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Abstract

Cloud Virtual Reality (VR) gaming of oads the computationally inten-
sive rendering tasks from resource-limited Head-Mounted Displays (HMDs)
to cloud servers. Streaming HMD viewports over the Internet consumes a
staggering amount of bandwidth for high-quality gaming experiences. One
way to cope with such high bandwidth demands is to capitalize on the char-
acteristics of Human Vision Systems (HVS) by allocating a higher bitrate
to the foveal region, which is known as foveation. Although foveation was
employed by remote VR gaming, existing projects all adopt static foveation,
in which the gamer gaze positions are assumed to be xed at the viewport
center. In this article, we explore the potential of dynamic foveation in cloud
VR gaming. First, we construct a rst dynamic-foveation-enabled cloud VR
gaming platform. In our platform, the real-time gaze positions of gamers are
streamed from HMD eye trackers to cloud servers, which in turn dynamically
adjust the location of the foveal region. Several other foveation parameters,
such as foveal region size and peripheral region quality can also be adjusted.
Using our platform, we carry out a user study to justify the value of dynamic
foveation and derive the optimal foveation parameters for maximizing the
gaming Quality of Experience (QoE) in Mean Opinion Score (MOS). Com-
pared to static foveation, dynamic foveation increases MOS in visual quality
by 0.60 (on a scale of 1-5) while saving streaming bitrate by 9.81%. Second,
we optimize the foveation module in the cloud VR gaming system for even
more visually appealing and immersive gaming experiences. By reducing the
overhead caused by recon guring the foveation parameters, we cut the total
latency from 69.15 to 13.36 ms and increase the frame rate from 25.64 to
68.78 Frame Per Second (FPS). Last, another user study on the optimized
platform reveals a maximum overall MOS increase of 1.80 and a maximum
cybersickness MOS reduction of 1.07, demonstrating its effectiveness and ef-
ciency. Our cloud VR gaming platform is open-source, and could be utilized
by researchers and engineers around the globe to further explore the implica-
tions of applying foveation to cloud Extended Reality (XR) applications.
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Chapter 1
Introduction

Extended Reality (XR) refers to a wide spectrum of immersive technologies, including
Augmented Reality (AR) that enhances the real world by adding digital elements, and
Virtual Reality (VR) that immerses users in entirely computer-generated environments.
The potential of XR has been well recognized in the industries, as demonstrated by the
growing popularity of VR [5] and cloud gaming [7,51]. In fact, the global cloud gaming
market is expected to grow from 691.6 billion USD in 2022 at an annual rate of 45.8%
for eight years [46], and the global VR market is anticipated to expand at an annual rate
of 15.0% from 21.8 billion USD within the same time duration [47]. Combining the best
of both worlds, cloud VR gaming [5, 7] of oads the rendering tasks from Head-Mounted
Displays (HMDs) to remote cloud servers, so as to enable a more visually appealing
and immersive gaming experience without excessive resource consumption on resource-
constrained HMDs.

Providing an immersive cloud VR gaming experience, however, dictates high band-
width demands, e.g., interactive cloud VR applications require per-user bitrate of 40
and 90 Mbps for acceptable and comfortable experiences, respectively [21]. Service
providers, therefore, run into the following dilemma: on the one hand, they have to sub-
scribe to or deploy enough Internet bandwidth to maintain the gaming Quality of Expe-
rience (QOE) for customer retention; on the other hand, doing so could hinder their prof-
itability. Hence, service providers must develop a way to reduce the bitrate consumption
while maintaining high gaming QoE.

One possible solution for service providers is to strategically allocate available bitrate
to different regions of HMD viewports in order to leverage the Human Visual System
(HVS) that has spatially non-uniform sensitivity. Fig. 1.1 illustrates that each viewport
can be divided into: (i) foveal and (ii) peripheral regions. HVS has high acuity in the
foveal region, within it the acuity decreases from the gaze position to the periphery. More-
over, HVS gradually becomes less sensitive to color and depth across the peripheral region
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(@) (b)

Figure 1.1: Each HMD viewport can be divided into foveal and peripheral regions. Sam-
ple screenshots captured from a VR game with: (a) static and (b) dynamic foveation.

[16, 62]. By allocating relatively more bitrate to the foveal region, we may improve its
perceived visual quality. Meanwhile, the degraded visual quality in the peripheral region
may not be noticeable, leading to better overall gaming QoE. Sucmagual rate al-
locationapproach is referred to dsveation[32]. Fig. 1.1 also shows two options when
applying foveation to cloud VR gamingtatic foveationin which the gaze position (and
thus the foveal region) of the user is xed at the center of the HMD viewporyoamic
foveation in which the gaze position is determined by eye trackers on the HMD in real-
time. Intuitively, dynamic foveation “should” achieve better QoE, although none of the
existing cloud VR gaming platforms support that at the time of writing.

