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Abstract—Digital twin (DT) has been emerging as an enabling
technology to provide seamless interactions between the virtual cy-
ber world and the real world. The explosion of IoT devices (objects)
further fuels the development of the DT technology, and paves the
way to real-time monitoring, behavior simulations and decisive pre-
dictions on objects through their digital counterparts. Meanwhile,
Mobile Edge Computing (MEC) has been envisioned as a promising
computing paradigm for various IoT applications with stringent
delay requirements. In this paper, we study mobility-aware, delay-
sensitive service provisioning in a DT-empowered MEC network
with the mobility of both users and objects through DT replica
placements of mobile objects. To this end, we first formulate two
novel optimization problems: the DT replica placement problem
and the dynamic DT replica placement problem, respectively, and
show NP-hardness of the two problems. We then formulate an
Integer Linear Programming (ILP) solution to the DT replica place-
ment problem when the problem size is small or medium; otherwise
we devise a randomized algorithm with high probability, provided
that the mobility profiles of each object and each user are given.
Meanwhile, we also develop an online algorithm for the dynamic
DT replica placement problem, where for a given time horizon,
service requests arrive one by one without the knowledge of future
arrivals, each arrived request must be responded immediately by
accepting or rejecting it. However, the heterogeneity and dynamics
of user requests on resource demands may lead to the removals
and re-instantiations of DT instances frequently. To mitigate this,
we propose an efficient prediction mechanism to reserve a certain
number of DTs for future by introducing the timestamp concept.
We finally evaluate the performance of the proposed algorithms by
simulations. Simulation results show that the proposed algorithms
are promising, and outperform the performance of other compar-
ison counterparts.

Index Terms—Digital twin-empowered edge computing,
mobility of users and objects, multiple digital twin replica
placements, randomized algorithm and online algorithm, seamless
service provisioning.
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I. INTRODUCTION

RIVEN by the rapid development of Internet of Things

(IoT) in a variety of application scenarios, a vast amount
of data generated by IoT devices creates the requirement of ade-
quate organization and management of the information [1]. The
Digital Twin (DT) technology has gained increasing attentions
for its ability to digitize the physical world [32]. Through DT
modeling, the virtual representation of an object can record its
historical data traces, emulate its behaviors in future, and provide
DT services on objects through data analytics, artificial intel-
ligence and machine learning. According to a market research
report, the DT technology has been widely adopted across indus-
tries, such as manufacturing, healthcare, autonomous driving,
and aerospace. The global DT market size is projected to reach
USD 155.83 billion by 2030 [21].

Inrecent years, the Mobile Edge Computing (MEC) paradigm
was conceived in a bid to fill the gap between centralized clouds
and mobile devices by deploying more advanced storage and
processing functionalities at the network edge, which curtails
the service delay and alleviates the burden of the core network.
Along with the development of DT, there is growing interest
in DT-assisted service provisioning in MEC [7], [29], [32], and
the DT placement becomes a fundamental problem, considering
limited computing capacity on edge servers, the mobility of
both users and objects, and heterogeneous resource demands
and stringent delay requirements of user requests. DT migra-
tion is a viable solution to cope with service delays of some
delay-sensitive IoT applications due to the mobility of users
and objects [2], [20]. However, the migration delay cannot be
ignored as it may lead to critical service disruptions.

To provide seamless, continuously uninterrupted, delay-
sensitive services in an MEC network for mobile users and
objects, one efficient method is to adopt redundancy. That is,
the DT of each object is replicated into multiple replicas, and
the DT replicas are deployed at the nearby locations where the
object and its users often visit. Note that an object can upload its
updating data to its DT from its current location, while a user can
issue its service request from its current location too. Thus, both
the DT update data and users requesting DT services at anytime
with any location can be achieved while a much less cost incurs.
In comparison with delays experienced on DT migrations, the
DT replication strategy is desirable for delay-sensitive services,
as DT replicas can address the non-trivial relationship between
the mobility of users and objects and service delays of users, at
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expense of a moderate amount of computing resource consumed
on synchronizations of the DT replicas. Whenever there is a data
update of an object, the object needs to synchronize the data
update with all its DT replicas, by uploading the update data to
these DT replicas. This results in both computing and commu-
nication resource consumptions of the network. Thus, there is
a dilemma on the DT replica placement. On one hand, placing
more DT replicas for each object implies more synchronization
costs incurred on DT replicas. On the other hand, multiple DT
replica placements not only serve more mobile users by meeting
their delay requirements but also reduce their service costs.

