a comfortable VR
experience. On the other hand, ambient occlusion is a setting that is extremely
taxing. Turning it on will cause frame rates to plummet well below the cutoff
of 50 FPS. This setting should therefore never be turned on when developing
VR apps for mobile devices.

4.2.4 Post-processing effects
Post-processing effects are filters that are applied to the lens of a camera
in order to modify and enhance the look and feel of an app. Chromatic
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FPS VS. POLYGONS FOR DIFFERENT SHADOW SETTINGS AND 1 POINT LIGHT (ONEPLUS 3)
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Figure 12 Impact of shadows (OnePlus 3).
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Figure 13 Impact of ambient occlusion (OnePlus 3).
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FPS VS. POLYGONS FOR DIFFERENT AMBIENT OCCLUSION SETTINGS (ONEPLUS 3)
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Figure 14 Impact of chromatic aberration (OnePlus 3).
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Figure 15 Impact of depth of field (OnePlus 3).

aberration is one that distorts colours, often for cinematic effect, while depth
of field involves focusing on a subject and blurring the background. The
impact of the two post-processing effects are shown in Figures 14 and 15
respectively. The results show that chromatic aberration has almost the same
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FPS VS. POLYGONS FOR DIFFERENT GRAIN SETTINGS (ONEPLUS 3)
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Figure 16 Impact of grain (OnePlus 3).

impact as point lights. As a result, the same recommendation applies and the
total polygon count should not exceed 300,000 if this post-processing effect is
to be used. For depth of field, the graph clearly shows that turning this setting
on at any point will cause FPS to plummet—making the VR experience on
mobile devices intolerable. This post-processing effect should therefore never
be turned on when developing mobile VR apps.

Grain is a post-processing effect that adds digital noise to a scene, while
vignette makes what the camera sees more “cinematic” by darkening the
edges of its frame. The impact of these effects are shown in Figures 16
and 17 respectively. Grain and vignette effects seem to follow the same trend,
mirroring the performance impact of point lights and chromatic aberration.
Again, this means that the suggested polygon count should be constrained
below 300,000 if either of these options are to be used.

4.2.5 Anti-aliasing

Anti-aliasing is a processing technique that aims to eliminate the “jagged-
ness” of edges around objects. This is particularly important for mobile VR,
since the screens are close to a user’s eyes and pixels are easily noticeable.
Unity uses multisample anti-aliasing (MSAA), and it comes in three levels:
2x, 4x, and 8x. The larger the number, the more samples are used to smooth
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FPS VS. POLYGONS FOR DIFFERENT VIGNETTE SETTINGS (ONEPLUS 3)
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Figure 17 Impact of vignette (OnePlus 3).

out edges. The impact of these different settings are shown in Figure 18.
Results reveal that all levels of MSAA have roughly the same impact on
performance, similar to those of point lights and most of the post-processing
effects. If anti-aliasing is to be used, 8x MSAA is a good option as it produces
the best visual results without extra performance hits.

4.2.6 Heat and battery tests

In order to evaluate the impact of software factors on the temperature and
battery life of mobile devices, a simple test was carried out using a custom-
made Android app that monitored these metrics in one second intervals.
The experiment only involved two test cases, one when the FPS was at
its maximum capability (60 FPS), and another when it was at its recom-
mended minimum (50 FPS). These frame rates were achieved by utilising
the polygon-only scenes for the OnePlus 3. With the monitoring app in the
background, these scenes were left running for 30 minutes. This amount of
time was chosen to collect sufficient amounts of data, and because most
people would not typically use mobile VR for beyond 10-15 minutes due
to potential nausea [77, 78]. The results are shown in Figures 19 and 20
respectively.
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FPS VS. POLYGONS FOR DIFFERENT ANTI-ALIASING SETTINGS (ONEPLUS 3)
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Figure 18 Impact of anti-aliasing (OnePlus 3).
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Figure 19 Heat and battery life of the OnePlus 3 over 30 minutes at 60 FPS.
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Figure 20 Heat and battery life of the OnePlus 3 over 30 minutes at 50 FPS.

The temperature rose by 3.9°C with 60 FPS, whereas it rose by 7.5°C at
50 FPS. As for battery levels, 60 FPS drained only 9% over 30 minutes, while
50 FPS drained 14%. The results might appear worrying for the lower frame
rate, but this is not a major concern. The temperatures still remain lower than
the typical limits of 60°C. Similarly, even at its current rate of discharge, the
battery would still last for more than 3 hours; it is unlikely that anyone will
run a mobile VR app for this long. With these results, heat and battery levels
should be adequately manageable when targeting 50-60 FPS.

5 Discussion

Taking into account the above evaluations, the research questions can now be
answered.

RQ1: How does user-perceived lag vary among users for mobile VR apps?

Given that the refresh rate of displays on mobile devices is limited to 60 Hz,
this results in a maximum achievable frame rate of 60 FPS for mobile VR
apps. The user evaluations reveal that a minimum of 50 FPS is demanded
for a comfortable mobile VR experience to reduce user-perceived lag. While
going slightly below would still be tolerable by most users, this cutoff is
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immediately noticed (and frowned upon) by attentive users. For any given
target FPS, the user-perceived lag did not differ across static versus dynamic
content.