1.1 Contributions

The lack of dynamic-foveation-enabled cloud VR gaming platforms is understandable
because incorporating dynamic foveation with cloud VR gaming is no easy task. In par-
ticular, cloud VR gamers demand the highest possible gaming QoE, which depends on a
rich set of in uencing factors related to humans, systems, and contexts [41, Ch. 4] that
are not well understood by the research community. In this thesis, we set out to answer
the following three key Research Questions (RQs) about dynamic foveation in cloud VR
gaming:
* (RQ1) Does dynamic foveation boost cloud VR gaming experienceRlthough
not in VR games, lllahi et al. [24] reported that gamers' gaze positions are rather
xed at the viewport center in some (such as rst-person) games, compared to
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other (such as god-view) games. In VR games, would it be worth realizing dy-
namic foveation for good gaming experiences? Moreover, the utilization of dy-
namic foveation introduces the need for critical decisions in ne-tuning various
foveation parameters, such as foveal region size, to enhance gamers' gaming expe-
rience. lll-selected foveation parameters could back- re, making the gaming expe-
rience intolerable.

* (RQ2) How to effectively support dynamic foveation in cloud VR gaming?Jp-
dating foveation parameters based on gaze positions in real-time leads to additional,
non-trivial overhead to the cloud VR gaming server and client, which may degrade
the gaming experience. To minimize latency and maintain an acceptable frame rate,
we must streamline the foveation recon guration work ow. Furthermore, to make
our cloud VR gaming platform exible, different foveation approaches should be
incorporated in a modularized fashion.

* (RQ3) How much QoE improvement can we achieve after optimizing the plat-
form? Subjective evaluations on our dynamic-foveation-enabled cloud VR gaming
platform are needed to validate the effectiveness of our optimization efforts. Such
evaluations involve time-consuming user studies to quantify various QOE aspects
such as visual quality, immersive level, and cybersickness in Mean Opinion Score
(MOS).

Existing remote VR gaming projects, such as the Nvidia CloudXR [42] or open-source
Air Light XR (ALXR) [2], only support static foveation at best. Multiple technical dif-
culties arise when adding dynamic foveation to cloud VR gaming, such as ensuring
per-frame consistency of foveation parameters between the server and client and mini-
mizing foveation recon guration overhead, which are largely due to the highly real-time
nature of cloud VR gaming. Throughout this thesis, we strive to address the three RQs in
the following steps:

* We design and implement a rst cloud VR gaming platform with dynamic foveation
supports, which involves integrating an eye-tracking module and devising a dy-
namic foveation mechanism to synchronize foveation parameters between the server
and client.This is a rst open-source cloud VR gaming platform [3] that supports
dynamic foveation.

* We conduct subjective evaluations to prove the value of dynamic foveation and
make recommendations for optimal foveation parameters. Our ndings indicate
that adopting dynamic foveation increases the MOS in overall quality by 0.60 (on
a scale of 1-5) while reducing the bitrate by 9.81%, compared to static foveation.
In Sec. 5, we answer our RQ1 by validating the value of dynamic foveation with
optimal foveation parameter&ome initial results were reported in our conference
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paper [11].

* We optimize the foveation module in our cloud VR gaming platform, proposing bet-
ter recon guration work ow and implementing an alternative foveation approach.
The objective measurements show that our optimization efforts lead to a reduction
in the total latency from 69.15 to 13.36 ms, and increase the frame rate from 25.64
to 68.78 Frame Per Second (FP®B)Sec. 6, we answer our RQ2 by presenting our
optimization efforts on the dynamic-foveation-enabled cloud VR gaming platform.

* We conduct further subjective evaluations to assess the performance of the opti-
mized platform. The experimental results reveal that, compared to the original
foveation module, the optimized one results in a maximum MOS increase of 1.80 in
overall quality and a maximum MOS reduction of 1.07 in cybersickniesSec. 7,
we answer our RQ3 by demonstrating signi cant subjective quality improvement
achieved after optimizing our platform.

1.2 Organizations

The thesis is structured as follows. Sec. 3 provides the related works relevant to our
thesis. In Sec. 4, we offer a comprehensive overview of the system and the foveated
warping approach we employed. We demonstrate the implementation of an authentic
real-time cloud VR gaming system and the corresponding subjective evaluations in Sec. 5.
Sec. 6 illustrates the foveation module optimization in the system. This is followed by an
additional subjective evaluation assessing the performance of the optimized system in
Sec. 7. Last, we conclude this thesis and discuss future work in Sec. 8.



Chapter 2
Background

In this chapter, we introduce the related background knowledge from four aspects: cloud
VR gaming, human visual system, foveated streaming, and quality of experience.

2.1 Cloud VR Gaming

Figure 2.1: A typical cloud gaming system.