In this paper, we consider inference service provisioning in
a DT-assisted MEC, which is essentially different from service
provisioning in conventional MEC. That is, DT-assisted service
models need to be retrained quite often, by the update data
from their source - the DTs of objects, in order to keep service
accuracy. The service results in traditional MEC will be identical
when there are two requests for the same service with identical
inputs. In contrast, the service results by two service requests
with identical inputs for a service model in DT-assisted MEC
are very likely to be different at different time points due to the
service model updating during that period.

The novelty of this paper lies in utilizing DT replicas to
provide continuously uninterrupted DT services in an MEC
network with mobile users and objects. Most existing work
assumed that there is only one DT for each object placed in
MEC, we are the first to introduce multiple DT replicas to cope
with the mobility of users and objects by formulating two novel
DT replica placement problems. It poses great challenges. For
each given object, how many DT replicas are needed to cope
with its mobility and its users? and where are the DT replicas
placed while meeting its user delay requirements? In this paper,
we will address the mentioned challenges.

The main contributions of this paper are presented as follows.

® We consider mobility-aware continuous service provision-

ing in a DT-assisted MEC network with mobile objects
and users through DT replica placements. We formulate
two novel DT replica placement problems and show that
both defined problems are NP-hard.

® We provide an Integer Linear Programming (ILP) solution

to the DT replica placement problem when the problem size
is small; otherwise, we devise a randomized algorithm with
high probability for the problem.

® We devise an online algorithm for the dynamic DT

replica placement problem, in which an efficient prediction
method was developed to cope with frequent removals and
re-instantiations of DT replicas, by assigning a timestamp
to each DT replica in the system.

® We evaluate the performance of the proposed algorithms

through simulations. Simulation results show that the pro-
posed algorithms are promising, and outperform their com-
parison baseline algorithms.

The remainder of this paper is organized as follows. Sec-
tion II reviews the state-of-the-art works in mobility-aware DT-
empowered service provisioning in MEC networks. Section II1
introduces the system model, notions and notations. It also
introduces problem definitions and shows NP-hardness of the
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defined problems. Section IV formulates an ILP solution to the
DT replica placement problem if the problem size is small or
medium; otherwise, a novel randomized algorithm with high
probability is devised. Section V develops an online algorithm
for the dynamic DT replica placement problem, and also an
efficient prediction method based on the timestamp concept for
DT replicareservation is proposed too. Section VI conducts sim-
ulations to evaluate the performance of the proposed algorithms,
and Section VII concludes the paper.

II. RELATED WORK

Service provisioning in an MEC network has been exten-
sively studied in the past several years [22], [23], [27], [31],
[34]. Particularly, Ma et al. [22] investigated Virtual Network
Function (VNF) service provisioning in MEC by considering
user mobility and service delay requirements with the aim to
maximize the accumulative network utility. Notice that the VNF
replicas that are used to process VNF service requests do not
change once deployed [22], and none of these studies considered
DT-assisted service provisioning in MEC that utilizes DTs for
behaviour predictions and emulations of objects. In contrast, DT
replicas need to continuously synchronize the updated data with
their objects, and the mobility of both objects and users should be
taken into account for DT replica placement. Existing mobility-
aware service provisioning methods did not handle continuously
monitoring the state information of objects and thus cannot be
directly applied to delay-aware service provisioning in an MEC
by DT replicas.

