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Abstract—As a result of increasing popularity of augmented reality and virtual reality (AR/

VR) applications, there are significant efforts to bring AR/VR to mobile users. Parallel to

the advances in AR/VR technologies, tactile internet is gaining interest from the research

community. Both AR/VR and tactile internet applications require massive computational

capability, high communication bandwidth, and ultra-low latency that cannot be provided

with the current wireless mobile networks. By 2020, long term evolution (LTE) networks

will start to be replaced by fifth generation (5G) networks. Edge caching and mobile edge

computing are among the potential 5G technologies that bring content and computing

resources close to the users, reducing latency and load on the backhaul. The aim of this

survey is to present current state-of-the-art research on edge caching and computing

with a focus on AR/VR applications and tactile internet and to discuss applications,

opportunities and challenges in this emerging field.

Bl AuGMENTED REALITY AND virtual reality (AR/
VR) technologies have recently gained notice-
able attention both from academia and industry.
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The concept of AR is to present virtual informa-
tion over the reality such as deformation of real
images, whereas in VR, the main idea is to place
users in a virtual environment. In some appli-
cations, it is possible to observe a mix of AR
and VR technologies where virtual and actual
environments are smoothly combined.! Despite
the technology leap in the recent years, current
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state-of-the-art AR and VR technologies suffer
from various deficiencies. For instance, the head-
sets are not able to track eye movements, facial
expression and senses cannot be detected in
details. More importantly, current AR and VR
systems are widely limited to offline streaming
where 360° navigable scenes are rendered using
a powerful external computer to which the AR/
VR device is attached to a cable. In addition, the
majority of AR/VR applications do not support
real-time interaction of multiple mobile users
which is due to technology bottleneck in today’s
wireless networks. Mobile AR/VR applications
require intensive computational capability and
massive communication bandwidth with ultra-
low latency to transmit high resolution/frame-
rate videos that cannot be handled with current
wireless infrastructure [i.e., long term evolution
(LTE) networks].

Another recently emerging, related technol-
ogy is the tactile internet that will enable trans-
mitting haptics signals, hence the feeling of
touch. The applications of tactile internet can
extend to entertainment, healthcare, robotics,
autonomous driving, and many more. Similar to
AR/VR, the tactile internet demands massive
communication bandwidth with ultra-low
latency which is not supported by current wire-
less mobile networks. The tactile internet
requires 1 ms of latency due to the nature of hap-
tic signals and human perception. However,
today’s LTE networks can only support latency
of 25 ms approximately. In this context, the fifth
generation (5G) wireless mobile networks are
expected to outperform LTE and provide a suit-
able infrastructure for mobile AR/VR and sup-
port enhancements that can lead to tactile
internet.” Standard bodies have set the target
date of 2020 for the first rollout of 5G
technologies. Among the promising technologies
that are considered for 5G are: millimeter wave
(mmWave), polar codes, nonorthogonal multiple
access and massive MIMO, in addition to archi-
tectural evolution over LTE. The new 5G archi-
tecture will benefit from edge caching and edge
computing. These unique additions within 5G
will enable mobile AR/VR and tactile internet
applications to benefit from the “anytime-any-
where connectivity” promise of modern wireless
mobile networks. In this paper, we particularly
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focus on edge caching and computing and dis-
cuss how they enable mobile AR/VR and tactile
internet.

Edge caching aims to bring frequently acc-
essed content, such as videos of major sports
events, viral videos over the social networks, etc.,
closer to the users. Bringing the content each and
every time from the Internet servers results in
unnecessary traffic over the backbone and it
increases the latency. When the users are geo-
graphically close, caching the content at the base
stations or access points enhances the perfor-
mance. On the computation side, cloud comput-
ing enables access to a shared pool of services
and resources. The idea of cloud computing in the
wireless mobile networks has led to mobile cloud
computing and cloud radio access networks. Edge
computing urges the deployment of computing
resources closer to the end users, in particular, at
the nodes of the mobile network. The edge device
can be a base station, an access point, a vehicle or
a user device. Heavy applications with intense
computing tasks can still be sent to the cloud.
However, edge computing allows offloading light
tasks to the edge devices. In turn, the latency asso-
ciated with access is reduced since edge devices
are closer than cloud servers.

In AR/VR applications and tactile internet,
some scenes might be frequently requested
such as backgrounds. In those cases, edge cach-
ing has the potential of reducing delay and using
network resources more efficiently. Moreover, it
is not very feasible to transmit large amounts of
data over long distances to the cloud servers for
computation purposes, due to the low latency
required for these applications. Thus, edge com-
puting could be used again for latency reduction.
Figure 1 illustrates the next-generation wireless
network along with haptics, AR, VR users, and
device-to-device (D2D) communications.