Cloud gaming [51], a revolutionary concept in the gaming industry, rede nes the gam-
ing experience by leveraging cloud computing technology. This innovative approach
splits the gaming system between a cloud server and a local thin client, offering play-
ers the exibility to enjoy their favorite games on various devices. Fig. 2.1 demonstrates
the typical cloud gaming system. Generally, the cloud server, hosted on a GPU-equipped
cloud or edge server, executes the games from the game developers, captures and en-
codes gaming frames, and transmits them to the client. The client, situated on low-end
devices such as mobile phones, receives, decodes, and renders the gaming frames on the
screen. Meanwhile, the gamer's controlling inputs, e.g., head positions and keyboard
events, are streamed back to the cloud server. A distinct advantage of cloud gaming is its
compatibility with off-the-shelf games, enabling high-quality gaming experiences even
on resource-constrained end devices. Various approaches, such as dynamically sharing

5



rendering load between the server and client [8] or employing novel video object trans-
mission methods [40], further enhance the cloud gaming landscape.

In terms of cloud “VR” gaming, a captivating fusion of virtual reality and cloud gam-
ing technology unfolds. Game developers create immersive VR games, which are care-
fully curated by cloud VR gaming service providers to operate on cloud servers for VR
gamers. These experiences unfold in real-time, with rendered gaming frames seamlessly
transmitted to VR gamers' Head-Mounted Displays (HMDs). Simultaneously, gamer in-
teractions, captured through HMDs and controllers, are compressed and streamed back
to the server, completing the immersive loop. However, the dynamic and diverse ac-
cess networks of VR gamers pose challenges for cloud VR gaming service providers in
delivering consistent and immersive experiences. Achieving optimal gaming experience
demands addressing issues of latency and bandwidth, ensuring that gamers enjoy seam-
less and high-quality VR experience. As cloud VR gaming continues to evolve, ongoing
research and development aim to re ne these technologies and unlock new frontiers in the
world of VR gaming.

2.2 Human Visual System (HVS)

Figure 2.2: De ned regions in the human visual eld.

The Human Visual System (HVS) is a marvel of biological engineering, featuring a
sophisticated response to visual stimuli driven by the phenomerforedtion This phe-
nomenon emerges from the intricacies of photoreceptor cell distribution, where rods and
cones each contribute to low-illumination and high-illumination vision [62]. An intrinsic
characteristic of the HVS lies in the non-uniform distribution of cone density, reaching its
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pinnacle at the fovea—a small region within aspan in the human visual eld [49]. The
density undergoes a sharp decline as we move away from the fovea, sculpting the sam-
pling response and exerting a profound in uence on the perceived resolution of vision.
As shown in Fig. 2.2, these regions are commonly de ned as foveal, intermediate (also
known as parafoveal), and peripheral regions, corresponding 02 and 180 eccen-

tricity, respectively [59, Ch. 1]. The HVS is a dynamic system that adapts to varying con-
ditions, optimizing its performance based on factors such as spatial frequency, contrast,
and luminance [65]. This adaptability allows the visual system to ef ciently allocate its
resources, focusing on critical details within the foveal region while maintaining a broader
awareness of the peripheral surroundings.

Additionally, the HVS incorporates intricate neural mechanisms for visual processing,
involving complex pathways and interactions between different regions of the brain [14].
These mechanisms contribute to the brain's ability to interpret visual information, distin-
guish patterns, and make rapid decisions based on the visual input received. In terms of
technological advancements, understanding the meanings of the HVS becomes paramount
for designing effective visual experiences. Techniques that leverage the principles of
foveation and align with the adaptive nature of the HVS can signi cantly enhance the
ef ciency and realism of visual displays, particularly in virtual and augmented reality
applications.

2.3 Foveated Streaming

Figure 2.3: Sample of foveated streaming.

Regarding real-time streaming, achieving an optimal balance between video quality
and available bandwidth is a perpetual challenge. Traditional adaptive bitrate streaming
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has conventionally modulated video quality in response to temporal bandwidth variations.
The evolution of streaming technologies welcomes a transformative appimaedited
streamingthat introduces a pioneering layer of spatial rate adaptation within individual
frames. As illustrated in Fig. 2.3, this innovative streaming paradigm utilizes the concept
of HVS by encoding the highest video quality precisely at the gamer's gaze positions,
while allocating lower quality elsewhere in the frame. By doing so, we can conserve
more bandwidth usage, while gamers may not readily perceive the quality degradation,
as they are less sensitive to changes in the peripheral region. The synergy of spatial
and temporal rate adaptation within the foveated streaming framework promises not only
signi cant enhancements in streaming ef ciency but also a holistic improvement in the
overall Quality of Experience (QoE) for gamers.

While the concept of foveated streaming has intrigued researchers for some time, its
widespread implementation has been hindered by the need for individual gaze informa-
tion. Determining gaze positions can be accomplished through pre-analyzing video con-
tent for salient features [28, 64] or utilizing real-time gaze tracking technologies. Current
approaches often involve partitioning the video frame into tiles, strategically streaming
high-quality tiles at the gaze positions and lower resolution tiles elsewhere [49, 68]. No-
tably, recent advancements in affordable and non-invasive gaze-tracking solutions have
sparked renewed interest in the realization of real-time gaze-based foveated streaming,
making it a compelling area for elevating video streaming ef ciency and optimizing the
gamers' experiences.

2.4 Quality of Experience (QoE)

Figure 2.4: The in uencial factors of QoE.