Several recent studies investigated the mobility-aware service
provisioning in DT-assisted MEC [7], [9], [10], [12], [19], [32].
For instance, Gong et al. [7] considered the mobility of vehicles
in a vehicular edge network, and proposed a holistic network
virtualization mechanism for service-centric and user-centric
service provisioning, through utilizing DT-oriented network
slicing. Leietal. [9] leveraged DTs of Unmanned Aerial Vehicles
(UAVs) to monitor the life cycle of a UAV swarm with high mo-
bility, and proposed a machine learning algorithm to optimize the
behaviours of UAVs. Zhang et al. [35] studied multiple Federated
Learning (FL) in DT-assisted edge computing. They developed
efficient approaches for offline multi-FL services and a Deep
Reinforcement Learning (DRL) algorithm for online multi-FL
services, respectively. Li et al. [10] mapped each base station
in an MEC network to a DT to estimate the channel and work-
load state of the base station under user mobility assumptions.
They developed a DRL algorithm to minimize the total energy
consumption of UAVs. Lin et al. [19] investigated dynamic and
stochastic DT service demands of mobile users, by devising
an incentive-based congestion control scheme to maximize the
long-term profit of the network service provider. Liang et al. [18]
investigated the non-trivial relationship between the freshness
of a service model and Age of Informations (Aols) of its source
DT data for model training. They devised an efficient algorithm
for maximizing the accumulative freshness of all models while
minimizing the total cost of various resources consumed for
DT updating, model training, and users requesting for accurate
model services. Vaezi et al. [30] considered the problem of DT
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placements such that the maximum data request-response delay
experienced by an application over all objects is minimized,
subject to the maximum data age target constraints on DTs. Li et
al. [12] considered utilization maximization under user mobility
assumption, they formulated efficient performance-guaranteed
solutions to the problem. Wang et al. [32] proposed a Mobility
Digital Twin (MDT) framework for transportation in smart
cities, i.e., creating digital twins for human, vehicles and traffic
infrastructures to implement functionalities such as modelling,
learning, and prediction, thereby providing efficient mobility
services.

There are several efforts that mitigate the impact of user
mobility on the service quality in DT-assisted MEC [11], [15],
[20], [29]. For example, Lu et al. [20] developed a DRL-based
algorithm to place and migrate DTs of mobile devices in MEC
to reduce the system latency. Sun et al. [29] made use of DTs of
edge servers to predict their states under uncertain user mobility,
and developed a DRL algorithm to minimize the offloading delay
of mobile users. Li et al. [11], [15] investigated the dynamic
DT placement for improving user service satisfaction with an
assumption of two DT replicas for each object: a primary DT
located in the remote cloud and a local cached DT. With the
aim of maximizing the accumulative user service satisfaction
measured by the Aol of DT data, they formulated two utility
maximization problems, and proposed a constant approximation
algorithm and a performance-guaranteed online algorithm for
the two problems. Li et al. [13] dealt with DT synchronizations
via continual learning in an MEC environment. They focused
on the static DT synchronization problem per time slot and the
dynamic DT synchronization problem for a finite time horizon,
by developing efficient solutions to the problems. Zhang et
al. [36] studied DT placement and migration problems in an
MEC network with the mobility assumption of objects and users
by jointly considering the freshness of DT data and the service
cost of users requesting for DT data.

Unlike the aforementioned studies, there is only one DT
for each object in an edge server, in this paper we investi-
gate mobility-aware, continuous service provisioning in a DT-
assisted MEC network through multiple DT replica placements.
We are the very first to introduce multiple DT replicas for each
object to cope with the mobility of both objects and users, and
place the DT replicas to nearby locations of objects and users in
order to reduce the total service cost of users and the updating
cost of DTs.

III. PRELIMINARIES

In this section, we introduce the system model, notions and
notations, and define the problems precisely. We also show NP-
hardness of the defined problems.

A. System Model

We consider an MEC network G = (N, E'), where N is a
set of Access Point (AP) nodes, and E is the set of links
between cloudlets. Each AP is co-located with a cloudlet, and the
communication delay between the AP and its co-located cloudlet
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is negligible. Without loss of generality, in the rest of the paper,
an AP and its co-located cloudlet will be used interchangeably.
Each cloudlet ¢; € N has limited computing capacity C; for
hosting DTs of objects. Each link e € F is a high-speed optical
link connecting two APs, and there are two metrics £(e) and
d(e) representing the transmission cost and transmission delay
of routing a unit of data along link e. Each AP covers a certain
area and mobile users can access the network through the AP
if the users are within the coverage of the AP. Let Path;  be
the shortest path in G between cloudlets [ and !’ in terms of
transmission delay of a unit data along the path. We assume that
the routing cost of data along a path is proportional to the delay
of the path.

