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User and Content Dynamics of Edge-Aided Immersive Reality Services
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Abstract—This letter presents a practice-inspired methodology
for characterizing the user and content dynamics of extended
reality (XR) services over wireless networks. The proposed
approach is based on a fluid approximation to capture the time
and space dynamics of XR content exchange during its tran-
sient phase while considering both radio communication and edge
computing resources. Hence, our methodology provides an effec-
tive tool to support resource assignment for radio and computing
in 5G and beyond networks, especially under non-stationary
processes with time-varying traffic arrivals, such as those with a
periodic arrival rate function.

Index Terms—5G+ connectivity, wireless communications,
edge computing, immersive reality, user and content dynamics.

I. INTRODUCTION

ITH the increasing consumer interest in immersive
Wapplications, extended reality (XR) technology is
rapidly advancing toward its mass adoption. Compared to
traditional technologies, XR services offer higher user mobil-
ity and interaction freedom. The incorporation of wireless
network solutions in XR services, e.g., [1], has further facil-
itated user motion and introduced new challenges, such as
user/content dynamics and performance evolution, thereby
requiring careful consideration and innovative solutions.

In the literature, XR systems are usually assessed in steady-
state operating conditions [2], [3]. However, due to the recent
developments in the context of XR interaction, state-of-the-art
modeling solutions may have limited applicability to practical
XR deployments. A major challenge is to accurately model
the dynamic and non-stationary [4] aspects inherent to the
operating behavior of modern immersive reality systems in the
presence of periodic arrival processes [5]. Addressing that is
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crucial to provide network engineers with an effective means
to plan and optimize radio and computing resources by taking
into account the specific features of XR.

To capture the time and space dynamics and the system
effects in a transient phase of XR operation, the actual dis-
crete numbers of users engaged in XR content exchange can
be approximated with an equivalent continuous process. For
example, in [6], a fluid approximation is used to model the
evolution of vehicles along a highway. Further, in [7] and [8],
the numbers of users retrieving the content and those who
have already received it are represented as continuous flows. In
wireless sensor networks, the volume of traffic is also modeled
using macroscopic fluid dynamic models [9].

By their design, XR systems have a unique set of fea-
tures, including form factor constraints, which impose strict
requirements on power consumption and heat dissipation of
user equipment. Therefore, content processing may not always
be conducted on the XR head-mounted displays (HMDs),
thus requiring task offloading to an edge server over a wire-
less network. As a result, analyzing XR content exchange
dynamics requires the consideration of both radio communi-
cation and edge computing resources. This letter addresses
the challenge of modeling the dynamics and non-stationarity
of emerging XR systems by bridging the gap between tradi-
tional steady-state assessments and practical XR technology
deployments.

We thereby offer a practice-inspired methodology to char-
acterize the evolution of users utilizing XR services in radio
networks as a continuous fluid, thus providing insights into
XR content dynamics. Specifically, we model the dynamic
behavior of XR services with periodic arrivals and consider
the departure rate that is determined by the communication
and computing characteristics of the 5G New Radio (NR) and
edge technologies. We then apply our fluid approximation-
based methodology to assess the XR system performance
under characteristic deployment setups.

II. SYSTEM MODEL

We consider an outdoor environment where multiple homo-
geneous users engage in an interactive XR experience through
HMDs. As XR devices have limited computing performance
due to constraints on their size, power consumption, and heat
dissipation, we assume that an HMD acts as a thin client by
receiving personalized video streams from a proximate edge
computing server. The server is co-located with a 5G base
station (BS), as illustrated in Fig. 1, and connects to HMDs
over a wireless link using, for example, millimeter-wave radio
technology.

Assumption 1 (User State): The XR services involve users
sending location and motion information to the BS, which
is then used to process the corresponding video on an edge
server. Hence, a user can be in one of the three states:
(1) an active communicating user sending the location and
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Fig. 1. Dynamic XR system illustration.
motion information to the server, (ii) an active computing user
processing XR 360° video on the server, or (iii) an idle user.

Active users transition to the idle state only after com-
pleting their uplink transmission and processing the required
content at the edge, i.e., after passing through both commu-
nication (transmission) and processing (computing) states. In
turn, idle users switch to the active communicating state based
on their content demand, thus resulting in a transition rate f,
which corresponds to the average value commonly employed
to model systems with homogeneous user behavior. While we
assume that i, does not vary over time, our methodology can
also incorporate time-varying dependencies if needed.

Assumption 2 (User Motion): We consider one-way motion
around a semi-infinite pedestrian area. For example, users
may traverse from one XR-ready area to another or follow
a straight path along the street. We note that such one-way
motion can readily be generalized to a two-way traffic sce-
nario. The pedestrian area is divided into K zones, each served
by a 5G BS. Both active and idle users move within pedestrian
zone k € K ={1,..., K} with an average velocity v.