Quality of Experience (QOE) serves as a multifaceted metric encompassing the over-
all satisfaction and perception of gamers while engaging with a particular system or ser-
vice. Unlike traditional Quality of Service (QoS), which primarily focuses on technical
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performance parameters such as bandwidth and delay, QoE studies the subjective and
experiential aspects of gamer interaction. It encapsulates gamers' perceptions of the qual-
ity, usability, and enjoyment derived from their interactions with a product, service, or
application. QoE is inherently user-centric, emphasizing individual experiences and pref-
erences. It is shaped by various factors as illustrated in Fig. 2.4, including “humans” in-
uence factors that encompass the gamers' demographic and socioeconomic background,
physical and mental structure, and emotional state; “systems” in uence factors that take
into account content-related, media-related, network-related, and device-related aspects;
and “contexts” in uence factors that consider any situational in uences describing the
gamers' environments [41, Ch. 4].

Evaluating QoE poses inherent challenges, as it involves conducting user studies for
gamers to subjectively rate their experience. This approach differs from objective com-
putational methods like PSNR, SSIM [63], and VMAF [26], which are traditionally used
for video quality assessment. However, the current system prioritizes the subjective expe-
rience of end-gamers, believing that their feedback provides the most accurate re ection
of overall QoE [22]. Numerous studies have explored QoE in terms of foveated stream-
ing [13, 24, 29], emphasizing distinct parameters based on their speci c settings. The
sizes, resolutions, and coding parameters at different regions of the frames play important
roles in reducing bandwidth requirements for high-quality streaming. Notably, Round-
Trip Time (RTT), or end-to-end latency, was also identi ed as a key constraint. Through
gamer studies, we can explore various coding parameters and network properties, thus
concluding that acceptable QoE could be achieved with proper parameterization.

In terms of cloud VR gaming, QoE considerations extend to factors like perceived
visual quality, seamless delivery of VR content, immersion, interaction, and cybersick-
ness [58]. QOE plays a pivotal role in shaping gamer satisfaction, loyalty, and the success
of interactive systems, making it a crucial measure in the evaluation and enhancement of
user-centric technologies.



Chapter 3

Related Work

In this chapter, we survey cloud streaming systems from four aspects: remote rendering,
unequal rate allocation, gaze-driven adaptation, and subjective evaluations with foveation.

3.1 Remote Rendering

Remote rendering, which of oads the rendering tasks from local clients to remote servers,
has been considered in various interactive multimedia applications [54]. For example, Shi
et al. [55] introduced a proxy-based remote rendering framework designed for ef cient
3D video rendering on mobile devices. Shi et al. [56] presented an advanced low-latency
remote rendering system that aims to assist mobile devices in rendering interactive 3D
graphics in real-time. Remote rendering has been leveraged by cloud gaming, e.g., Huang
et al. [20] proposed the very rst cloud gaming platform call@dmingAnywhereCai et
al. [8] implemented a component-based cloud gaming system that dynamically allocates
rendering loads between the server and clie@migrainen et al. [31] built a mobile cloud
gaming prototype to dissect the delays in mobile devices and various network conditions.
Lee et al. [33] built a cloud VR gaming testbed to conduct user studies for QOE modeling.
Readers who are interested in cloud gaming literature are referred to relevant surveys [6,
9, 39]. Although the above-mentioned remote rendering systems [8, 20, 55, 56] achieved
high performance without increasing network loads, they did not employ foveation.
Foveation has been applied to some remote rendering systems, e.g., lllahi et al. [23,24]
proposed a cloud gaming foveation prototype that requires no modi cations to the under-
lying game engine. Ryoo et al. [49] developed a streaming system employing foveated en-
coding driven by gaze positionalthough the above works [23,24,49] constructed cloud
streaming systems enhanced by foveation, they focused on traditional, non-VR content.
Foveation has also been adopted in a few VR projects. For example, RomerorReind
al. [48] presented a foveated encoding system that streams/Re®s to HMDs. More-
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over, Nivida has released an SDK, called CloudXR [42], for streaming XR contents from
remote servers, which supports static foveation. Howexate of these studies [42, 48]
realized a real-time remote rendering VR system with dynamic-foveation supports.