Given a set V' of objects, and a set U of mobile users under
the coverage of AP nodes in the MEC network, we deal with
user service requests by requesting the DT data of objects. For
the sake of convenience, in the rest of our discussions, we use
index 4, 7 and [ to represent the indices of objects, users, and
cloudlets, respectively.

For each object v; € V, let U (i) C U denote the set of users
requesting services from the DT of object v;, and U (i) N U (j) =
() if ¢ # j. The request of each user u; is represented by a tuple
(b(4),vol(u;), Dj), where b(j) is the index of requested object
of the user, vol(u;) is the amount of request data generated
by u; to be processed, and D; is the delay requirement. We
assume that both objects and users are movable in the network.
For each mobile object v; € V' and each mobile user u; € U,
let p; ; and g;,; denote the probabilities of object v; and user u;

at location A P}, respectively, then Z‘lﬁll iy = 1,Yv; € V, and

Z‘lﬁ‘l gj; = 1,Vu; € U.Inprinciple, both objects and users can
move to any location in the MEC network.

To measure the quality of service provisioning, each user
u; € U has an end-to-end delay requirement D; that indicates
the maximum response time of querying a DT replica of its
requested object. To provide continuously non-interrupted ser-
vices to mobile users, it is not uncommon to deploy multiple
DT replicas of an object to different locations at which its users
often visit. To maintain all DT replica statuses of each object
strongly consistent and keep the DT states as fresh as possible,
it requires that all of the DT replicas synchronize with the object
often whenever there is any update on the object. We here
adopt a DT replica strategy to proactively deploy a set of DT
replicas for each object in response to its user service requests,
under the movement of both objects and users. Furthermore,
the data updating frequency of an object usually is determined
by concrete applications. For example, if a mobile device is
powered by limited battery, it cannot upload its updating data
frequently for a long monitoring period; otherwise, its energy
will run out of the energy quickly [16].

Generally, an object is either a physical object, e.g., a sensor
or a camera, or a piece of software, and an object synchronizes
its status with its DT replicas. Users request DT-assisted services
where the service models are continuously retrained by the
update data of DTs. Fig. 1 is an illustrative example of service
provisioning in a DT-assisted MEC network via DT replica
placements, where object v is an autonomous vehicle in Vehicle
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Fig. 1. An illustrative example of an MEC network with DT replica
placements.

Internet of Things (V-IoT) that can communicate with various
sensors and devices [6]. In this application scenario, v; moves
from the coverage area of A P; to the coverage area of AP, and
its DT DT has two replicas that are placed at cloudlet c3 and
cloudlet c5, respectively. User u; requests data from DT} of ve-
hicle v; to detect anomaly for the V-IoT. On one hand, the smart
vehicle vy gathers comprehensive information about its own
performance, its surrounding environment, and the behaviour
of its driver, and it then synchronizes its updating data with
its DT DTj. Thus, DT} enables to simulate and analyze some
crucial factors such as traffic trajectories, mechanical failure,
and pedestrian density to avoid fatal accidents. By leveraging
various analytical techniques, D7} identifies anomalies in the
V-10oT system including unusual behaviors from normal patterns
or any abnormal deviations, and then notifies user u; about
possible issues or emergencies. On the other hand, when user uq
is located under the coverage of A Py, u; requests data from DT}
at cloudlet ¢3; when u; moves to the coverage area of APy, DT}
at cloudlet c5 is used to serve user u;. Note that a DT replica
not only receives data from its physical vehicle, but also collect
data from a wide range of data sources within the region like
city regulations, weather forecast, traffic signals, and so on. The
replicas of DT} hosted by different cloudlets provide services
with regional customization for user u; with the reduced latency.

