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Abstract—Future 6G networks are envisioned to facilitate edge-
assisted mobile augmented reality (MAR) via strengthening the
collaboration between MAR devices and edge servers. In order to
provide immersive user experiences, MAR devices must timely up-
load camera frames to an edge server for simultaneous localization
and mapping (SLAM)-based device pose tracking. In this paper,
to cope with user-specific and non-stationary uplink data traffic,
we develop a digital twin (DT)-based approach for user-centric
communication service provision for MAR. Specifically, to establish
DTs for individual MAR devices, we first construct a data model
customized for MAR that captures the intricate impact of the
SLAM-based frame uploading mechanism on the user-specific data
traffic pattern. We then define two DT operation functions that
cooperatively enable adaptive switching between different data-
driven models for capturing non-stationary data traffic. Leveraging
the user-oriented data management introduced by DTs, we propose
an algorithm for network resource management that ensures the
timeliness of frame uploading and the robustness against inherent
inaccuracies in data traffic modeling for individual MAR devices.
Trace-driven simulation results demonstrate that the user-centric
communication service provision achieves a 14.2% increase in
meeting the camera frame uploading delay requirement in compar-
ison with the slicing-based communication service provision widely
used for 5G.

Index Terms—6G, mobile augmented reality, user-centric service
provision, digital twin, graph neural network.

I. INTRODUCTION

IMMERSIVE communications are expected to extend the en-
hanced Mobile Broadband (eMBB) communications of 5G

networks for providing users with rich immersive experiences in
future 6G networks [1]. Augmented reality (AR), a typical form
of immersive communications, enables seamless integration of
virtual objects into the physical environment surrounding human
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users. Driven by the increasing demand for immersive experi-
ences, AR accessible on portable devices such as smart glasses,
referred to as mobile AR (MAR), is gaining widespread attention
as one of the emerging applications in the 6G era. All MAR
applications need device pose tracking, a resource-intensive
procedure fundamental to the 3D alignment of virtual objects
with the physical environment [2], [3]. Enabling device pose
tracking is a key challenge for current MAR devices due to their
resource limitations such as limited battery power. To overcome
this challenge, leveraging the resources of edge servers via
edge-assisted MAR is a promising paradigm [4].

Although communication service provision for edge-assisted
applications has been investigated in the context of 5G net-
works [5], [6], supporting edge-assisted device pose tracking
for MAR applications in future 6G networks requires novel
solutions for the following two reasons [7]. First, human move-
ments such as changing gaze points are incessant in MAR
applications, and differences in the movements of different users
result in distinctive network resource demands even if they are
using the same MAR application [8]. Most existing commu-
nication service provision approaches rely on service-oriented
demand modeling, which cannot capture the variances in service
demands across different users to support personalized MAR
user experiences. For example, slicing-based communication
service provision widely adopted in 5G networks for aggregated
video-type data traffic transmission [9] lacks the capability to
characterize the video traffic patterns of individual users. Sec-
ond, to deal with the uncertainties in human movements, current
MAR has incorporated a complex localization-based operational
mechanism [4], i.e., simultaneous localization and mapping
(SLAM)-based device pose tracking [10] with multiple interact-
ing functionality modules, from the perspective of the applica-
tion layer. Current communication service provision approaches
developed from the networking perspective mostly overlook
the impact of this intricate operational mechanism for MAR
applications [11], [12], thereby unable to natively cope with
uncertainties in human movements [13]. As a result, user-centric
communication service provision that can properly take the
impact of MAR operational mechanism into account and char-
acterize user-specific service demands is essential for future 6G
networks to enhance edge-assisted device pose tracking in MAR.

The digital twin (DT) technique can support user-centric
communication service provision for device pose tracking in
MAR via user device virtualization [7]. The use of DT in com-
munications and networking is still in its infancy. We explore
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establishing DTs as digital representations of individual MAR
devices. By doing so, we leverage DTs to obtain and process
high-quantity, high-quality data related to MAR devices [14].
Unlike mathematical methods that explicitly model certain char-
acteristics, such as the statistical frame uploading pattern of an
MAR device, DTs can capture implicit yet crucial information
about the characteristics using data-driven techniques [15]. Ad-
ditionally, DTs can be customized to provide the flexibility re-
quired to capture the unique characteristics of individual entities,
e.g., the service demand pattern of each MAR device [16].

Despite these advantages, research on DTs in communication
and networking is still in its infancy. Three issues arise when
establishing a user DT supporting user-centric communication
service provision for edge-assisted MAR. First, establishing a
proper data model that effectively captures the impact of various
factors in the intricate SLAM-based device pose tracking on the
user-specific service demands is challenging [17]. The selection
of key factors for proper demand modeling and the organization
of the data corresponding to these factors in a structured way
are not explored yet for MAR applications. Second, temporal
variations in user movements may lead to non-stationary ser-
vice demand in MAR. For example, the data traffic load for
uploading camera frames may surge intermittently following
an event of device pose tracking loss [8]. Non-stationary data
traffic presents a challenge to effectively characterizing user-
specific service demands. Third, since no modeling technique
can perfectly capture user-specific service demands, DT-based
communication service provision decisions should account for
modeling inaccuracies [9], [18]. However, obtaining a proper
representation of modeling inaccuracies, which is crucial for
optimizing DT-based communication service provision, is also
a challenge.

In this paper, we investigate communication service provision
to facilitate timely camera frame uploading, which is essen-
tial for supporting SLAM-based device pose tracking in edge-
assisted MAR. To address the aforementioned challenges, we
establish an augMented reAlity useR digitaL twIN (MARLIN),
building on our general DT framework [7], and propose a DT-
based user-centric communication service provision approach
to support edge-assisted device pose tracking for MAR in 6G
networks. MARLIN consists of a customized data model to
characterize the service demand of each individual MAR device
and various DT operation functions to update the data model.
The contributions of this paper are summarized as follows:
� We establish a data model customized for edge-assisted

MAR, including well-structured data attributes and differ-
entiated data update mechanisms, which supports captur-
ing the unique service demands of individual MAR devices
flexibly.

� We define two novel DT operation functions, which jointly
capture the implicit impact of the operational mechanism
of SLAM-based device pose tracking on the non-stationary
uplink data traffic from each MAR device. One of them
implements two data-driven traffic modeling methods with
different complexities, and the other adaptively switches
between these two methods in response to data traffic
variations.

� We propose a user-centric communication service provi-
sion algorithm based on MARLIN, which ensures robust-
ness against the inherent inaccuracies resulting from our
user-level data traffic modeling.

� We demonstrate the potential of MARLIN in facilitating
user-centric communication service provision, by flexibly
adapting data granularity to various data-driven modeling
methods, through trace-driven simulations.

The remainder of this paper is organized as follows. Section II
summarizes related works. Section III presents the considered
scenario, system models, and problem formulation. Sections IV
and V introduce MARLIN and the proposed DT-based user-
centric communication service provision, respectively. Sec-
tion VI presents the simulation results, and Section VII con-
cludes this paper.

II. RELATED WORKS

In this section, we first review the related literature on device
pose tracking techniques used in MAR. Then, we summarize
existing research works on communication service provision
from the networking perspective.