Despite the fact that there are various studies
on edge caching and computing, their use for
AR/VR applications and tactile internet has been
explored less.® In this tutorial paper, we first
survey the few studies on edge caching and com-
puting that target AR/VR and tactile internet.
Then, we focus on general edge caching and
computing studies and discuss their suitability
to the AR/VR and tactile internet domain. We
also present a detailed discussion on the
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opportunities and challenges in this emerging
field while drawing future directions. This paper
will serve as a roadmap for researchers in this
emerging field.

EDGE CACHING FOR AR/VR AND
TACTILE INTERNET

Caching at the edge exploits the idea of storing
content in a temporary storage closer to the
mobile user than the content servers over the
Internet. Caches can be placed at macrocell base
stations or small cell base stations or user devi-
ces. In general, edge refers to the devices within
the radio access network. In the literature, edge
caching has been implemented at small base sta-
tions*® and the user terminals® and has
been shown to reduce the overall energy con-
sumption and traffic over the backhaul. The
advantages of edge caching have led several
demanding applications such as AR/VR and
haptic communications to explore its potential.
The rest of this section provides a detailed survey
of these studies.

Edge Caching for AR and VR Applications

In AR/VR applications, selection of what to
cache and where to cache are crucial problems.
The first problem is related to the popularity of
a content. In AR/VR, the content popularity has
different patterns than the popularity of stream-
ing video content or other conventional applica-
tions used on today’s smart devices. For
instance, it is effective to cache viral videos but
for AR/VR it might be useful to cache back-
ground scenes instead of the bulk videos. Fur-
thermore, content caching for AR/VR should
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Figure 1. Overall block diagram of the edge computing in AR and VR systems.

also be coupled with encoding techniques. Thus,
cache-friendly encoding, as well as chunking
techniques, are required.

Since latency is a major concern in mobile
AR/VR applications, the selection of where to
cache, i.e., whether at the radio access network
or the core network, is even more critical than
other mobile applications. Furthermore, due to
the directivity of communications, it becomes
more challenging to address caching in 5G wire-
less networks that use millimeter wave
(mmWave). The directivity can cause retrieval
and connection delays when accessing caches.”
It may become necessary to increase redun-
dancy of the cached content to reduce latency.

Besides challenges, one of the opportunities
for AR/VR applications arises from distributed
caching. As the number of nodes/devices close to
the user increases, distributed caching of chunks
of content at user devices becomes possible.
Nomadic users can further help to opportunisti-
cally distribute the content, as such when a user
hands over and carries a desired content with
the device. In that case, rather than downloading
the content from the base station, content can be
shared using D2D communications, which facili-
tates faster communication and efficient use of
network resources. This exchange of cached con-
tent with D2D, as in studies by Golrezaei, et al.*
and Liu and Lau,® requires direct communica-
tions between the users. Meanwhile, D2D video
distribution and the impact of video size is also
an important aspect.9

In edge caching, the caching strategy can be
reactive or proactive. In reactive caching, the
content is brought to the cache or updated
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based on user demand. In proactive caching,
the content to-be-demanded is predicted and
brought to the cache. An example of a proactive
caching algorithm is introduced by Park et al.,'’
based on the scalable data management for the
distributed virtual environment. Distributed vir-
tual environments facilitate the user to explore
the virtual ambiance while interacting with the
objects in the real world. In order to have an
immersive experience, the virtual environment
is often replicated at the client side. In some
instances, the size of the virtual environment is
increased, thereby inducing significant trans-
mission overhead. One way to overcome this
challenge is to partially generate the virtual envi-
ronment and dynamically obtain the objects
that are demanded by the user. For efficient rep-
lication with minimum overhead, they propose
prioritizing the transfer of objects and prefetch-
ing strategies. Park et al.'® focus on caching at
the user side. However, similar prioritized cach-
ing might be considered for edge caching.

In the study by Chakareski,'! the author aims
to address the challenge of caching large files of
360 videos in the wireless network. They pro-
pose to partially cache and stream the 360 vid-
eos based on user’s viewpoint rather than
caching and streaming the entire video to the
user. This is based on the assumption that the
user only navigates a small subset of the entire
video at a point of time.

In the study by Chen et al.,'? the problem of
edge caching is studied for VR network to reduce
the backhaul traffic and meet the delay require-
ments for the VR users. In their proposed
scheme, unmanned aerial vehicles are employed
to collect the VR contents which are requested
by users and transferred to the small base sta-
tions for caching purposes. The goal of this
scheme is to maximize the reliability of the VR
user by choosing the format of the cached con-
tents (visible contents consist of 120° horizontal
and vertical frames or 360° contents). A deep
learning algorithm is implemented to find the
best caching strategy.