B. Cost Modeling of DT Replicas

We deal with user service request for a DT replica of an object,
where each object has multiple DT replicas deployed in the MEC
network. Let x; ; be a binary variable that indicates whether a
DT replica of object v; is placed in cloudlet AP [ (x;; = 1) or
not (z;,; = 0). Since users are mobile in the network, a user can
choose one of the DT replicas of its requested object for DT
service provisioning. To meet its delay requirement, the user
usually chooses the nearest DT replica for service.

DT replica deployment cost: The deployment of DT replicas
consumes computing resource for data processing in cloudlets.
The total cost of computing resource consumptions by deploying
DT replicas for all objects is

[N
costpr = Z Z(M -comp(DT;) + Imit;)z;y, (1)

v; eV l=1
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where comp(DT;) is the amount of computing resource of de-
ploying a DT replica of object v;, p is the cost of unit computing
resource, and Init; is the instantiation cost of a DT replica
of V.

DT replica synchronization cost of each object: The update
data generated by object v; will be uploaded through its gateway
(the AP of its current location) first, and then is synchronized
with all its DT replicas deployed in the MEC network. Let I’
be the current location of object v;. The uploading cost of the
update data of object v; at AP I’ is expressed by

upload_cost (v;,1') = ¢ - P(v;) - B”(’l(”i) 2

(Ui7 APy ) ’
where ( is the unit cost of transmission power consumption per
unit time, P(v;) is the transmission power of v;, vol(v;) is the
volume of the update data of v;, and B(v;, APy ) is the uploading
rate of v; to its connected AP .

The update data of object v; will be sent to each of its DT
replicas in order to ensure that these DT replica statuses be
strongly consistent, i.e., users who request the DT service of
object v; from any of its DT replicas will receive the same result.

The DT replica synchronization cost cost,p; (v;) of object v;
when uploading its update data vol(v;) is calculated as follows.
When object v; is located at AP [, its synchronization cost
costopi (1,1) is

coston (4,1") = piy | upload_cost (v;,1")

[N
+ lzzl (vol(vi)cost (Pathy ;) + W) xii],
(3

where p; y is the probability of v; at AP I, cost(Pathy ;) =
>_cePathy , §(€) is the transmission cost of a unit data along the
shortest path Pathy ; in G between cloudlets " and [ in terms of
transmission delays on its edges, x; is the cost of data processing
per unit time of DT;, and the data processing rate f(DT;) of
DT; depends on the amount comp(DT;) of computing resource
allocated to it.

The synchronization cost of object v; at all potential locations
in N thus is

| V]

coston; (Vi) = Z costopj(i,1'). 4)
r=1

Service cost of each user request: For each user u; € U with
a service request represented by a tuple (b(j),vol(u;), D;), it
needs to choose one DT replica of its requested object for service
provisioning at each sojourn location. Let y;; be a binary
variable to indicate whether the DT replica located at ¢; will
be chosen by user u; located at ¢y, i.e., y;,r,; = 1 if u; chooses
the DT replica placed in cloudlet ¢; when user u; is located at
cloudlet ¢y, and y; ; = 0, otherwise. We admit a user request
only when there is a DT replica of its request object to serve
the request while meeting the delay requirement of the request.
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In the following we first detail the calculation of the end-to-end
delay of each user u;, and then consider its service cost.

The end-to-end delay of each user consists of (i) the data
uploading delay of the request between the user and its connected
AP, (ii) the transmission delay between the AP and the cloudlet
that hosts the DT replica for processing the request, and (iii) the
request processing delay at the cloudlet hosting the DT replica.
The end-to-end delay of u; at location AP I’ thus is

(s
deZe(Uj, A]Dl/) = BZZ(% + (UOZ(Uj)d(Pathlf,l)
vol(uj),
FDT) )Y5.0.15 (5)

where vol(u;) is the amount of request data generated by u;,
B(u;, APy) is the uploading rate of u; to APy, d(Pathy ;) =
>_ccpath, , d(€) isthe transmission delay of a unit data along the
shortest path Pathy between cloudlets ¢y and ¢;, and f(DT;)
is the data processing rate at the DT replica DT} of object v;.
The service cost of user u; at location APy consists of (i)
the uploading cost to its connected APy, (ii) the update data
transmission cost from AP to cloudlet ¢; at which its chosen
DT replica is located, and (iii) the processing cost of the DT
replica data at cloudlet ¢;. The calculation of the uploading
cost is similar to that of an object, i.e., upload_cost(v;,l') =