A. Device Pose Tracking in MAR

To align virtual objects with the physical environment within
the field of view of each MAR device, tracking the MAR device’s
pose, including its position and orientation, is fundamental [19].
The SLAM-based device pose tracking techniques and their
variants are widely applied in MAR [17]. Such techniques
enable accurate 3D alignment by leveraging the 3D location
information of physical objects. A trending research direction
is using various visual features, e.g., binary robust independent
elementary features (BRIEF) [10] in the design of SLAM or
MAR systems to enhance the tracking accuracy [20], [21]. Many
researchers focus on combining traditional visual features and
information collected from additional sensors, e.g., LiDAR [22]
and inertial measurement units [23], to improve the tracking ac-
curacy. As a result, the enhanced tracking accuracy comes at the
cost of increased operational complexity and resource demands,
thereby posing a significant challenge to resource-constrained
mobile devices [15].

To overcome the resource constraints of MAR devices, many
recent studies have adopted cloud or mobile edge computing
paradigms [24]. Specifically, the SLAM system for device pose
tracking can be divided into two modules: a computing-intensive
mapping module and a lightweight tracking module, which are
handled by a cloud/edge server and a mobile device, respec-
tively [4]. Ben Ali et al. develop a practical edge-assisted SLAM
system for the mobile device, demonstrating the feasibility
and potential of edge-assisted device pose tracking [25]. The
authors in [26] and [15] design adaptive edge-assisted device
pose tracking schemes aim to overcome constrained uplink data
rates and time-varying uplink data rates, respectively, between
the edge server and an MAR device. In addition, to support ac-
curate virtual object rendering in multi-user MAR applications,
existing studies also investigate coordinate synchronization for
the device pose tracking of different MAR devices [8], [27], [28].
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Different from aforementioned studies that advance device
pose tracking from the application perspective, our work em-
phasizes service provision from the communication and net-
working perspective to support camera frame uploading, which
is crucial for ensuring the timeliness of device pose tracking in
edge-assisted MAR.

B. Communication Service Provision

Communication service provision in existing works concen-
trates on configuring networks to manage network resources
for meeting service demands. Although communication service
provision is a classic research topic in networking, its signifi-
cance persists due to the increasingly diversified and demanding
services [7].

In the early phase of wireless communication network re-
search, communication service provision primarily focuses on
the on-demand allocation of communication resources such as
the radio spectrum and power at each base station. By model-
ing communication service demands, e.g., data packet arrival
patterns and device location distributions, communication re-
sources can be allocated according to the service demand model-
ing while considering constraints on resources [29], interference
management [30], etc. With the advent of 5G, mobile edge
computing (MEC) results in a plethora of computing services
that require communication, computing, and data storage re-
sources. Some works investigate multi-resource management
problems for MEC in network scenarios such as drone-assisted
networks [31], [32], [33] and terrestrial networks [34]. Mean-
while, network slicing, as an innovation in 5G, enables the
establishment of isolated virtual networks, i.e., slices, over the
same physical network infrastructure and differentiated resource
management for different services to satisfy their respective
service requirements [35]. As a result, slicing-based commu-
nication service provision approaches are developed for various
network scenarios [11], [12], [35], [36], [37], [38]. These works
focus on minimizing the network resource consumption while
satisfying service requirements, including the timely completion
of dynamically requested computing tasks [36], the reliability of
resource management [11], [37], and end-to-end delay require-
ments [35], [38].

Despite these advancements, few studies have investigated
communication service provision for MAR, especially for de-
vice pose tracking. Since the MAR operational mechanism has
a significant impact on the service demands of MAR devices,
existing communication service provision approaches that over-
look the influence of the intrinsic MAR operational mechanism
may fail to accurately capture MAR service demands [4]. In
addition, the slicing-based communication service provision pri-
marily targets meeting the aggregated service demands of users
running the same application, rather than user-specific service
demands. As a result, they are not suitable for MAR applications,
which involve uncertain user-specific movements [11], [12].

Different from existing works, we aim to achieve user-centric
communication service provision for MAR applications. Specif-
ically, we establish a DT for each individual MAR device, which
supports a data-driven method to characterize the impact of the

Fig. 1. An illustration of edge-assisted device pose tracking for one MAR
device.

complex MAR operational mechanism on user-specific service
demands.

III. EDGE-ASSISTED DEVICE POSE TRACKING IN MAR

A. Considered Scenario

When a user runs an MAR application, the position and
orientation (jointly referred to as the 3D pose) of the MAR device
change over time due to the user movements. The MAR device
captures camera frames periodically with a fixed frame rate and
tracks its 3D pose based on the captured camera frames, which
is crucial for rendering virtual objects at correct locations within
the user’s field of view [10].

An edge server deployed at a base station (BS) assists the
device pose tracking of a set of MAR devices, denoted by N ,
within the communication coverage of the BS. Currently, SLAM
techniques are widely adopted to support device pose tracking
in MAR [4]. An example paradigm of edge-assisted device
pose tracking for one MAR device is illustrated in Fig. 1, in
which the edge server and the device collaboratively track its 3D
pose. Specifically, the edge server includes a resource-intensive
mapping module to construct and update a 3D representation
(i.e., a 3D map) of the physical environment surrounding each
MAR device for enabling device pose tracking, while the MAR
device includes a lightweight tracking module for calculating
its real-time 3D pose based on the 3D map [26]. For each MAR
device, both the device and the edge server maintain their own
3D maps during device pose tracking. For clarity, we refer to
them as the “3D map (device)” and “3D map (edge)” in this
paper, respectively.

As shown in Fig. 1, edge-assisted device pose tracking can
be divided into four key steps [25]: (i) each MAR device selects
a subset of recently captured camera frames as the key frames
and uploads these key frames to the edge server over a wire-
less communication link; (ii) the mapping module equipped at
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the edge server updates the 3D map (edge) by incorporating
newly uploaded key frames along with previously stored ones;
(iii) the edge server sends the updated 3D map (edge) to this
MAR device for 3D map synchronization; and (iv) the tracking
module at each MAR device updates the 3D map (device) based
on the information on the received 3D map (edge) and leverages
the updated 3D map (device) to locally calculate the device pose
for every camera frame. These four steps are performed itera-
tively during device pose tracking, as detailed in the following
subsections.

B. Key Frame Uploading

To cope with uncertain user movements, each MAR device
with a fixed frame rate periodically selects a number of key
frames from recently captured camera frames and uploads them
to the edge server for updating the 3D map (edge). LetFn denote
the set of all camera frames captured by MAR device n ∈ N .
We refer to the duration of F consecutive camera frames as a
time slot, i.e., the period of key frame uploading, and denote
the set of all time slots by T . Let Fn,t ⊆ Fn denote the set of
camera frames captured during time slot t ∈ T .

For camera frame f ∈ Fn of MAR device n, we use an,f ∈
{0, 1} to indicate whether it is a key frame or not. Let an,f =
1 if camera frame f is selected as a key frame, and an,f = 0
otherwise. The detail about key frame selection will be presented
in Section III-C. Denote the set of key frames selected in time
slot t by Kn,t = {f ∈ Fn,t|an,f = 1}. Considering the time-
varying number of key frames for uploading [25], we define the
number of key frames in each time slot as a random variable,
given by:

k̃n,t =
∑

f∈Fn,t

an,f , ∀t ∈ T . (1)

At the end of time slot t, MAR device n uploads the set of
selected key frames, i.e., Kn,t, to the edge server.