3.2 Unequal Rate Allocation

Unequal rate allocation based on diverse de nitions of Region-of-interest (ROI) has been
done in the literature. Relevant studies can be classi ed ictmtent-aware object-
aware andfoveationbased on how they de ned ROI. Hegazy et al. [17] proposed a
content-aware video encoding method to allocate different amounts of bitrate to multi-
ple regions leveraging in-game ROIs. Mohammadi et al. [40] introduced an object-aware
method based on gamer visual attention in cloud gaming. Zou et al. [69] proposed an
object-aware video encoding method, which sets the quantization parameters based on
objects intersecting with HMD gaze position&oth content- and object-aware meth-
ods [17,40, 69] dictate augmenting the source code of VR applications to retrieve ROISs.
Such awhite-boxapproach incurs higher engineering overhead and may drive service
providers away.
In contrast, foveation could be realized ibkack-boxapproach. For example, Shen
et al. [53] introduced a new image transmission scheme that leverages the foveation char-
acteristic and analog coding technigues to achieve higher perceptual visual quality. Wang
et al. [64] proposed a foveation scalable video coding algorithm that offers both good
guality-compression performance and effective rate scalability. Illahi et al. [24] assessed
the impact of different foveated encoding parameters on visual quality and total latency
using their cloud gaming system. The results suggested that it is feasible to identify
a “sweet spot” for the encoding parameters, where users may hardly notice the effect
of foveated encoding under reduced bandwidth requirements. lllahi et al. [25] took a
step further and analyzed the performance of different foveation approachesdriven by eye
trackers. Compared to our work, these foveation systems [24, 25, 53, 64] were built for
traditional contents on desktop computers, rather than VR contents in HMDs.
lllahi et al. [25] identi ed three foveation approachessuitable for cloud VR systems:
» Foveated renderingeduces the rendering quality of the peripheral region by, e.g.,
downsampling the 3D meshes therein.
» Foveated encodingdjusts the video encoding parameters, such as quantization pa-
rameters, of the peripheral region.
» Foveated warpinglownsamples the peripheral region of HMD viewports before
encoding the whole viewports, so that a higher bitrate is used by the foveal region.
Among these three methods, foveated rendering aims to reduce computational complex-
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ity, while foveated encoding and foveated warping intend to decrease bandwidth con-
sumption. Recently, foveated warping has been found to be more ef cient due to fewer
pixels, which results in smaller resolution and shorter latency for a given rendered reso-
lution [25]. Hence, we adopt foveated warping throughout this thesis.

3.3 Gaze-driven Adaptation

Gaze-driven adaptation of unequal rate allocation has been under active research. Patil et
al. [43] proposed a gaze-aware video streaming system for mobile devices, which selec-
tively streams audio/video content based on gaze positions. Friel3 et al. [13] adjusted the
encoding parameters of individual macro-blocks dynamically based on gaze positions on
a large display, which demonstrates a reduction of required bandwidth and an increase of
visual quality in foveal regions. Zare et al. [68] stored the video content at two different
resolutions, each divided into HEVC-compliant tiles that can be encoded and decoded
independently. According to the current viewport, a set of tiles is transmitted in high res-
olution, while the remaining tiles are transmitted in low resolution. Similarly, Ryoo et
al. [49] developed a foveated streaming approach employing multi-resolution video cod-
ing to encode the video in multiple copies for different resolutions. Based on real-time
webcam-based gaze tracking, they stream tiles around the gaze region in high resolution
only.

Besides traditional video streaming, this technique has also been applied to VR con-
tent. Firdose et al. [12] demonstrated a 3&@leo streaming method that utilizes eye
trackers to deliver high-quality VR content around gaze positions only. Chen et al. [10]
assessed perceptual importance in 2D image space by analyzing gaze behaviors. They
then mapped the importance of 3D object space to determine streaming priorities for
rendering. Lungaro et al. [35] presented an innovative content delivery approach for VR
video streaming that leverages gaze positions for eye-tracking-capable HMDs. Compared
to traditional approaches, they reduced the consumed bandwidth yet delivered high QoE
levels to HMD users.While the aforementioned works [10, 12, 13, 35, 43, 49, 68] pro-
posed solutions leveraging gaze positions to realize unequal rate allocation, our work
takes a step forward by realizing an interactive cloud VR platform with optimal dynamic
foveation, which is much more challenging than one-way video streaming.

3.4 Subjective Evaluations with Foveation

Subjective evaluations with foveation have been carried out in the literature. For example,
Hsu et al. [19] proposed a framework to compare different subjective metrics in remote
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foveated rendering systems. Moreover, they proposed a regression model to characterize
the relationship between the human perceived quality and foveated rendering parame-
ters. lllahi et al. [25] performed a small-scale user study to evaluate the subjective video
quality of foveated encoding and warping. Lungaro et al. [36] conducted user studies
to investigate the design space for foveated content provision under different network
Round-Trip Times (RTTs), resolutions, and foveated radii in video streaming services.
Ryoo et al. [49] presented a comprehensive user study on their multi-resolution video
coding approach, demonstrating a bandwidth reduction of a factor of 2 while maintain-
ing the same level of user satisfaction in their foveated video streaming system. Jin et
al. [29] compiled a 2D and 3D video compression dataset for quality assessment research
on foveated encoding. They varied two parameters: the quantization parameter and foveal
region size and considered different objective assessment methods. Patney et al. [44] de-
signed a user study on a foveated rendering system using eye-tracking-capable HMDs
and monitors to evaluate the HVS acuity. Hsiao et al. [18] conducted a user study on their
foveated encoding system to investigate the implications of total latency. They found that
if the total latency is smaller than 15 ms, the same QoE can be achieved with one- fth of
bandwidth consumption. Albert et al. [4] performed user studies to assess the detectabil-
ity of visual artifacts across different foveated methods and different radii of the foveal
region. They reported that a total latency of 50 to 70 ms is tolerable for foveated ren-
dering in VR applicationsDifferent from the current work, none of the aforementioned
studies [4,18,19, 25,29, 36,44,49] conducted subjective evaluations with HMDs equipped
with eye trackers to assess the performance of dynamic foveation in cloud VR gaming.
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Chapter 4
System Overview

In this chapter, we rst discuss the unique properties of cloud VR gaming platforms.
Then, we present the fundamental components of a cloud VR gaming platform and ex-
plain their interplay. This is followed by the introduction of the foveated warping ap-
proach employed in an open-source cloud VR gaming system [2].