Interestingly, it is possible to mislead users into perceiving low-mid FPS
as smooth (when they otherwise may have perceived them as laggy). Simi-
larly, it is possible to mislead users into perceiving mid-high FPS as laggy
(when they otherwise may have perceived them as smooth). Such outliers
result from a relativity effect, where the immediately-preceding scene’s FPS
rate plays an important role in determining the lag of the current scene. This
has important implications for software developers when transitioning users
between different scenes in the VR app.

Even with outlier FPS identified, the middle range of FPS (30-45 FPS)
were still generally patchy in terms of users perceiving lag. Pilot testing
suggested that the cutoff point resided between 30 and 35 FPS; most users
were not able to differentiate the frame rates in this range, thereby resulting
in somewhat random selections. This belief was further supported by the
participants’ time to decide, as they generally took longer in the middle range.
Considering the encountered outliers, and the general lack of no perceived
statistically significant differences between the static and dynamic scenarios
(Figure 6), equivalence classes of mobile VR lag can be identified:

» 5-25 FPS is considered unanimously laggy, and should be completely
avoided.

* 30-45 FPS is considered tolerable by most users, but still laggy by
sensitive users.

* 50-60 FPS is considered smooth, and developers should aim to always
stay within this range.

RQ2: What software factors affect performance of VR apps deployed on
mobile devices?

The benchmarks illustrated severe limitations facing mobile devices in allow-
ing the delivery of realistic and detailed VR simulations. Software developers
need to remain vigilant, recognising the wide variety of mobile devices with
varying hardware capabilities. Even high performing mobile devices will
quickly drop performance, well below the minimum frame rate of 50 FPS,
as soon as many of the available VR settings are enabled. To counter this,
software developers will need to keep the polygon counts very low. If also
targeting medium-level mobile devices, avoid using any of the settings where
possible. The good news is that heat and battery life are unlikely to be a
problem, and rather the focus is on maintaining high FPS.
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Threats to validity

A number of limitations exist. First and foremost, the pseudorandom ordering
of the FPS scenes were intended to force participants to consider each FPS
scene independently of their opinion of the immediat-ely preceding scene.
Unfortunately, the history of the previous scene was shown to have an influ-
ence on the results—as noticed with some of the outlier results. This caused
an unintended bias as participants rated some target FPS relative to another
scene. Fortunately, the impact of this was consistent for all participants (since
all participants were bound to the same ordering and therefore exposed to
the same biases). This consequently led to other interesting lessons arising
from the study, opening future research opportunities to further investigate
this influence.

A total of 35 scenes (including three tutorial scenes) were presented
to the users. As a result, maturation may have played a role in that some
participants may have rushed their choices as they progressed through the
evaluation. However, given the mean time to decide for each scene, it can be
seen that participants required much less than 5 minutes to complete the entire
evaluation. Although 51 participants were selected from three different engi-
neering specialisations, an external threat to validity is that the results are not
generalisable to the wider public. Contamination is always possible, in that
some participants may not have been genuine in their responses. The instru-
mentation process may have also impacted the measured data, in that the
actual FPS was accomplished (and validated) internally by the same VR app.

6 Conclusions

As VR becomes increasingly more viable for mainstream mobile market, an
increasing number of mobile VR apps will be developed and released on the
app stores. While this is exciting for many software developers, it is important
to remember the severe limitations of mobile devices. This study found that
50 FPS is the lowest target frame rate that software developers should target,
which is very close to the physical display limits of 60 FPS. This small
window means that many of the typical settings in VR development engines
need to be avoided, or at least carefully assessed. When developing future
VR evaluations, an important consideration is to include a sufficient tutorial
to allow for a period of adaptation for users.

Results show that no more than 500,000 polygons should be present in
a mobile VR app scene at any time, and that this value should immediately



Refresh Rate and Graphical Benchmarks for Mobile VR 1589

half down to 250,000 if a combination of points lights and shadows are used.
All post-processing effects (excluding depth of field) and anti-aliasing levels
have the same performance impact as point lights. Settings such as ambient
occlusion and depth of field should never be enabled under any circumstance
due to their overwhelmingly negative effect on FPS. No concerns have been
found regarding heat and battery life at recommended performance levels.

Although the most common software factors were benchmarked on
mobile devices, additional resea-rch is needed to explore other aspects such as
sounds, particles, animations, and optimisation techniques such as occlusion
culling, field of view, and level of detail. Additionally, different software
factors could be combined together to observe if this compounds the impact
on performance. Also worth investigating is the plateau appears (around the
one-million polygon mark) on every performance chart, regardless of the
mobile device. Further research could also investigate biases that appear with
when users are presented with FPS in various orderings.

Building on the unstable results, it would be valuable to determine the
causes behind the somewhat jagged FPS performances for smartphones such
as the Huawei Nova 3i and Samsung Galaxy AS8. This issue limited the
availability of generalising the effects of the VR settings to smartphones
other than the OnePlus 3. It is anticipated that hardware factors such as CPU
and GPU specifications are to blame, so research should start here. A final
factor worth investigating is motion-to-photon latency; this effect is far less
noticeable than frame rates, but should be tested regardless to see how this
affects the mobile VR user experience compared to frame rates. A cutoff
threshold for this metric could be determined by carrying out another user
evaluation with varying latency between scenes.
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