Proactive radio spectrum resource management is necessary
to ensure timely key frame uploading for facilitating real-time
device pose tracking in MAR [4]. Denote the radio spectrum
bandwidth reserved for MAR device n in time slot t for key
frame uploading by bn,t. For proactive radio spectrum resource
management, the value of bn,t should be determined at the
beginning of each time slot. Given bn,t, the uplink data rate of
MAR device n within time slot t, denoted by rn,t, is as follows:

rn,t = bn,t log(1 + γn,t), ∀t ∈ T , n ∈ N , (2)

where γn,t represents the estimated signal-to-noise ratio (SNR)
at MAR device n in time slot t [39]. We denote the volume of
data (in bits) for uploading each camera frame by α, the same
for all camera frames.

To achieve user-centric communication service provision for
MAR, we target ensuring the timely key frame uploading of each
individual MAR device, rather than focusing on the performance
averaged over multiple devices as in slicing-based communica-
tion service provision [12]. Uploading the set of key frames
selected by MAR device n in time slot t, i.e., k̃n,t, the following

constraint should be satisfied [40]:

P (αk̃n,t ≤ T rrn,t) ≥ ε, ∀t ∈ T , n ∈ N , (3)

where ε ∈ [0, 1] represents the required reliability of commu-
nication service provision, and T r represents the maximum
tolerable total transmission duration for uploading the selected
key frames from an MAR device.

C. 3D Map Update & Synchronization

The key frames uploaded by each MAR device are used to
form or update the 3D map (edge) at the edge server. The 3D
map consists of a set of key frames uploaded by the MAR device
over time as well as the feature points (FPs), e.g., a wall corner,
detected from each key frame [10].1 The updates of the two 3D
maps are different but correlated.

The set of key frames stored in the 3D map (edge) of MAR
device n ∈ N at time slot t, denoted by ME

n,t ⊆ F , changes as
shown in the following equation [15], [26]:

ME
n,t =

{
ME

n,t−1 ∪ Kn,t−1

}
\Cn,t−1, (4)

where Cn,t−1 ⊆ ME
n,t−1 represents the set of key frames re-

moved from the 3D map (edge)ME
n,t−1 of MAR devicen in time

slot t. We assume that the update of ME
n,t can be accomplished

at the end of each time slot. After the 3D map (edge) update, the
set ME

n,t is downloaded by MAR device n for updating the 3D
map (device) [25].

In MAR applications, key frame selection and uploading is
conducted based on an implicit policy, denoted by Π, used by
the MAR operational mechanism of device pose tracking [10].
Generally, in a policy, a frame is selected as a key frame if it
differs sufficiently from its preceding key frames and thus can
provide adequate new environment information, e.g., FPs, while
having sufficient overlap with preceding for easily implementing
device pose tracking [10]. While factors influencing key frame
selection and uploading may differ in existing policies [15], [25],
[26], a general policy Π can be formulated as follows:

an,f = Π(MD
n,f ,Xn,f , f), ∀f ∈ Ft, t ∈ T , (5)

where MD
n,f denotes the set of key frames in the 3D map (de-

vice) of MAR devicen, andXn,f = {f ′ ∈ F|f −X ≤ f ′ < f}
represents the set of X preceding camera frames when camera
frame f is captured by MAR device n. Given the value of an,f ,
the 3D map (device) is updated as follows:

MD
n,f =

{
MD

n,f−1 ∪ {f} if an,f−1 = 1;

MD
n,f−1 otherwise .

(6)

Given (5) and (6), key frame selection and uploading, depending
on policy Π, can be abstracted as a sequential decision making
process [15].

1A 3D map consists of a set of key frames and the set of FPs identified in
each key frame [10]. Since the update of FPs is determined by the update of key
frames, we use the adding and deleting of key frames to represent the update of
a 3D map for simplicity.
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Fig. 2. The workflow of the proposed DT-based user-centric communication
service provision approach.

D. Problem Formulation

To efficiently support edge-assisted device pose tracking
in MAR, we formulate a user-centric communication service
provision problem with the objective of minimizing the radio
spectrum resource reserved for the key frame uploading of all
MAR devices, as follows:

P1: min
{bn,t}n∈N ,t∈T

∑
n∈N

∑
t∈T

bn,t (7a)

s.t. P (αk̃n,t ≤ T rrn,t) ≥ ε, ∀n ∈ N , t ∈ T , (7b)

where constraint (7b) ensures that the key frame uploading of
each individual MAR device satisfies the delay requirement with
a sufficiently high probability.2 In Problem P1, random vari-
ables k̃n,t are unknown a priori, and temporal variations in data
traffic of each MAR device may be non-stationary. Existing com-
munication service provision approaches optimize radio spec-
trum resource reservation based on either mathematical mod-
eling or data-driven prediction [9]. However, mathematically
modeling k̃n,t is intractable due to the implicit policy Π. While
data-driven approaches, e.g., deep neural networks (DNNs),
potentially outperform mathematical modeling in the accuracy
of approximating a complex policyΠ, existing approaches over-
look the impact of the MAR operational mechanism of device
pose tracking on the data traffic for key frame uploading [25],
[26], and thereby struggle to adapt to non-stationary data traffic.

To solve Problem P1, we develop a novel digital twin (DT)-
based approach, as shown in Fig. 2. First, we establish a user
DT that can characterize the impact of the MAR operational
mechanism on the data traffic from individual MAR devices.
Second, we propose a user-centric communication service pro-
vision method with the consideration of potential modeling
inaccuracies. The two modules are presented in Sections IV
and V, respectively.

2We focus on the camera frame uploading delay that is affected by decisions
for the data plane, e.g., network resource provisioning decisions, rather than
delay stemming from the control plane, e.g., control signaling delay.

IV. MAR USER DIGITAL TWIN ESTABLISHMENT

In this section, we customize an augMented reAlity useR
digitaL twIN, called MARLIN, for each individual MAR device.
Our designs for MARLIN evolves from the framework presented
in [14], [15]. As illustrated by the light grey block in Fig. 2,
MARLIN, comprising an MAR user profile (MUP) and two
user DT operation functions (UDTOFs), is deployed at the BS
and maintained by the controller to facilitate communication
service provision for MAR. In the MUP, we define a data model
customized for MAR, consisting of a set of well-structured
data attributes chosen to characterize the service demand of the
corresponding MAR device and to support our user-centric com-
munication service provision. The two UDTOFs are leveraged
to process the collected raw data in various ways for updating
the data within the MUP accordingly. We introduce the two
UDTOFs first, followed by the MUP.

A. Data-Driven Demand Modeling Function (DMF)

User-centric communication service provision for MAR re-
quires an accurate model to capture the uplink data traffic of
key frame uploading at each individual MAR device. To this
end, we use a Markov decision process to model the sequential
decision making of each MAR device on key frame selection
and uploading.