) vol(uj) N ..
¢ P(uy) - B(u, A7,y Where P(u;) is the transmission power
of u; and B(u;, APy) is the uploading rate of u to its connected
APy. The service cost costyser(4,1") of user u; at location APy

is
costyser(J,1') = qjv(upload_cost (u;,1")

||

Ki - vol(uy)
+ lzzl (vol(uj)cost (Pathy ;) + f(DTl)J> Yj

if deze (uj, APy) < Dj, (6)

otherwise, costyser(4,1') = 0.
The service cost costuser(uj) of user u; for its request ad-
missions at all locations is
[N
COStyser (Uj) = Z COStyser (]; l,) (7)
r=1
For the sake of convenience, the symbols used in this paper are
summarized in Table 1.

C. Problem Formulations

We consider mobility-aware, delay-sensitive DT service pro-
visioning in an MEC network for mobile users with meeting their
delay requirements. In reality, both objects and users typically
move freely in the network and their movement patterns may
change over time. On one hand, when an object moves to a new
location, if none of its DT replicas is placed into cloudlets near
to its new location, the increase on the synchronization delay
may result in the violation of the delay requirements of its users.
On the other hand, when a user moves to a new location that is
far away from the DT replicas of its requested object, it is very
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likely that none of the DT replicas of the object can provide
services to the user without violating its delay requirement.

To provide seamless and uninterrupted services for mobile
users, a viable solution is to deploy multiple DT replicas at
different locations to meet their delay requirements. We thus
consider two problems: the DT replica placement problem by
assuming the mobility profiles of users and objects and a set of
user requests are given; and the dynamic DT replica placement
problem by assuming that both users and objects and user
requests dynamically change overtime. The two problems are
defined as follows.

Definition 1: Given an MEC G = (N, E) with a set N of
cloudlets, a set V' of mobile objects, and a set U of mobile
users that move around in the network, each cloudlet ¢; € N
has computing capacity C}. For each object v; € V, there is a
set U(i) C U of users requesting services from its DT repli-
cas, the request of each user u; € U is represented by a tuple
(b(4),vol(u;), Dj). Assuming that the mobility profiles of both
users and objects are given, the DT replica placement problem
in G'is to place a proper number of DT replicas for each object to
meet the service demands of its users such that the total service
cost of all user requests is minimized, subject to computing
capacity on each cloudlet.

Definition 2: Given an MEC network G = (N, E)) with a
set IV of cloudlets with each cloudlet ¢; € N having computing
capacity Cj, a finite time horizon that is divided into 7" equal
time slots, a set V' of objects with each object v; € V' having
one or multiple DT replicas placed in cloudlets, and a set U(*)
of users (existing and new users) requesting for DT services in
the beginning of time slot ¢ with ¢t € T', the dynamic DT replica
placement problem is to find a scheduling to admit requests
through DT replica placements and removals of objects at each
time slot such that the number of requests admitted for the
given time horizon is maximized while the total service cost of
admitted requests is minimized, subject to computing capacity
on each cloudlet in G.

D. NP Hardness of Problems

Theorem 1: The DT replica placement problem in G =
(N, E) is NP-hard.

Proof: We prove the NP hardness of the DT replica placement
problem by reducing a well-known NP-hard problem - the
minimum-cost generalized assignment problem (GAP) to it.

There are n bins with each bin j with capacity C, and there
is a set of items to be assigned to the bins. If item ¢ is assigned
to bin j, item ¢ consumes the amount size(i, j) of computing
resource of bin j and incurs cost cost (i, j). The minimum-cost
GAP is to assign as many items as possible to the bins such
that the total cost of assigned items is minimized, subject to the
computing resource capacity on each bin [28].

We consider a special case of the DT replica placement
problem where each user is stationary at a specified AP node and
each object has only one user, i.e., |U(i)| = 1, Vi. Under this as-
sumption, deploying one DT replica for each object is sufficient
to satisfy the delay requirement of its user as the user stays at the
co-cloudlet of its AP. We assume that each cloudlet (bin) / has

Authorized licensed use limited to: CITY UNIV OF HONG KONG. Downloaded on November 15,2024 at 00:26:06 UTC from IEEE Xplore. Restrictions apply.