Edge Caching for Tactile Internet

Implementing haptic communications over
wireless networks is quite challenging since the
required delay for haptics is 1 ms. The state-of-
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the-art in tactile internet focuses on real-time
interaction where the idea of caching is not
practical. However, it may be also desired
to replay haptic content as discussed in by
El Saddik et al.'® This might be useful for train-
ing applications that rely on haptic feedback.
When a recorded haptic content is served to
the mobile users, edge caching will play an
important role. Bastug et al.'* have focused on
the predictive text caching that can intelligently
serve the predicted user demands efficiently. A
similar artificial intelligence engine can be used
to determine the most viable content that needs
to be stored for the haptic experience in the
future tactile internet.

EDGE COMPUTING FOR AR/VR AND
TACTILE INTERNET

Edge computing also known as mobile edge
computing has recently emerged to overcome
the computational limits of mobile devices in
the face of increasing number of computationally-
intensive applications.'® Edge computing helps to
reduce the pressure on the network resources by
offloading workload to distributed computing
clusters. Despite the fact that, cloud computing
enables users to access a shared pool of servers
and allows them to offload heavy computations to
the cloud, the delay in accessing cloud servers is
still high. This is one of the major reasons why
edge computing emerges as a promising capability
for mobile AR/VR and tactile internet.

Edge Computing for AR and VR Applications

In the study by Chakareski,!! the author has
exploited edge computing to overcome the
computational limitation of the VR devices by
enabling users to offload the computation tasks
to edge servers. The authors have aimed to mi-
nimize the computation and transmit power
consumption using a Lyapunov stochastic op-
timization model, subject to cochannel int-
erference, reliability and delay constraints.
Meanwhile, in the report by Yang et al.,'® the
authors propose to reach the required communi-
cation throughput by using cache and computa-
tion resources at users. Two different computing
mode has been introduced. In the “MEC compu-
tation mode,” when a task is requested by the
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Table 1. Comparison of edge caching and computing studies for AR/VR and tactile internet.

Evaluated Parameters
Network Through- Caching Response Computing Energy Applications
Delay put capacity time capability consumption
Chakareski'! v v v AR/VR networks
Chen et al."? v v v VR video
streaming
Yang et al.'¢ v v v VR video
streaming
Elbamby et al.'” v/ v v VR gaming
Zhang et al.'® v v/ VR Multl.player
Gaming
Ateya et al.? v Tactile Internet
Maier et al.? Tactile Internet

VR user, the MEC server computes the contents
and sends the task; whereas, in the “local com-
putation mode,” MEC server sends contents that
are not available at the mobile VR device and the
computation of the received contents takes
place at the user device. Then, the authors pres-
ent an optimal task scheduling strategy to effi-
ciently operate the aforementioned modes in
order to minimize the use of communication
resources while satisfying delay constraints.

The number of studies that combine caching
and computing for AR/VR is limited. Only
recently, the authors Elbamby et al.'” propose
a proactive caching and computing scheme to
satisfy the high reliability and low latency
requirement of VR gaming. In this scheme, the
information about users’ movements and game
actions are utilized to precompute the next
video frames and cache them to minimize the
latency, while multiconnectivity is applied to
guarantee the reliability. In the report by Zhang
et al.,'® the application of edge computing in
VR gaming is extended to a massively multi-
player online scenario. In this scenario, the main
challenges are low latency, high bandwidth, and
precise scaling of large numbers of online play-
ers. The authors employ a hybrid edge cloud
scheme that exploits edge computing to manage
updating and rendering of view changes.

Edge Computing for Tactile Internet

According to Simsek et al.? the tactile edge
needs to be equipped with intelligence of
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interpolation/exploration of human actions,
along with content prediction/proactive caching,
in order to increase the range of tactile services.
In the study by Ateya et al,'” the authors
have proposed an approach towards a multile-
vel cloud-based cellular system. Here, edge com-
puting facilities are made available through
micro cloud units that are connected with the
small cells. The concept of connecting the mini
clouds to the core network has been shown to
reduce the network congestion and round-trip
latency. Meanwhile, Maier et al.,”° uses edge com-
puting within a fiber-wireless architecture to
bring down the latency to the desired levels of
tactile internet. In Table 1, we summarize the
studies that offer edge caching and computing
solutions to AR/VR applications and tactile
internet.