For MAR device n, we denote a state by sn,f ∈ Sn and
define an,f ∈ as an action, i.e., determining whether camera
frame f is a key frame or not, based on the state. Define
state transition probability function P (sn,f+1|sn,f , an,f ) :=
Sn ×An → Sn. The choice of the action an,f depends on the
policy Π mentioned in (5).

Given actions an,t = [an,f ]∀f∈Fn,t
∈ An in time slot t, the

data traffic of MAR device n for key frame uploading in time
slot t can be obtained from (1).

The goal of our demand modeling function (DMF) is to
approximate policy Π for predicting the data traffic of key frame
uploading. A foundation for approximating Π is to define the
states. Considering model accuracy and model complexity, we
introduce two types of states for a detailed and a simplified
data traffic modeling in the DMF, respectively. In addition to
the approximation of policy Π, the DMF should approximate
the state transition probability function P (sn,f+1|sn,f , an,f ) to
support data traffic modeling.

1) Detailed Modeling: In SLAM-based device pose track-
ing, the relations among the sets of FPs corresponding to camera
frames are essential for estimating the device poses at the instants
of capturing these camera frames, thereby significantly affecting
key frame selection and uploading in MAR [20]. In our detailed
modeling, we use a graph to model the relations among the sets
of FPs corresponding to camera frames and capture the impact
of such a graph on the data traffic load of each MAR device [26].

Denote the set of FPs identified in camera frame f by Uf .
We model the 3D map (device) of MAR device n and the
camera frame f , i.e. MD

n,f ∪ {f}, as a weighted undirected
graph, denoted by GD

n,f = (MD
n,f ∪ {f}, ED

n,f ), where ED
n,f rep-

resents the set of edges between every pair of camera frames
inMD

n,f ∪ {f}. For edge e = (f, f ′) ∈ ED
n,f connecting camera
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frames f, f ′ ∈ MD
n,f , its weight is defined as the Jaccard coef-

ficient, denoted by εf,f ′ ∈ [0, 1], which quantifies the similarity
of sets Uf and Uf ′ as follows:

εf,f ′ =
|Uf ∩ Uf ′ |
|Uf ∪ Uf ′ | , ∀ Uf ∪ Uf ′ �= ∅, (8)

where | · | represents the cardinality of a set. When many
observations are shared by camera frames f and f ′, the two
sets of FPs Uf and Uf ′ are similar, resulting in a large εf,f ′ .
Similarly, we model the set of camera frames Xn,f defined
right after (5) as another weighted undirected graph, denoted
by Gn,f = (Xn,f , En,f ). Based on these graphs, we define the
state used in the detailed modeling for MAR devicen as follows:

sD
n,f = [GD

n,f ,Gn,f ], ∀n ∈ N , f ∈ Fn, (9)

which is abbreviated as the D-state.
We adopt a graph convolutional network (GCN)-based tech-

nique to approximate policy Π by using the D-state ϑD as the
input and action an,f as the output. LetϑD denote the parameters
of the GCN, and define ΠD as the policy generating action by
using this GCN. To make policy ΠD approach policy Π, we
optimize the parameters ϑD by minimizing the following loss
function:

L(ϑD) =
1

|Ξ|
∑

(an,f ,sD
n,f )∈Ξ

(
an,f −ΠD(sD

n,f ;ϑ
D)
)2

, (10)

where Ξ represents a set containing historical information on
actions and D-states, stored in the MUP for MAR device n.

For graphs GD
n,f and Gn,f , we use two GCNs for feature

extraction. The extracted features are concatenated, followed
by fully-connected layers. The computational complexity for
predicting whether a camera frame will be uploaded using the
D-model is given by [41], [42]:

O(ZD) = O(|En,f |ND
I,1N

D
H,1N

D
O,1 + |ED

n,f |ND
I,2N

D
H,2N

D
O,2

+ND
FL), (11)

where ND
I,1 and ND

I,2 denote the input feature dimensions of
the nodes, ND

H,1 and ND
H,2 denote the hidden layer dimensions

of the two GCNs, ND
O,1 and ND

O,2 denote the dimensions of
features extracted by the GCNs, and ND

FL represents the number
of parameters in the fully-connected layers. Given F camera
frames to be uploaded within the subsequent time slot, the
computational complexity becomes O(ZDF ).

2) D-State Transition Modeling: In the detailed modeling,
the state transition probability in D-state sD

n,f is characterized as
follows:

P (sD
n,f+1|sD

n,f , an,f ) =
P (GD

n,f+1,Gn,f+1,GD
n,f ,Gn,f , an,f )

P (GD
n,f ,Gn,f , an,f )

(12a)

=
P (GD

n,f+1,GD
n,f , an,f )P (Gn,f+1,Gn,f |GD

n,f+1,GD
n,f , an,f )

P (GD
n,f+1, an,f )P (Gn,f |GD

n,f+1, an,f )

(12b)

= P (GD
n,f+1|GD

n,f , an,f )
P (Gn,f+1,Gn,f )

P (Gn,f )
(12c)

= P (GD
n,f+1|GD

n,f , an,f )P (Gn,f+1|Gn,f ), (12d)

where (12c) holds due to the fact that newly arrived cam-
era frames in Xn,f+1 in graph Gn,f+1 do not depend on
graph of the 3D map (device), i.e., GD

n,f , or action an,f .
Since P (GD

n,f+1|GD
n,f , an,f ) can be calculated according to (6),

we need to approximate only P (Gn,f+1|Gn,f ) for modeling
D-state transitions. We build a GCN φ(Gn,f ;θ) with param-
eters θ to approximate the D-state transitions. Note that this
GCN is used only for graph link prediction, i.e., output only the
weights of edges between camera frames, instead of the whole
camera frames [43].

3) Simplified Modeling: The detailed modeling involves
shared observations, e.g., the shared set of FPs, among historical
camera frames. Excessive input data may introduce redundancy
and decrease service demand modeling accuracy. For example,
the procedure of key frame selection and uploading in the MAR
operational mechanism is simple for device pose tracking when
the variation in device pose is insignificant [10], [25]. The
accuracy of detailed modeling, thus, may be degraded since
such redundant input data may complicate the GCN training
for approximating policy Π in the detailed modeling.

As an alternative, we propose a simplified data-driven data
traffic modeling and define the corresponding state used in the
simplified modeling for MAR device n, abbreviated as S-state,
as follows:

sS
n,f = [an,i]∀f−Tw≤i<f , ∀n ∈ N , f ∈ Fn, (13)

which consists of the actions conducted for the preceding Tw

camera frames. We build a recurrent neural network with pa-
rameters ϑS to approximate policy Π by using the S-state sS

n,f

as the input. In this case, the approximation of policy Π can be
simplified as a temporal sequence prediction [44]. We optimize
parameters ϑS by minimizing the following loss function:

L(ϑS) =
1

|Ξ|
∑

(an,f ,sS
n,f )∈Ξ

(
an,f −ΠS(sS

n,f ;ϑ
S)
)2

. (14)

Since S-state sS
n,f consists of only previous actions, S-state

transitions are straightforward and do not require additional
modeling.