4.1 Cloud VR Gaming Systems

Table 4.1: Systems Related to Cloud VR Gaming

Property e Cloud Extended || Quality | Latency | Bandwidth
Bidirectional i . o N -

System Rendering | Reality || Sensitive| Sensitive| Sensitive
360 Video Streaming # # 2] # 23]
VR Teleconferencing # B 2] B
AR Rendering # # #
Cloud Gaming # & &

Cloud VR Gaming

Table 4.2: Notations of Table 4.1

# B
No | Partially Yes| Yes

Table 4.1 compares relevant to cloud VR gaming, wheré, and# represenyes
partially yes andno, as de ned in Table 4.2. 360video streaming utilize cloud infras-
tructure to offer Video-on-Demand services. As it is one-way streaming and spherical
360 videos are easier to compress compared to 3D content, \B860o streaming is
not latency-sensitive and relatively less quality- and bandwidth-sensitive. VR telecon-
ferencing and AR rendering leverage cloud resources for bidirectional communications

14



and rendering, while both incorporating XR technologies. VR teleconferencing has bal-
anced demands for quality, latency, and bandwidth, and AR rendering dictates very low
latency for immediate application responsiveness. Like cloud VR gaming, (traditional)
cloud gaming relies on cloud infrastructure, bidirectional interactions, and thus is highly
sensitive to latency. It, however, is less quality- and bandwidth-sensitive than cloud VR
gaming consumed by HMDs. Among these systems, cloud VR gaming exhibits the high-
est demands on quality, latency, and bandwidth. In this article, we study the most chal-
lenging cloud VR gaming systems. Adding to that, we aim to enable dynamic foveation
in cloud VR gaming systems, which impose even more stringent requirements. Through
solving various challenges in such systems, our developed solutions may also be applied
to less-demanding systems in Table 4.1.

Figure 4.1: Our cloud VR gaming platform that supports dynamic foveation.

Fig. 4.1 gives a block diagram of our cloud VR gaming platform. The platform con-
sists of a cloud server and an HMD client. The cloud server sends a sequence of warped
viewport frames along with corresponding foveation parameters to the HMD client. The
HMD client in turn sends a sequence of gaming inputs, including head positions/ori-
entations, controller keystrokes, and gaze positions back to the server. In addition to
SteamVR [61] engine and VR game, the server also encompasses components includ-
ing: (i) a viewport renderer that renders the textures captured from SteamVR engine, (ii)
a recon guration module that takes new gaze positions to initialize/adjust the foveation
module and sends the new foveation parameters to the client, (iii) a foveation module
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that warps the viewport frames from the renderer, and (iv) an encoder that encodes the
warped viewport frames into a bitstream. The client consists of similar components in
the opposite direction including: (i) a decoder that decodes the bitstream back to warped
viewport frames, (ii) a VR display renderer that renders the warped viewport frames, (iii)
arecon guration module that takes the corresponding foveation parameters received from
the server as input to initialize/adjust the foveation module, and (iv) a foveation module
that unwarps the viewport frames from the VR display renderer.

The server and client interact as follows. A session is initiated once a client connects
to a server, which launches a VR game supported by SteamVR engine. Gaming inputs
are then captured by the client and streamed back to the server. The server then forwards
these gaming inputs to the SteamVR game. If dynamic foveation is enabled, the client
also needs to capture and stream the gaze positions to the server during the gamer's play-
ing time. Depending on the gaming inputs from the client, the server rst recon gures
the foveation module to adopt the new position of the foveal region. After the recon gu-
ration, the server proceeds to render, warp, encode, and stream the viewport frames to the
client. Meanwhile, upon receiving the viewport frames from the server, the client follows
a similar but reversed procedure with consistent foveation parameters to execute the cor-
responding decoding, recon guring, rendering, and unwarping, and nally displays the
viewport frames to the gamers.

Following Fig. 4.1, we have implemented our dynamic-foveation-enabled cloud VR
gaming platform [3] on top of the open-source project ALXR [2]. ALXR server only
discovers clients on the same LAN, preventing it from being used as a cloud VR gam-
ing system over the Internet. We modi ed the ALXR, so that a client initiates a session
with a user-speci ed cloud server IP address. More importantly, we enhance ALXR by
adding optimization modules: foveation and recon guration modules, which are anno-
tated with asterisks in Fig. 4.1. We describe the foveated warping approach adopted by
vanilla ALXR [2] in the next section.