Assumption 3 (System Dynamics): We consider the follow-
ing arrivals of active and idle users into the system:

1) zone l: external active communicating or idle users;

2) zonek: active communicating or active computing or idle

users from zone k — 1 arriving with rate [3;

3) zonek: transition from idle to active communication due

to an initiated transmission with rate fiq;

4) zonek: transition from active communication to active

computing due to a completed transmission;

5) zonek: transition from active computing to idle due to

a completed content processing at the edge node.

As an example, we assume a periodic external arrival rate
typical for XR services [5], which varies between the mini-
mum and the maximum values as a sine function. To control
arrivals in time, we additionalgl parameterize such processes
using phase shifts w¢ and wg§ and angular frequencies w®
and w? for active and idle users, correspondingly. Angular
frequency is thus related to the period T as w = 27 T. We
limit the maximum and minimum values of the external arrival
rate by \{, Af and \9, )\g, respectively. Therefore, the exter-
nal arrival rate for actively communicating and idle users at
time t may be expressed as

A%(t) = sin(wt + wh) (A} —A3)/24+ (AT +2A9)/2, (1)
(1) = sin(w?t + wd)(A — A2+ (M +7D)/2. 2)
Assumption 4 (Communication (Transmission) State): Each
5G BS serving a given zone k provides wireless connectivity to

the users within it. We require that the available radio resources
at each BS are sufficient and are equally shared in time and
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frequency among N ,ft(t) active users during the transmission
phase at time .

Further, we assume that B; is the average uplink packet size
and Ré is the total uplink capacity (in bits per second). In the
case of ngt(t) participants, we may express the transition
rate of users from their status of active in the communication
phase (i.e., transmitting) to that of active in the processing
phase (i.e., their content is being processed) as

C’t(t):#'Ct where C! = R}/B 3)
N kat ( t) 0> 0 0 t.

Assumption 5 (Processing (Computing) State): The BS that
serves zone k is associated with an edge node, wherein
multiple virtual machines (VMs) are utilized to implement
parallel processing of content. To take into account the
input/output interference among VMs of the same node,
we introduce a degradation factor d [10], so that the indi-
vidual share of the available resources in the case of
NZ¢(t) active computing users in zone k is estimated as
[Nge(£)(1 + d)NEO=D]=1 ).

If B, is the average size of the uploaded content (in bits), C,
is the computational intensity (in CPU cycles per bit) required
to process the content, and R§ is the processing capacity (in
CPU cycles per second) of the edge node, then the actual
transition rate from the user status of active in the processing
phase (i.e., content is being processed) to that of idle (i.e.,
content processing completed) can be determined as

1 (& c RC
N T gD O vhere G5 = 35

ce(t) = “4)
and 1/Cg represents the time for processing the received con-
tent at the edge node. For the sake of analytical tractability,
we modify the shape of (4) as

1

CO= yEnmEn e D ®

where « is a fitting parameter obtained numerically to approx-
imate (4).

We note that specific distributions of file size, channel con-
ditions, and data/computing rates can be readily incorporated
into the considered average parameters. As a result, our system
model offers a general but accurate representation of XR user
and content dynamics, which is validated in Section IV below.

III. FLUID APPROXIMATION

In this section, we detail the proposed methodology to eval-
uate the performance of a dynamic XR system. We employ
a fluid approximation, which allows replacing integer-valued
processes with deterministic real-valued alternatives and is
particularly well-suited for analyzing non-stationary systems.

We denote the total numbers of idle and active users
in the communication and processing states within zone
k at time ¢ as de(t), NZ(t), and N@<(t), respectively,
and consider them as non-negative real numbers. Further,
let C]gt+(t)/C,?t_(t) and C,?C"'(t)/Cg‘f—(t) be the num-
bers of active communicating and computing users that arrive
in/depart from zone k during the time interval (0, ¢]. Similarly,
Cg"'(t)/ C]f_(t) represent the respective numbers of idle
users arriving in/departing from zone k during time (0, ¢]. For
the sake of clarity, we further omit index (7).
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TABLE I
EXPRESSIONS FOR ARRIVING/DEPARTING FLOWS IN (9)

CYF =2 4 paNY
et
OreT =G
d+ _ yd Cg
Oy =2+ (N{€+a)
G ™ =na N+ AN

ot = + BNY?
Cf™ = ugiray + BNP®
O~ =y N+ BN¢

Cat - _Ct +5Nat

ac+_ Ae—__ C
Cre=C§+BNg< | O™ =watay —BNEC
Cit= (N‘“+a.)+6 1 Cy™ =pa N{+BN¢

A% = sin(w?t + w?)
A = sin(wit + w?)