Let NS represent the number of cells of the adopted recurrent
neural networks, e.g., LSTM [45]. Given that the input size
and the output size of the recurrent neural network are Tw

and 1, respectively, the computational complexity for predicting
whether a camera frame will be uploaded using the S-model is
O(ZS), whereZS is the total number of parameters in a standard
recurrent neural network with one cell in each memory block and
is given by [45]:

ZS = 4×NS ×NS + 4×NS × (Tw + 1). (15)

Given F camera frames to be uploaded within the subsequent
time slot, the computational complexity becomes O(ZSF ).

Authorized licensed use limited to: University of Waterloo. Downloaded on February 18,2026 at 00:11:15 UTC from IEEE Xplore.  Restrictions apply. 



ZHOU et al.: USER-CENTRIC COMMUNICATION SERVICE PROVISION FOR EDGE-ASSISTED MAR 3441

Algorithm 1: Model Switching Method.

B. Model Switching Function (MSF)

The model switching function (MSF) is designed to adapt the
two data-driven models in the DMF to non-stationary uplink
data traffic. We propose an easy-to-use model switching method
stemmed from our observations from experiments conducted
with an open-source SLAM-based device pose tracking plat-
form [10], [25] on real camera frame sequences [46].

In MAR applications, when variations in the physical en-
vironment and device pose are insignificant, the procedure of
key frame selection and uploading in the MAR operational
mechanism is simple, leading to relatively stable key frame
uploading; Conversely, a significant variation, e.g., tracking loss,
generally complicates the procedure of key frame selection and
uploading, potentially resulting in bursts of key frame uploading.
We define the variation in the number of uploaded key frames
across time slots, denoted by Δn,t, to guide the model switching
for MAR device n:

Δn,t =| k̃n,t−1 − k̃n,t−2 |, ∀t ∈ T , n ∈ N . (16)

We refer toΔn,t as the model switching status of MAR devicen.
Define hn,t ∈ {0, 1} as an indicator representing the resulting
choice of our MSF for MAR device n, i.e., its currently used
modeling method. If hn,t = 1, the detailed modeling is used in
time slot t; Otherwise, the simplified modeling is used.

The basic idea of model switching is as follows. A larger
value of Δn,t indicates a significant variation in device pose,
and the detailed modeling is needed to capture the burst of key
frame uploading in this case. Otherwise, the simplified mod-
eling is sufficient. We present the model switching method in
Algorithm 1. We introduce parameters δu

n, δb
n, and Mn to jointly

configure the switching condition for MAR device n, which
avoid frequent switching between the two modeling methods.
In lines 5–7, parameter δu

n determines the threshold indicating
that a significant variation occurs, and controls the switching
to the detailed modeling, i.e., hn,t = 1, when the value of Δn,t

exceeds the threshold. In lines 8–14, parameters δb
n and Mn

jointly control the switching to the simplified modeling, wherein
δb
n represents the threshold for an insignificant variation. We

Fig. 3. The hierarchical data model in the MUP.

introduce parameter Mn to adjust the trigger point for switch-
ing from the detailed modeling to the simplified modeling. A
larger value of Mn represents a preference for using detailed
modeling in the DMF. The three parameters offer flexibility for
user-centric configuration, as they can be configured according
to user movements and user-specific psychical environment.

C. MAR User Profile (MUP)

The MUP includes a structured data model consisting of
a number of data elements, organized according to a defined
schema [14], [47]. As shown in Fig. 3, our defined hierarchical
data model is tailored to MAR, which can support user-centric
communication service provision. For our data model, we in-
troduce data structure, data attribute, and data update method as
follows:
� Data Structure: As shown in Fig. 3, at the top level of

this hierarchy, there is a “user terminal” representing an
individual MAR device such as a pair of smart glasses or
a smartphone. We define a number of “functional units”
belonging to the MAR device, each relating to a unique
functionality, e.g., device pose tracking or 3D rendering,
in the MAR application. For each functional unit, e.g.,
device pose tracking, a set of “data attributes” can be
flexibly defined according to its corresponding operation
mechanism, thereby enabling MAR user-specific service
demand modeling from a data-oriented perspective [14].

� Data Attribute: We classify the defined data attributes
into three categories. (i) User-oriented data support the
characterization of service demand for the corresponding
MAR device. Illustrated as the green blocks in Fig. 3, key
parameters sD

n,f , sS
n,f , and an,f are used by the DMF to

model the uplink data traffic. (ii) Configuration-oriented
data support the effective configuration and execution
of UDTOFs, e.g., DMF and MSF, thereby enabling the
implementation of the DT itself. Model switching sta-
tus Δn,t and the choice of switching hn,t are configured to

Authorized licensed use limited to: University of Waterloo. Downloaded on February 18,2026 at 00:11:15 UTC from IEEE Xplore.  Restrictions apply. 



3442 IEEE TRANSACTIONS ON MOBILE COMPUTING, VOL. 25, NO. 3, MARCH 2026

determine the switching condition, shown as the blue block
in Fig. 3. (iii) Management-oriented data, shown as the
purple blocks in Fig. 3, facilitate the implementation of
user-centric network resource management strategies. In
particular, parameters regarding demand modeling inaccu-
racies, such as pt, qt, and λt, support the decision making
on user-centric network resource allocation, which will be
introduced in Section V.

� Data Update: The data elements in our data model can be
updated. The data sources and data update methods can
vary across data attributes. We design three different data
update methods for the aforementioned three categories
of data attributes. As shown in Fig. 3, the user-oriented
data are periodically collected from the MAR device and
the edge server. The update of configuration-oriented data
is triggered by the update events of user-oriented data.
Specifically, the update of model switching status Δn,t in
Algorithm 1 is based on the temporal variation in an,f , and
the change of hn,t is triggered by the value change of Δn,t.
The update of the management-oriented data depends on
an update rule tailored to the adopted network management
algorithms, which will be presented in Section V.

In contrast to conventional mathematical modeling for cap-
turing service demand, our data model has two potential ad-
vantages. First, it has the flexibility to differentiate the data
structure and the data attributes for different MAR devices,
thereby supporting customized service demand modeling and
network resource management. In addition, our data model has
a high extensibility to support various functionalities in MAR
applications and network management objectives.3 Due to these
advantages, the implicit impact of the MAR operational mecha-
nism on the user-specific service demands can be characterized
by using the data model and UDTOFs [7], [48].

V. DT-BASED USER-CENTRIC COMMUNICATION SERVICE

PROVISION

It is well known that neither mathematical models nor data-
driven models can guarantee accurate modeling of service de-
mand [7], [9]. Considering the potential modeling inaccuracies
resulting from MARLIN, we need to design a robust commu-
nication service provision method tailored to data-driven traffic
modeling.

Define ân,f as the predicted value of an,f by MARLIN. Given
the prediction results ân,t = [ân,f ]∀f∈Fn,t

, Problem P1 can be
transformed as follows:

P2: min
{bn,t}n∈N ,t∈T

∑
n∈N

∑
t∈T

bn,t (17a)

s.t. P (αk̃n,t ≤ T rrn,t|ân,t) ≥ ε, ∀n ∈ N , t ∈ T , (17b)

where constraint (17b) bounds the minimum value of the con-
ditional probability given the predicted results. We solve Prob-
lem P2 to achieve robust user-centric communication service
provision in both single-user and multi-user scenarios.

3This paper only focuses on the communication service provision for a single
functional unit, i.e., device pose tracking.