4.2 Foveated Warping

Foveated warping aims to reduce the number of pixels only in the peripheral region of
each frame, so that more bits can be used to compress the foveal region for higher quality.
Fig. 4.2 shows sample original, warped, and unwarped viewport frames with zoom-in
boxes, demonstrating the warping shape distortion due to a decrease in resolution of the
peripheral region compared to the original frame. We rst present a popular foveated
warping approach, calledixis-Aligned Distortion Transmission (AADT) [IWhich is a
post-processing operation used in Oculus Link [37] after a frame is rendered. Warping
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(@) (b) ()

Figure 4.2: Sample: (a) original, (b) warped, and (c) unwarped viewport frames.

originates from the operation of general inverse barrel distortion in order to compensate
for the optical-pincushion distortion [67] caused by lenses used by HMDs. Earlier Oculus
HMDs are less computationally capable and require such warping operations to be done
by Oculus PC Runtime running on tethered PCs. While more recent Oculus HMDs could
perform such compensation themselves, the warping operation in Oculus PC Runtime can
be leveraged for implementing AADT for foveated warping to unequally allocate bitrate.
The AADT-warped, instead of the original rectilinear frames, are transmitted from a PC
to the tethered HMD. Upon receiving the AADT-warped frames, the HMD unwarps them
back to the original ones.

€Y (b)

Figure 4.3: AADT Warp: (a) original and (b) warped viewport frames.

We note that there exist several variants of AADT warping approaches in the litera-
ture [30]. For the sake of discussion, we describe the version implemented by ALXR and
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refer to it asAADT Warpthroughout the article. Fig. 4.3 presents the viewport frames be-
fore and after AADT warping. The original viewport frame is divided into a rectangular
foveal region and nine peripheral (sub)regions, enumerated in 1-9. The core warping idea
Is to “compress” the pixel density in the peripheral region in a non-linear fashion [50], so
that the pixel density drops increasingly more when approaching the viewport edge. We
let W; andH; be the width and height of the original viewport frame, asgandH, be

those of the warped viewport frame. This foveated warping approach is parameterized as
follows:

» Foveal region sizeés speci ed by the width and height of a rectangular foveal region.

Its width x and height y are normalized to those of the whole viewport frame,
e, x; vy 2][0;1].

« Compression ratioRyx andRy control the degree of “compression” along the
andy-axes, wher®y , Ry 2 [1;10] Thatis,Rx andRy control the pixel density
in the peripheral region, e.g., wiRx = 5 the vertical pixel density in the top and
bottom peripheral subregions (1-3 and 7-9 in Fig. 4.3) become one- fth of that in
the original viewport frame.

» Foveal region centeis speci ed by the coordinate®y andOy, with values de-
termined by the gaze positicgh[ 1;1]. When the foveal region is at the viewport
center, we hav®yx = Oy = 0. PositiveOy ; Oy values shift the foveal region
towards right and down, while negative values shift the foveal region towards left
and top.

Given parameters, the ALXR server adopts Direct3D shaders to create the warped
viewport frame, which is encoded by a video encoder. At the ALXR client, the decoded
warped viewport frame is unwarped by Vulkan shaders for the original viewport frame.
Note that the warped viewport frame has a reduced resolution compared to the original
one, i.e.

WO = Wi [ X +(1 X)=RX]; (41)
Ho=H; [ yv+( v)=Ry]; (4.2)

which devotes more bits to the foveal region at the same encoding bitrate. Fig. 4.4 sum-
marizes the changes in frame resolution throughout the whole streaming process. Here,
the server calculatéd/, andH, and passes these values to the encoder. Subsequently,
the encoder encodes the viewport frame With andH,. On the client side, the client
decodes and unwarps the viewport frame ffdfp H, back toWw; H;. Finally, the

client displays the frame iw/; H; on the HMD.
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Figure 4.4: The changes of resolutions due to AADT Warp.
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Chapter 5

Dynamic Foveation in a Cloud VR
Gaming Platform

In this chapter, we present our initial realization of dynamic foveation using ALXR [2].
Moreover, we provide preliminary subjective evaluations to validate the ef cacy of dy-
namic foveation and offer recommendations on foveation parameters. Last, we discuss
the system limitations based on objective measurements.

5.1 Dynamic Foveation Mechanism

Introducing dynamic foveation to ALXR is challenging for several reasons: (i) the ALXR
client lacks eye-tracker supports, (ii) the ALXR server only allows gamers to change
foveation parameters before a session begins, and (iii) the ALXR server/client only im-
plements less-complicated static foveation. In dynamic foveation, the foveation parame-
ters used by the server and client need to be consistent at the frame level, which further
complicates our tasks at hand. We have enhanced the ALXR project in the following to
enable dynamic foveation.

Eye-tracker supports through OpenXR APIs. We invoke the head- and eye-tracking
APIs provided by the of cial OpenXR SDK [38] at the client to get the gamer's head posi-
tions/orientations and gaze positions. We then send the computed foveal region positions
back to the server for adapting the foveal region on the .