OPPORTUNITIES AND CHALLENGES

Edge caching and computing bare many
opportunities for AR/VR applications and tactile
internet, while they come with several chal-
lenges. In the following sections, we discuss the
opportunities that arise from the adoption of
AR/VR and tactile internet in the entertainment,
education, culture, arts, medicine and autono-
mous cars domains, as well as their related
challenges.

Future Application Domains and Opportunities
ENTERTAINMENT Online gaming is among the
driving sectors of AR/VR in setting up user

25




20

requirements and demands. In particular, new
generation online VR gaming that lets users to
experience a multiplayer game in a virtual envi-
ronment sets an ideal example. Today, online VR
games are implemented as web-based games
that require players to be equipped with com-
plex head mounts. Providing a virtual online
gaming experience for the users on their mobile
devices is still a challenge due to limited com-
puting capabilities of devices and the through-
put-delay limitations of the wireless networks.
The computational overhead of AR/VR arises
from several factors: higher refreshing rate to
provide two synchronized images for both eyes
(60-120 frames per second), 120° of visual field
which is two times more than traditional games
and most importantly, the need for immediate
feedback due to frequently changing point of
view. As for the feedback, it is also the factor
that puts pressure on the wireless networks
since less than 30 ms of end-to-end latency is
expected in online VR games.'® When computing
and communication requirement are jointly con-
sidered, the computing capacity of the cloud
emerges as a promising solution, while the delay
to reach the cloud becomes the roadblock.
Therefore, employing edge computing for online
VR gaming bares many opportunities.

EpucaTtioN AR/VR technologies have been used
for education in the past decade, in particular
in the field of medicine and pilot training via
flight simulators. Meanwhile, tactile internet
can introduce a new method of interactive edu-
cation by allowing haptic interaction of the
students with the subjects remotely. This can
be applied to various educational procedures
such as the cases when students and educa-
tors participate in a laboratory experiment or
remote surgeries. It can also be useful for
musical bands to perform and practice
remotely. To accomplish these examples, a
precise synchronization of audio, video, and
haptic interactions is necessary that impose
ultra-low latency requirement over the under-
lying network. In most cases, the users might
not be mobile hence not need the wireless net-
works. Nevertheless, the popularity of smart
mobile devices indicates that in the close
future all of the above educational activities
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could be demanded on mobile devices. In that
case, edge caching and computing will become
handy to facilitate such applications.

ART AND CuLTuRE In several museums and art
galleries, AR/VR technologies are already being
utilized to enhance the experience of visitors,
although mobile AR/VR experience has not been
implemented yet. In the mobile AR/VR case, the
augmented information will be highly localized
and the information will need to be updated at a
fast rate as the user moves to the next object. In
the future, more computationally intensive appli-
cations are expected to emerge such as synchro-
nized dancers/performers with the help of AR/
VR. Clearly, as the scale and the range of the
activity enlargers, the role of the mobile
network escalates. Providing high-throughput,
low-latency communication to users when there
are hundreds or thousands of participants
located in a geographically large area is challeng-
ing. An example would be an art installation in a
metropolitan area that enables the residents to
participate and interact with the scenes and
with each other in the augmented environments.
Such wide-scale applications can benefit from
edge caching and computing immensely.

HeaLTH CaRe AR/VR and tactile internet have
vast applications in health care. For instance,
remote surgery for the individuals in remote
locations, where the specialized surgeons can-
not travel or places such as war zones, is one of
the fundamental applications. Besides remote
surgery, AR/VR is used for patients suffering
from multiple sclerosis where walking abilities of
patients have been significantly improved with
the help of visual-feedback from VR devices.?!
Similarly, tactile internet can be used as a sup-
portive tool in physical therapy for disabled
patients. Among these applications, remote sur-
gery is the most demanding procedure and the
role of computations and the availability of
resources is quite essential for achieving the
required spontaneous services.

INTELLIGENT TRANSPORTATION AND AUTONOMOUS
VEeHicLES Realizing the birds-eye view of a par-
ticular environment is important for fully auton-
omous vehicles. 360° navigable scene generated
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by an autonomous car can be shared with a
mobile edge server such that it is merged and
streamed to other autonomous vehicles in
order to enhance their situational awareness.
AR/VR can be used for training the autonomous
cars on virtual environments. Apparently, driv-
erless cars will need to be tested before they
actually start driving on real roads. Therefore,
simulated environments can be used for train-
ing the autonomous cars.

Challenges and Open Issues

Despite many opportunities, the use of edge
caching and computing for AR/VR and tactile
internet still faces various challenges. In the fol-
lowing section, these issues are pointed out.