A. Single-User Communication Service Provision

For the single-user scenario, i.e., |N | = 1, in this subsection,
we remove the subscript n for simplicity. To represent the
amount of radio spectrum resource required for timely key frame
uploading, we introduce an auxiliary variable kt, defined as the
number of key frames if the reserved radio spectrum resource bt
can support timely key frame uploading. As a result, the optimal
solution to Problem P2, i.e., b∗t , is given by:

b∗t =
αT r

log(1 + γt)
k∗t , ∀t ∈ T , (18)

where k∗t denotes the minimum value of kt, given by:

k∗t = argmin
kt

P

⎛
⎝∑

f∈Ft

af ≤ kt|ât

⎞
⎠ ≥ ε. (19)

To determine k∗t , we need to first obtain the conditional probabil-
ity P (at = a|ât = â), i.e., the posterior probability of at = a,
∀a ∈ A given predicted results ât = â, ∀â ∈ A according to
Bayes’ theorem:

P (at = a|ât = â) =
P (at = a)P (ât = â|at = a)∑
a∈A P (at = a)P (ât = â|at = a)

,

(20)
where P (at = a) is the prior probability of at, and P (ât =
â|at = a) is the likelihood of at given prediction result ât. By
updating the value of P (at = a|ât = â) based on the update
of parameters P (at = a) and P (ât = â|at = a), we can deter-
mine the value of k∗t .

The workflow of DT-based user-centric communication
service provision for the MAR device is summarized in
Algorithm 2. In lines 4–5, at the beginning of time slot t, the
MSF selects a proper modeling method, and the DMF provides
the predicted results of the service demand of the MAR device
in time slot t. In lines 6–12, parameters P (at = a) and P (ât =
â|at = a) stored in the MUP are used to calculate P (at =
a|ât = â), which can help the controller to determine the value
of k∗t . To indicate the parameters for the detailed and the sim-
plified modeling, we use superscripts “D” and “S”, respectively.
In line 13, information on D-states sD

f and actions af , collected
from the MAR device and the edge server, respectively, is used to
update the user-oriented data in the MUP at the end of time slot t.
In lines 14–17, parameters P (at = a) and P (ât = â|at = a)
are updated based on the user-oriented data collected in the past τ
time slots. Parameters P (at = a) and P (ât = â|at = a) in
Algorithm 2 represent the management-oriented data defined in
Section IV-C, which enhance the robustness of decision making
for user-centric communication service provision by accounting
for modeling inaccuracies.

Considering the complexity in updating a large number of
parameters P (at = a) and P (ât = â|at = a) in the MUP, we
analyze the performance of user-centric communication service
provision and decrease the number of the used parameters for
easily applying Algorithm 2. Without loss of generality, we as-
sume that, given âf , ∀f ∈ Ft, random variables af , ∀f ∈ Ft are
independent and identically distributed (i.i.d.), and P (af |ât) =
P (af |âf ), ∀f ∈ Ft.
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Algorithm 2: DT-Based User-Centric Communication Ser-
vice Provision.

Theorem 1: The probability P (
∑

f∈Ft
af ≤ kt|ât) can be

derived in (21), shown at the bottom of this page, which is a
non-decreasing function given parameters pt, qt, and λt, where
Ât =

∑
f∈Ft

âf , Ft = |Ft|,

pTPR
t =

ptλt

ptλt + (1− qt)(1− λt)
, (22)

and

pTNR
t =

qt(1− λt)

qt(1− λt) + (1− pt)λt
. (23)

Proof: See Appendix A, available online. �
Theorem 1 allows us to find the optimal value, i.e., k∗t , based

on the closed-form probability P (
∑

f∈Ft
af ≤ kt|ât), given

only three parameters pt = P (âf = 1|af = 1), qt = P (âf =

0|af = 0), and λt = P (af = 1) in time slot t. Thus, parame-
ters pt, qt, and λt can replace parametersP (at = a) andP (ât =
â|at = a) in Algorithm 2 as management-oriented data main-
tained by the MUP. By updating the three parameters, MARLIN
supports robust user-centric communication service provision
for the MAR device.

B. Multi-User Communication Service Provision

The proposed Algorithm 2 can be extended to multi-user sce-
narios, i.e., |N | > 1, since the communication service provision
for different MAR devices in Problem P2 is independent except
for a potential constraint on the total available radio spectrum
resource for concurrent uplink transmissions at the BS. In this
subsection, we focus on the comparison of user-centric com-
munication service provision and slicing-based communication
service provision.

Given the radio spectrum resource reserved for MAR devicen
in time slot t, i.e., b∗n,t, in (18), the overall radio spectrum
reserved for all MAR devices in time slot t is given by:

B∗
t =

∑
n∈N

αT r

log(1 + γn,t)
k∗n,t, ∀t ∈ T . (24)

In user-centric communication service provision, the reserved
radio spectrum B∗

t can ensure that the probability of timely
uploading key frame for each MAR device is larger than the
value of ε.

Since slicing-based communication service provision does
not have or use the service demand information of individual
MAR devices [7], the service demands of different devices
running the same MAR applications are usually assumed to be
i.i.d. [35]. Considering a simple scenario where random vari-
ables k̃n,t, ∀n ∈ N are i.i.d. with mean k̄t and variance σ2

t , we
can formulate a slicing-based communication service provision
problem as follows [11], [12]:

P3: min
{Bs

t}t∈T

∑
t∈T

Bs
t (25a)

s.t. P

(
α

|N |
∑
n∈N

k̃n,t ≤ T rr

(
Bs

t

|N |

))
≥ ε, ∀t ∈ T , (25b)

where Bs
t represents the radio spectrum resource reserved for all

MAR devices, and (25b) ensures that the probability of timely
uploading the number of key frames averaged over all MAR
devices is larger than the value of ε.

Theorem 2: The optimal value of Bs
t in Problem P3 is given

by:

Bs,∗
t =

αT r|N |
log(1 + γ̄t)

⌈
k̄t +

Φ−1(ε)σ2
t

|N |

⌉
, (26)

g(kt; pt, qt, λt) =

kt∑
k=0

min(Ât,k)∑
j=max(0,k−(Ft−Ât))

(
Ât

j

)
(pTPR

t )j(1− pTPR
t )Ât−j

(
Ft − Ât

k − j

)
(1− pTNR

t )k−j(pTNR
t )Ft−Ât−k+j . (21)
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TABLE I
SIMULATION PARAMETERS

where Φ−1(·) denotes the quantile function of the standard
normal distribution, γ̄t represents the average SNR over all MAR
devices, and �·� is the ceiling function.

Proof: See Appendix B, available online. �
Theorem 2 allows us to obtain the overall radio spectrum re-

served for MAR devices in time slot t, i.e.,Bs,∗
t , in slicing-based

communication service provision. Comparing (24) and (26),
we have two observations. First, the amount of radio spec-
trum resource reserved for an individual MAR device in the
slicing-based communication service provision, i.e., Bs,∗

t /|N |,
approaches αT rk̄t/ log(1 + γ̄t), which is less than that in user-
centric communication service provision when

∑
n∈N k∗n,t <

k̄t|N |. Second, slicing-based communication service provi-
sion is less sensitive to the variances of individual traffic de-
mands of MAR devices. As shown in Theorem 2, the value
of Φ−1(ε)σ2

t /|N | decreases with the increase of |N |. In con-
trast, the distribution of k̃n,t significantly influences user-centric
communication service provision, and, thus, the user-centric
communication service provision is more robust in adapting to
user-specific service demands. Consequently, the user-centric
communication service provision for MAR can trade off re-
source consumption for the ability in adapting to user-specific
service demand variations.