Recon guration supports from the renderers. If foveation is enabled, the server
and client will undergo an additional warping/unwarping process in the foveation module.
To enable dynamic foveation during a gaming session, we add recon guration modules
before the foveation modules on the server and client. In addition, the ALXR server keeps
monitoring any changes of foveation parameters from: (i) the client's gaze position and
(ii) the server's dashboard. The former changes are caused by HMD gamer movements,
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while the latter changes are due to manual con gurations. Once the foveation param-
eters are changed, the server passes the new parameters to both the server and clients'
recon guration modules for rendering the upcoming viewport frames.

Figure 5.1: The timeline of adapting foveal region with dynamic gaze positions.

Mechanism to dynamically adapt foveal region. We develop a way to match the
foveation parameters used by individual frames at the ALXR server and client. This is
crucial to avoid any shape distortion due to inconsistent parameters. As illustrated in
Fig. 5.1, we program: (i) the ALXR client to periodically upload the current gaze posi-
tions along with a predicted rendering timestamp catlttleringTime |, denoted as
t;, to the ALXR server, (ii) the ALXR server waits until the current time right passes
ty, recon gures the foveation module, renders/warps the viewport frame, and sends the
encoded frame with the foveation parameters and an anticipated display timestamp called
displayTime , denoted aty, to the client, and (iii) the ALXR client waits until the cur-
rent time right passeg and then decodes the viewport frame, recon gures the foveation
module, renders/unwarps, and displays the viewport frame. Hem@mdty are com-
puted by the network and system latency of the recent viewport frames, so that neither
the ALXR server nor client are overloaded. The resulting cloud VR gaming platform was
initially presented in our preliminary conference version [11], and serves as the baseline
for our optimization efforts reported in the rest of this article.
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5.2 Validation for the Ef cacy of Dynamic Foveation

We conduct a user study using our cloud VR gaming platform for two reasons. First,
AADT Warp comes with several foveation parameters, which need to be carefully chosen
through user study. Second, we compare no foveation, static foveation, and dynamic
foveation on the QoE of cloud VR gaming.

Figure 5.2: Our developed cloud VR gaming testbed topology.

5.2.1 Setup

Fig. 5.2 and 5.3 shows the topology and photo of our testbed. We installed our cloud
server on a Windows 10 PC with an Intel Core i9 CPU (@ 3.50 GHz), 64 GB RAM, and
an Nvidia RTX 3080 Ti GPU; and our HMD client on a Meta Quest Pro with a Qualcomm
Snapdragon XR2+ CPU (@ up to 2.84 GHz), 12 GB RAM, and Adreno 650 GPU, along
with ten sensors for eye/face tracking. The network for the HMD client is provided by
the WiFi AP, which is connected to a gateway via Ethernet. Note that we have employed
FreeBSD 13.1 as a gateway that connects to the Internet. ALXR uses an Nvidia H.264
video encoder with its Constant Bit Rate (CBR) rate controller. We set the target bitrate to
5 Mbps, which is available in most commodity broadband Internet access. Additionally,
the target eye resolution is xed at 1184056, with the server generating frames at a
rate of 72 FPS. We recon gure the foveal region at 10 Hz. WeFxuit Ninja VR 2in

the experiments. Fruit Ninja is an action game requiring gamers to focus on fruits ying
in the air from different directions, and then slash the fruits with a sword. We chose this
game to be conservative because HMD gamers must move their eye gaze frequently to:
(i) search for special items for bonus points and (ii) check the remaining time and score
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Figure 5.3: Our developed cloud VR gaming testbed photo.

at the top of the HMD viewport. When doing so, HMD gamers may spot artifacts caused
by dynamic foveation. We emphasize that our research methodology can be generalized
to other, less challenging cloud VR games, which is among our future work.

We ask each subject to play Fruit Ninja in the Arcade mode multiple timgsanarios
with diverse foveation parameters. When designing scenarios, we opt for 1:1 aspect ratio
for the foveal region size (x = vy) and compression ratioR§ = Ry) to shorten
the duration of user study for each subject to avoid fatigue. Some pilot tests revealed
that the gaming QOoE remains rather similar unless the parameters are signi cantly varied.
Hence, we divide the foveal region size and compression ratios into three intervals and
choose the medium parameters in each of them. More speci cally, for dynamic foveation,
we consider 9 scenarios denoted as (D,R), where D stands for dynamic foveation,

2 f 0:2;0:5; 0:8g, andR 2 f 2;5; 8g. For comparison, we also consider static foveation
with 3 scenarios: (ipggressivehat is (S, 0.2, 8), (iipalancedthat is (S, 0.5, 5), and
(i) safethat is (S, 0.8, 2), where S stands for static foveation. Here, the aggressive
scenario comes with a small foveal region with a high compression ratio. In contrast, the
safe scenario tries to avoid negative impacts due to imperfect foveated warping or eye
tracking. Last, we consider a scenario where foveation is disabled, denoted as (N, -, -),
where N stands for no foveation. In total, we have 13 scenarios.
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