XT=X  ATTA3
2 2
dyd aZyd
AT —AS + AT+AS
2 2

The evolution of the numbers of active and idle users in zone
k is governed by a system of ordinary differential equations
(ODEs) for 2, > 0,0 < t < 00,k € IC, as

legt— at+ at—
dflgwf%? ©)
A

S =it - of,

d/a+/—

where variables C' are collected in Table I.

We assume that the content requests start at ¢+ = 0, where
the number of idle users in zone k equals M}, which defines
the initial conditions for (9). Expanding (9), we arrive at the
Cauchy problem in (6), which determines the numbers of
active users during the communication and computing phases
and idle users, N, N2, and N,f.

We solve the system in (6) by substituting N = N,gt
Ng© + ng and obtain the following:

)A -5 AL+HAS

dNy/dt = sin(w®t + w@ +

+sin(w®t + w? ))‘1 Af +
dNy/dt = BNp_1 — BNy

Based on the first ODE in (10), we may obtain the number
of users in zone 1 as

Ny = Cre P+ H,

2
M g, (10)

Y

where constant C is defined by the initial conditions, while H
and (' are given by expressions (7) and (8), correspondingly.

Further, using (11), we may obtain the total number N} for
k=1i+ 4m, where i = 1, 2, 3, 4 and m > 0, as follows:

Ni—iiam = Zo + BZE — woZ§ + BZE — w Zg,
Niy—oyam = Zo — BZ§ — weZ{ — BZ3 — w28,
Ni—gpam = Zo — BZ{ + woZ§ — BZE + wiZ,
Ni—iiam = Zo + BZ§ + wZ{ + BZ3 + w28,

(12)

where parameters 7, Z1“/2, and Zld/2 are given by
k )k ne P! AT HAS

Zy = Zn:l (8 )kfn ; Cp + 2 225 1T A2

(A7 =A%) sin(w  t+wg)

)

a _ a _ (A1=X3) cos(wat—&-wg)
Zl - Qw”'(kil)(ﬂ2+w“'2) 142 Qwa(k 1)(52 wa? ) ’ (13)
74 _ A{=2D) sin(wt+wd) 74 _ (A =2D) cos(wt+wd)

1 — 2wd(k,—1)(ﬁ2+wd2) 42 T 2wdF 1)(ﬁ2+wd2) .

Knowing the total number of users, Nj, we may derive
N2 N2 and de separately as

Nt = Cupp e P+ H, (14)
N2 = Cyepe P+ H, (15)
Nt = Cre Pt — Cape™ Pt = Coee™ P — H,  (16)

where Cyz, and Cyc, can be established for any zone k by
substituting (14)-(16) into the initial conditions of (6). This
straightforward technical work is left out of scope here.

In summary, this section details the fluid approximation
method to characterize the non-stationary evolution process
of the numbers of users engaged in XR content exchange
under periodic user arrivals. We derive (12) to express the total
number of users, while the numbers of idle and active users
in the communication and processing states can be obtained
with (14)-(16).

IV. NUMERICAL RESULTS

Our simulation setup models a large social/public XR event,
e.g., a concert or an outdoor exhibition, where user HMDs
offload their extensive computations to the edge. We study
the time and space dynamics of users engaged in XR con-
tent exchange captured by our deterministic fluid model in
Section III and Monte Carlo simulations. The simulation data
(see “S” curves) agree with the analytical results (marked
as “A”) for all of the considered metrics of interest.

ANt/ dt = (sin( ot + wg) M5 : + MIA) + uaNE — Cf — BN,

dN{'/dt = Cf — ey — BNI,

dN{ ) dt = (sin(wit + wd) M5 s +AEATy iy — HaN{ — BNY,

ANZ/dt = pa NZ + 5N,gt — co BN, (6)
dNge/dt = Cf + BNES) — ey — BN

AN/ dt = et +6Nk | — taNE — BNZ,

under initial conditions: N, _ =0, Ng¢| _ =0, N o = M, NE|,_y =0, Nge|,_, =0, N¢ o = M

A AL+ A A N

(A = A$)(Bsin(w?t + w§) — w® cos(w®t + ws)) n (¢

— ) (Bsin(w?t + w) — w? cos(wt + w)) )

H =
25 267 + w7 25 + v P)
Ci = Mr — AL+ A+ )\‘11 + )\g _ (A = A$)(Bsin(wd) — w® cos(w)) _ ()\f — /\g)(ﬁ sin(wg) —wd cos(wgl)) (8)
e 23 2(82 + we?) 2(82 + wd?) '
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TABLE 11
MODELING PARAMETERS