VI. PERFORMANCE EVALUATION

In this section, we evaluate the performance of our DT-based,
user-centric approach to communication service provision in
edge-assisted MAR. Our focus is on the impact of radio spectrum
resource management on the timeliness of key frame uploading
from the communication and networking perspective.

A. Simulation Settings

1) Settings of Considered Scenario and DT: In our simu-
lation, we use 218 camera frame sequences, corresponding to
different user movements in various environments, from the
InteriorNet dataset [46] and conduct device pose tracking for the
MAR device using the open-source ORB-SLAM3 platform [10].
We use a resource block (RB) as the base unit for radio spectrum
resource, each of which is 180 kHz wide (12 subcarriers) in
radio spectrum bandwidth and 0.5 ms in time. Other important
parameter settings are listed in Table I.

To establish a DT for each MAR device, we first design the
DMF in the DT using deep learning techniques. Specifically,
for detailed modeling within the DMF, we employ a DNN with
parameters ϑD. This network consists of one graph convolution
(GC) layer for graph feature extraction, followed by three fully
connected (FC) layers with output dimensions of 416, 64, and 8,
respectively. To approximate D-state transitions, we use another

DNN with parameters θ, comprising three GC layers followed
by three FC layers with output dimensions of 256, 64, and 32,
respectively. The input node features of graphsGn,f andGD

n,f are
derived from camera frames processed by the ResNet-50 DNN.
Each GC or FC layer is followed by a batch normalization layer
and a ReLU activation function. For simplified modeling in the
DMF, we adopt a DNN with parameters ϑS, which includes one
LSTM layer with 50 neurons, followed by two FC layers with
output dimensions of 32 and 16, respectively.

Second, we design the MSF in the DT by concentrating on
three key parameters that enable the adaptation of the DMF to
the non-stationary uplink data traffic of each MAR device. We
set the trigger point Mn and the lower variation threshold δb

n

to 3 and 2, respectively, to jointly determine the conditions for
switching from detailed modeling to simplified modeling in the
DMF. We set the upper variation threshold δu

n to 4 to determine
determine the condition for switching from simplified modeling
back to detailed modeling.

2) Benchmark Approaches: We compare the proposed DT-
based user-centric communication service provision with the
state-of-the-art slicing-based communication service provision,
a key innovation for service-oriented network management in
5G [35]. In addition, we adopt the following prevalent service
demand modeling approaches, including mathematical model-
based and data-driven approaches, as benchmark [9], [49], [50],
[51]:
� Poisson regression: The number of key frames for up-

loading in each time slot is assumed to follow a Poisson
distribution, a mathematical model widely applied in net-
work resource management. The parameters of the Poisson
distribution are estimated based on historical information.

� LSTM-based neural network: Following the simplified
modeling in the DMF, an LSTM-based recurrent neural
network is pre-trained and employed to predict the number
of key frames to be uploaded in each time slot.

� N-BEATS: Without relying on recurrent neural networks
or attention-based mechanisms, N-BEATS uses a stack of
fully-connected blocks to capture long-term components
for time-series prediction.

� Transformer-based neural network: Transformer-based
neural networks leverage self-attention mechanisms to en-
able parallel processing and capture direct relationships
across all inputs, making them highly effective for time-
series analysis and prediction.

� Informer: Transformer-based neural networks designed
for long sequence time-series forecasting, featuring a
compute-efficient self-attention mechanism and a scalable
architecture to handle long outputs.

B. Performance of Service Demand Modeling

We first compare the service demand modeling performance
of MARLIN with that of a mathematical model-based approach.
As shown in Fig. 4, compared to the “Predicted (Poisson
Model)” approach, we observe that the predicted values by
MARLIN more closely match the actual non-stationary uplink
data traffic, particularly during bursts in uplink data traffic that
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Fig. 4. Performance comparison between MARLIN and Poisson model-based
approach.

Fig. 5. Performance of model switching in adapting to data traffic variations.

may result from device tracking loss or significant changes in
the physical environment. In contrast, the widely-used Poisson
model captures only large time-scale service demand patterns,
such as average values, but falls short in characterizing the
detailed temporal patterns in service demand, e.g., fluctuations
caused by user movements or the SLAM-specific camera frame
uploading mechanism. Therefore, MARLIN outperforms the
Poisson model-based approach in terms of representation power.
In addition, MARLIN can switch between the detailed and the
simplified data-driven modeling according to variations in the
number of uploaded key frames, thereby reducing input data
redundancy in the detailed modeling.

In Fig. 5, we show the adaptivity of MARLIN to the non-
stationary uplink data traffic for key frame uploading. For a cam-
era sequence, the status whether each camera frame is selected
as a key frame for uploading or not is shown in Fig. 5(a). It is hard
to identify a regular and stationary pattern at first glance since

Fig. 6. Radio spectrum resource utilization of the designed model switching
method in MARLIN.

Fig. 7. Performance comparison between the proposed DT-based approach
and benchmark data-driven approaches.

the complex operational mechanism of device pose tracking
is adopted to address uncertain user movements. We plot the
variations in model switching status, i.e. Δn,t, along with the
corresponding choice of the detailed and the simplified modeling
methods made by our MSF, in Fig. 5(b). We can observe that the
detailed modeling method is used during bursts in uplink data
traffic, while the simplified modeling method is used in scenar-
ios with less variations in uplink data traffic. This is because
MARLIN targets accurately approximating the non-stationary
MAR service demand by using contextual knowledge, e.g., the
MAR operational mechanism of device pose tracking in dealing
with uncertain user movements.

C. Performance of DT-Based User-Centric Communication
Service Provision

In this subsection, we compare the performance of our
proposed approach with that of both mathematical model-based
and data-driven approaches across 15 camera sequences. Since
our objective is to minimize the communication resource con-
sumption while ensuring timely camera frame uploading, we
evaluate all approaches from two perspectives: 1) the ratio of
timely uploaded key frames (TUKF) and 2) the radio spectrum
resource provisioning (RP) ratio, defined as the amount of pro-
visioned radio spectrum resource over the amount of required
radio spectrum resource.
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TABLE II
COMPARISON RESULTS ON CAMERA FRAME SEQUENCES WITH DIFFERENT USER MOVEMENT PATTERNS

Fig. 8. The value of ε versus the actual ratio of timely uploaded key frames.

Fig. 9. Performance of the fine-grained and the coarse-grained data update
methods in MARLIN.

