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Abstract With the proliferation of head-mounted displays,
cloud computing platforms, and machine learning algorithms,
the next-generation of AR/VR applications require research in
several directions - more capable hardware, more pro cient
software and algorithms, and novel network protocols. While
the rst two problems have received considerable attention,
the networking component is the least explored of these three.
This paper discusses the networking challenges encountered by
the AR/VR community that experiments with novel hardware,
software, and computing platforms in a real-world environment.

In this collaborative work, we discuss the current networking
challenges both quantitatively (by analyzing AR/VR network
interactions of head-mounted displays) and quantitatively (by
distributing a targeted community survey among AR/VR re-
searchers). We show that the cloud-provided network services
are not ideal for the next-generation AR/VR applications. We
then present a Named Data Networking (NDN) based framework
that can address these challenges by offering a hybrid edge-cloud
model for the execution of AR/VR computational tasks.

I. INTRODUCTION

Virtual reality (VR) and augmented reality (AR) research
has come a long way since lvan Sutherland’s rst head-
mounted display [1] [3] and is becoming increasingly pop-
ular [4]. In particular, head-mounted displays using optical-
see thru, such as the Magic Leap One headset [5] and
Microsoft Hololens 2 [6], [7] have shown a preview of the
future of interactive computing. These devices enable users
to seamlessly integrate their physical world with the virtual
world, rede ning how we interact with our surroundings.

Three primary moving parts make these applications pos-
sible. The hardware that gathers input for processing, the
software (or algorithm) that usually runs on a local/remote site
that processes this input and creates an output that is sent back
to the device, and the network that connects the device to a
remote processing location (when needed). There are several
challenges in all three components that we must address to
enable the next generation of AR/VR applications. While
the rst two have received considerable attention, we found
networking to be the least explored of these three components.
This work tries to de ne the networking challenges of AR/VR
applications along with possible solutions.

Our contribution in this paper is threefold:

First, we identify the networking needs of AR/VR re-
searchers, both quantitatively and qualitatively. Towards this
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goal, we conducted a community survey among AR/VR re-
searchers to understand their networking needs (n = 14). This
survey provides us with insights into how researchers currently
interact with the network and compute platforms, as well as
the bottlenecks they encounter. We nd that most researchers
are disappointed by the latency and lack of quality of service
in today’s cloud services.

Second, to complement the survey, we measure and dissect
the latency of interaction with the cloud services using Mi-
crosoft Hololen. We nd the typical latency to be 250-500ms
while the acceptable latency is around 50ms, pointing to an
immediate need to reduce it.

Third, learning from these exercises, we enumerate the
networking challenges of the AR/VR community beyond just
bandwidth and latency. Though previous works [8] [10] have
pointed out numerous networking challenges, our work points
out additional challenges such as the need for an edge-cloud
hybrid model. Unlike some of the previous work [9], the
networking challenges we point out are not in the context
of a speci ¢ application and meant to be generic. Finally,
we present Low Latency infrastructure for augmented-Reality
Interactive Systems (LLRIS), an NDN-based framework that
can address these challenges.

The rest of this paper is organized as follows: in Section II,
we give some background on mixed reality, in Section IlI,
we present the results of our survey, while, in Section IV, we
discuss a set of AR/VR use-cases. Section V discusses net-
working challenges for AR/VR, Section VI presents LLRIS,
and, nally, Section VII concludes our paper.

Il. BACKGROUND

VR and AR are becoming popular [4]. In particular, head-
mounted displays with AR software [5], [6] has the potential
to change interactive computing. These devices enable users
to seamlessly integrate their physical world with the virtual
world, rede ning how we interact with our surroundings. Cur-
rent devices include Microsoft HoloLens (version 1 and 2) and
Magic Leap One (Figure 1), and Google Glass is an AR device
but with a stereoscopic head-mounted display. Other industry
players are currently working on various devices - for example,
nReal just announced their AR head-mounted displays to be
priced at $499 for consumers (no phone or computer included)
and $1199.00 for developers (with additional components).
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Fig. 1: Virtual object rendered by Magic Leap One