Values for 3 scenarios

200m x 50m [12]

28 GHz [13]

1 BS per zone [14]

1 server per zone [14]
1.55 m/s [15]

15MB [16]

30MB [17]

103 cycles/bit [18]
100/3000/3000 Mbps [16]
20/20/175 GHz [19], [20]

Parameter

Area

Carrier frequency, f.
Number of BSs
Number of edge servers
User average velocity
Uplink average packet size, By
Average content size, B.
Computational intensity, C
Total uplink capacity, RS
Total processing capacity, R¢

Fitting parameter, o 0.12
Transition rate, (i, 0.6~ Ts T
Phase constants, w?, w? w, /4
Angular frequencies, w®, w? w/32,7/16
Maximum values of arrival rate, A%, A{ 2,151
Minimum values of arrival rate, A5, )\g 0,0 s T

In simulations, the transition rate to the idle state is set
as per (4), while when applying our analytical model, we
employ the approximation in (5). Our additional results con-
firm that (5) with o = 0.12 closely matches (4). We examine
the XR system performance in terms of the number of users,
transmission rate!/processing speed,” and latency. To evalu-
ate the performance of a dynamic XR system, we consider
three scenarios with varying levels of radio and computing
resources. Scenario 1 illustrates the case of limited radio
and computing resources and is characterized by parameters

IMeasured as Ré/ngt.
2Measured as R§/(NZE(NZC + o).

B; = 15MB [16], Ré = 100 Mbps [16], B, = 30MB [17],
Rg = 20 GHz, [19]. Scenario 2 corresponds to limited com-
puting resources and abundant radio resources as given by
Ré = 3000 Mbps. Further, we focus on the case of abun-
dant radio and computing resources that is illustrated by
Ré = 3000 Mbps, R§ = 175 GHz [20], which is Scenario 3.
Table II summarizes the main system parameters.

In Fig. 2, we assess the performance of our XR system
under Scenario 1. The numbers of active users involved in the
communication and processing phases increase with a cyclic
trend governed by our periodic arrival rate function. The uplink
transmission rate and processing speed decrease, which trig-
gers the rising delays. Here, the availability of 100 Mbps of
the total uplink capacity and 20 GHz of the total edge node
processing capacity is insufficient for the uplink packet size
of 15MB and downloaded content size of 30 MB.

For Scenario 1, the bottleneck manifests during both
the communication and the processing phases. Conventional
system configurations may fail to support seamless low-latency
XR experience, thereby calling for improved network capaci-
ties. System designers may thus consider distributed comput-
ing to reduce the computation times for video processing at
the edge server. In addition, beyond-5G cellular networks with
multi-RAT, multi-connectivity functionalities, and content-
aware edge-node deployments may become promising for the
emerging XR-ready systems.

In Fig. 3, we consider Scenario 2. Our results demon-
strate that the availability of 3000 Mbps of the total uplink
capacity ensures low-latency uplink transmissions. However,
the processing procedure for the XR video remains demand-
ing. At time instant ¢t = 221s, no further content requests
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arrive in the system, thus leading to its gradual unloading,
a decrease in the number of computing users, and, hence,
a decline in latency. As per our additional results, a sce-
nario with limited communication and abundant computation
resources yields qualitatively similar observations but with an
opposite trend between the communication and the computing
resources.

Further, as shown in Fig. 4, our findings demonstrate that
the availability of 3000 Mbps of the total uplink capacity and
175 GHz of the edge node processing capacity can support
low-latency communications assuming typical uplink packet
size, B¢, of 15MB and content size, B., of 30 MB. Based
on the reported evaluation, we may conclude that today’s 5G
NR deployments may encounter challenges in supporting the
required latency for seamless XR user experience in the case
of large social/public events.

V. CONCLUSION

In this letter, we presented our methodology to character-
ize user and content dynamics of immersive reality services
in wireless networks with non-stationary arrival processes,
i.e., a periodic arrival rate function. This approach consid-
ered both communication and computing resources to cap-
ture the time and space dynamics of users engaged in XR
content exchange. We validated our analytical method to
assess the system operation under various network configura-
tions. The uplink transmission for XR is highly demanding
in terms of radio resources, as it requires a minimum of
3000 Mbps for the packet size of 15MB. The computa-
tion procedure for XR video processing appears to also be
demanding in terms of computational resources by requir-
ing more than 175GHz to process the model of 30 MB.
To provide effective support for XR experience, future
research may explore artificial intelligence-based resource
optimization as well as consider mobility patterns specific to
XR applications.
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