In Fig. 6, we show the performance when only employing the
simplified model (labeled as “S-Model Only”), the performance
when only employing the detailed model (labeled as “D-Model
Only”), and the performance when switching between two mod-
eling methods (labeled as “Model Switching”), respectively. We
can make two important observations. First, “Poisson Model”
is inferior to “S-Model Only”, “D-Model Only”, “Transformer-
based”, “N-BEATS”, and “Informer” in both aspects since the
data-driven modeling methods based on DNNs offer greater
representation power. Second, compared to other data-driven
benchmark methods, our approach achieves lower RP ratio
without sacrificing the performance of TUKF significantly. This
demonstrates the advantage of our approach in communication

resource efficiency since the S- and D-models can be adaptively
selected in different scenarios via the MSF. Compared to using
only a data-driven modeling method, a hidden benefit of “Model
Switching” lies in its flexibility to balance the modeling accu-
racy and the inference costs associated with establishing and
updating the models in the MUP, by judiciously selecting from
the lightweight S-model and the compute-intensive D-model.

In Table II, we show the performance of these communi-
cation service provision approaches on different sub-datasets,
i.e., camera frame sequences. In the InteriorNet dataset [46],
camera frame sequences are broadly classified into “origi-
nal” and “random” categories. The former is generated based
on human user movement patterns, while the latter is a ran-
domly generated continuous trajectory, where“1–1”, “3–3”, and
“7–7” represent different user movement patterns, including
velocity and acceleration. In terms of TUKF, we observe that
some benchmark approaches may outperform our proposed
approach in certain scenarios. For example, the LSTM-based
and Transformer-based approaches achieve 3% and 1% higher
TUKF, respectively, on the “original_1_1” sub-dataset, enabling
more timely uploading of key frames. However, this improve-
ment comes at the cost of approximately 12% higher radio
spectrum resource consumption. This observation indicates that
our approach achieves a more efficient balance between TUKF
and RP by dynamically switching between different data-driven
models, demonstrating superior adaptability to non-stationary
uplink data traffic. Another observation is that the performance
gain of our proposed approach on the “original” sub-datasets is
greater than that on the “random” sub-datasets. Our hypothesis is
that the “original” sub-datasets demonstrate phased fluctuations
in human user movement patterns, as shown in Fig. 5(a), in which
the proposed “Model Switching” excels. This demonstrates the
potential of MARLIN to capture user-specific service demand
in future 6G networks.

In Fig. 7, we compare the communication service provision
performance of the DT-based approach with hat of benchmark
data-driven approaches (labeled as “LSTM”, “Transformer”,
“N-BEATS”, and “Informer”) in terms of the amount of
over-provisioned radio spectrum resource (in RBs) and TUKF.
We can observe that our DT-based approach not only reduces
over-provisioning but also ensures the timeliness of key
frame uploading of the MAR device, for two reasons. First,
switching between different data-driven models can effectively
capture the joint impact of the complex SLAM-based camera
frame uploading mechanism and uncertain user movements
on user-specific service demands. Second, our user-centric
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Fig. 10. Performance comparison between user-centric and slicing-based communication service provision.

communication service provision, guided by theoretical analysis
benefit from advanced data-driven techniques while accounting
for data-driven modeling inaccuracies, thereby effectively
mitigating the over-provisioning of radio spectrum resource.

In Fig. 8, given different values of ε, we plot the actual ratios of
timely uploaded key frames with blue markers, each of which
is averaged over 6 different camera sequences. The red curve
represents a fitted curve, and the light blue shaded area represents
the confidence interval between the minimum and maximum
values. Given any ε, the radio spectrum resource is reserved
for the MAR device based on (21). We can observe that the
actual ratio of timely uploaded key frames closely approaches
the value of ε, despite a slight difference. This is because the
result in (21) is based on the assumption that, given âf , ∀f ∈
Ft, random variables af , ∀f ∈ Ft are i.i.d., and P (af |ât) =
P (af |âf ), ∀f ∈ Ft. However, when the assumption holds, the
cost of updating management-oriented data can be reduced.
MARLIN can use only three parameters, i.e., pt, qt, and λt,
as management-oriented data to conduct robust communication
service provision with a slight difference in the performance of
communication service provision.

In Fig. 9, we compare the performance of fine-grained and
coarse-grained data management in MARLIN. As mentioned
in Algorithm 2, we can separately update the management-
oriented data (labeled as “fine-grained”), e.g. pt, qt, and λt, for
the S-model and D-model. In contrast, we do not differentiate
the collection of management-oriented data for the S-model and
D-model for the benchmark (labeled as “coarse-grained”). We
observe that, given two different values of λt, the “fine-grained”
method outperforms the “coarse-grained” method in terms of
the ratio of timely transmitted key frames and the amount
of over-provisioned radio spectrum resource. This is because
the “fine-grained” data update method empowers user-centric
communication service provision by accurately characterizing
the potential modeling inaccuracies of the detailed and the
simplified modeling methods, especially when the two modeling
methods suit different user movement patterns.

In Fig. 10, we compare the user-centric and the slicing-based
communication service provision in terms of the TUKF and
the RP. In Fig. 10(a) and (b), we plot the ratios as blue and
red lines and illustrate the range between the minimum and
maximum values using shaded blue and red areas, respectively,

where each value is averaged over multiple MAR devices and
1,000 simulation runs. In Fig. 10(a), we observe that, with the
setting of ε = 0.8, the user-centric communication service provi-
sion significantly outperforms the slicing-based communication
service provision in terms of the TUKF. This is because the
proposed approach makes communication service provision de-
cisions to meet the delay requirement of each MAR device based
on user-specific service demands estimated by using MARLIN,
rather than on averaged service demands across multiple MAR
devices. In the case of N = 10 and ε = 0.8, the detailed perfor-
mance differences across MAR devices are shown in Fig. 10(c).
In contrast to slicing-based communication service provision
used for 5G, user-centric communication service provision en-
sures that nearly all MAR devices timely upload their key frames
by adapting to user-specific service demands.

In Fig. 10(b), the average amount of radio spectrum resource
reserved for an MAR device in the user-centric communication
service provision is less than that in slicing-based communica-
tion service provision. This demonstrates that user-centric com-
munication service provision can adapt to user-specific service
demand variances. Meanwhile, we observe that slicing-based
communication service provision is less sensitive to the vari-
ances of individual service demands of MAR devices since the
value of Φ−1(ε)σ2

t /|N | decreases as the number of devices
increases. Both observations align with Theorem 2 and our
theoretical analysis in Section V.

VII. CONCLUSION AND FUTURE WORK

In this paper, we have developed a novel user DT, i.e., MAR-
LIN, and a DT-based user-centric communication service pro-
vision approach to support edge-assisted device pose tracking
in MAR. In MARLIN, the well-structured data model enables
a flexible configuration of user-specific data attributes and per-
sonalized data update. The two designed DT operation functions
jointly enable an adaptive switching between two data-driven
modeling methods for accurately modeling non-stationary data
traffic. Trace-driven simulation results have demonstrated the
effectiveness and robustness of our user-centric communication
service provision approach in coping with modeling
inaccuracies. MARLIN provides an extensible prototype of user
DT for capturing the impact of user-specific service demands and
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reveals the promising potential of fine-grained data management
in facilitating user-centric communication service provision in
the 6G. In the future, we plan to investigate a hybrid user-centric
and slicing-based communication service provision scheme
to enhance the quality of experience for MAR users while
reducing the cost of data management incurred by user DTs.
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