Mixed reality environments is a spectrum known as the
VR continuum (Figure 2) and has four components: real-
environment (the one humans are in), AR (adding virtual
objects to the real environment), augmented virtuality (embed-
ding real-environment objects into a virtual world), and VR
(synthetic world). While all of them have speci ¢ uses, AR
has the most potential to be an everyday device [7], [11], as an
extension to the personal computer (desktop, tablet, phone).
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An immediate use for AR head-mounted displays is enter-
prise applications. While Magic Leap and nReal are working
to make the device pervasive among users, Microsoft has
seen the current market potential to be enterprise software.
Microsoft secured a $480 million contract for HoloLens from
the Department of Defense [11]. Microsoft announced further
hardware development beyond its upcoming HoloLens 2. It
seems that the future of interactive computing is in wearable
optical-see thru devices, such as the Magic Leap One [5].

While the current trend for AR head-mounted displays is
encouraging, important networking challenges remain to be
addressed to improve the real-time interaction of interactive
computing using this modality. While each application and
problem domain may have different constraints, in general,
interactive computing requires to be able to maintain low-
latency responses. Low latency has been associated with
poor performance [3], [12] in AR/VR systems. A very clear
example was shown by Chris Wickens that for ight simulation
delays of 50ms can degrade the operation while longer delays
can lead to loss of control [3], [13]. Additionally, many
other networking questions remain how do we support the
bandwidth requirements as these applications become more

pervasive? How do we of oad computation to the edge for
reduced latency and the ability to (partially) reuse previous
computations? How do we design protocols that can support
the performance and Quality of Service (QoS) requirements of
AR/VR applications? What are the QoS requirements needed
by the AR/VR then community?

Previous works have looked into these challenges but failed
to capture the entire landscape. Braud et al. [8] looked into
networking challenges but only in the context of mobile
AR. While the end-devices will most likely be wireless, a
sizable infrastructure component will still exist in the AR/VR
ecosystems that connect the devices to computing platforms.
Burke [9] provides a comprehensive list of AR/VR appli-
cation requirements but does not enumerate the networking
challenges explicitly. Other works [10], [14] have pointed
out the problems either in a narrow context (5G or at the
transport layer). Our work, on the contrary, looks at end-to-end
networking requirements for AR/VR applications and presents
a novel framework for addressing these challenges.

The motivation of our work is to set forth a set of questions
and challenges for the networking community that can improve
interactive computing. Our vision is to bring the interactive
computing community (human-computer interaction, virtual
reality, augmented reality, 3D user interfaces, and others)
together with the networking community to understand the
networking requirements better and adequately support them
through novel network protocols. We envision such collabo-
rations will engage the networking, multimedia, vision, and
machine-learning communities for solving the critical prob-
lems listed in this paper (and other ones to come) and avoid si-
los. We also envision that these initiatives will be supported by
a state-of-the-art testbed, where these communities can work
together to develop the next generation AR/VR applications.

I1l. A COMMUNITY SURVEY AMONG AR/VR
RESEARCHERS

To better understand the problems, needs, and perceptions
of networking among AR/VR researchers, we conducted a
small scale targeted survey among 14 prominent AR/VR
researchers. The use cases were diverse, providing a broad
perspective into how the community uses the network for
AR/VR research; application ranged from immersive educa-
tion, immersive collaboration, HCI, Avatars and Embodiment,
multimodal interfaces, 3D-UI, Robotics, social VR, VR chat
rooms, applied perception, and B2B and consumer market
research. The participants were from the USA and Europe.

The survey (somewhat unsurprisingly) pointed out that the
latency was the most critical factor in AR/VR research. The
researchers pointed out that the average latency for the AR/VR
use cases must be below 50 ms, and some researchers pointed
out latency requirements to be below 30 ms. Interestingly, one
survey participant mentioned that 200 ms would be acceptable
for low-quality 2D AR. However, the majority pointed out that
this latency is very hard to achieve when the computations do
not reside in the local network.
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