CAcHE Si1ze, CACHE MANAGEMENT, CACHING, AND
ComputinGg CosT One of the limitations for edge
caching is the cache size and the associated
problem of cache management. Although mem-
ory is inexpensive, the media content is becom-
ing richer and hungrier for storage. Therefore,
cache size still remains as a challenge. In addi-
tion, cache management; simply which content
to cache and where to cache needs careful
study. There is a vast literature on this topic,
and various strategies are exploited to achieve
the results by analyzing the response latency,
cache hit ratio, remote on-demand requests, and
energy consumption. Yet, most of the studies
focus on video and not on navigable scenes.
More research work is required to understand
the usage of 360 videos, AR/VR and haptic devi-
ces, and offer tailored caching management
strategies. In addition, caching and computing
capability comes with an additional cost. Consid-
ering dense deployments of 5G, this could easily
escalate the capital and operational expendi-
tures of the wireless operators tremendously.
Hence, strategic placement of caching and com-
puting is an open research area.

QuaLiTy oF ExPeERIENCE (QOE) MobeL Current
research work on edge caching and computing
focuses mostly on network quality of service
(QoS), i.e., throughput and latency performance.
However with the AR/VR applications and tactile
internet, QoE needs to be merged with QoS. For
instance, in a highly localized scenario, precise
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tracking of users and objects is critical. Failing
to locate objects precisely results in degraded
QoE even though QoS requirements might be
satisfied. Therefore, network QoS and user QoE
needs to be jointly considered. QoE may be fur-
ther improved by emotional feedback according
to Chen et al.,?? where 5G and mobile could com-
puting has reconsidered under emotional data
collection, emotional data analysis, resource
cognition, and emotion-aware action feedback.

FarNESs IN OFFLOADING Given the cost of com-
puting, it is reasonable to assume the devices
will not have infinite computational resources.
In that case, mobile AR/VR and tactile internet
users will compete on accessing these resour-
ces, in which some users may dominate comput-
ing services by frequently offloading while
others may be left with no or little resources.
Future research work needed to ensure fair
access mechanisms, both considering selfish
behavior of users and network related unfair
treatment of users that may arise from cell edge
users being given less opportunity for offloading
due to their poor channel conditions.

CoRRELATED CoNTENT MopEL In AR/VR applica-
tions, most of the time, the requested scenes or
data from different users are highly correlated
with location. For instance, when a group of peo-
ple participates in a multiplayer soccer game
through VR, the same 360 videos provided for a
specific user can be delivered to other users
with rotation according to the viewer’s location
and viewing angle. When correlated content
models are used, there can be a huge decrement
in computation load. Yet, the processing of the
correlated content at the edge computing devi-
ces for increased efficiency is still an open issue.

HeteroceNEous UskeRs In the literature, most of
the studies on AR/VR assume that users are
homogeneous. However, in practice, users will
not be identical due to a different kind of avail-
able headsets. Some users could be mounted
with headsets with limited resources while the
other users may be equipped with headsets
capable of performing complex computational
tasks. Providing computation resources at edge
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based on users’ local capabilities remains an
open issue.

FLexiBLE NETworks AND SDN In general, edge
computing calls for the flexible allocation of
resources as well as the flexible organization of
the network. Thus, the interaction of SDN and
5G networks has been explored in the study by
Huo et al.®® The authors have proposed using
an SDN controller that is capable of managing
the entire topology including caching and com-
puting at every node, as well as providing
forwarding strategies. Yet, the interaction of
flexibly organized networks with AR/VR and
tactile internet needs to be further explored.

Users Privacy AND SecuriTy Issues AR/VR and
tactile internet applications carry a rich set of
information about an individual including the
locations they visit, their interaction with the
environment, their interaction with the other
individuals, etc. When edge caching and comput-
ing is used, such content may be shared with
other users causing privacy and security con-
cerns. The tradeoff between the utility arising
from reusing common content and user privacy
needs to be carefully explored.

The opportunities and applications of edge
caching and computing for AR/VR and tactile
internet are wide. However, more research work
is needed to address the challenges that are out-
lined above.

CONCLUSION

In this paper, we surveyed edge caching and
computing studies that target performance
improvements in mobile AR/VR and tactile
internet. The differences and corresponding
architectures and advantages of each method
are pointed out. The most current applications
of edge caching and computing are explained
and the opportunities and challenges in these
areas are identified. This paper will serve as a
roadmap for researchers working in the field of
edge caching and computing and for research-
ers aiming to enhance the reliability and latency
performance of wireless networks to serve AR/
VR applications and the tactile internet more
efficiently.
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