11300

IEEE TRANSACTIONS ON MOBILE COMPUTING, VOL. 23, NO. 12, DECEMBER 2024

TABLE I
TABLE OF NOTATIONS

Notation Descriptions
G=(N,E) An MEC network with a set IV of APs and a set E of links.
C The computing capacity of cloudlet ¢; € V.
&(e) and d(e) The transmission cost and transmission delay of routing a unit of data along link e € E.
Pathy The shortest path in G between cloudlets [ and !’ in terms of transmission delay/cost of a

cost(Pathy 1), d(Pathy ;)

Vand U
comp(DT;)
f(DT;)

i)

(b(])v UOl(Uj), DJ)

Py and g

costpr
upload_cost(v;, 1)
¢
P(u;) and P(v;)
(U’h AP[’)
costop; (V;)
costop; (Vi)
deQe (uj7 AI_)Z')
costyser(J,1")
costyser(Uj)
Cost
Til

Yj,u 1

COStq(l,seT(uJ7 1)
N,
ratio® (i, 1)
ratio™ (i,1;)

ratio® (ig, l;,)

o) (0, 1)

0

unit data along the path.

The transmission cost and the transmission delay of a unit data along the shortest path
Pathy ; in G between cloudlets I’ and [, respectively.

A set of objects and a set of mobile users.

Computing resource required by DT;.

The data processing rate of DT;.

The cost of data processing per unit time of DT;.

The set of users requesting services from the DT of object v;, and U (¢) N U (j) = 0 if i # j.
The request of user u; € U, where b(j) is the index of requested object of the user,
vol(u;) is the amount of request data generated by u; to be processed and Dj is the delay
requirement.

The probabilities of object v; and user u; at location AP}, respectively, where Z}ﬂ pig =1,
Yv; € V, and Z‘lﬂ g1 =1,Vu; € U.

DT replica deployment cost.

The uploading cost of the update data of object v; at AP I’

The cost of transmission power consumption per time unit.

The transmission power of user u; and object v;, respectively.

The uploading rate of v; to its connected AP.

The DT replica synchronization cost of object v;.

The synchronization cost of object v; at all possible locations in V.

The end-to-end delay of user u; at location AP I'.

The service cost of user u; at location AF).

The service cost of user u; for its request admissions at all locations.

The total cost of the DT placement problem.

Binary variable to indicate whether a DT replica of object v; is placed in cloudlet AP I
(zi; = 1) or not (z;; = 0).

Binary variable indicating whether user u; at location I’ will use the DT replica at cloudlet
[ for its service processing (y;,r,; = 1) or not (y;,1; = 0).

The set of time slots within the time horizon.

The set of user requests arrived in the beginning of time slot ¢.

The set of users that can make use of an existing DT replica for its service while meeting its
delay requirement.

The set of users that cannot find any existing DT replica to satisfy its service delay
requirement.

The set of admitted requests at time slot ¢t € 7T".

The service cost of user u; located at I’ chooses the DT replica placed at cloudlet [ for its
service provisioning.

The set of cloudlets with sufficient computing resource to instantiate a DT replica of v; in it
at time slot ¢.

The ratio of the number |U,5?n(z, 1)| of admitted users in Ur(w)n( ) using the DT replica of v;

deployed in cloudlet ¢; € NN; ; for their services to the total cost of their admissions.

The maximum ratio of deploying a DT replica of object v; among all potential cloudlets in
N.

The maximum value of ratio® (i, 1;) from all objects.

The extra update cost (or synchronization) of object v; between its current location " and
location [ at time slot ¢ when a new DT replica of v; is placed at cloudlet .

The instantiation cost of a DT replica of v;.

The predefined timestamp threshold.
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computing capacity Cj. If a DT replica (item) of object v; with
U (i) = {u(j)} is placed in cloudlet (bin) , it consumes comput-
ing resource comp(DT;); if the delay requirement of u; is satis-
fied, it incurs a cost comp(DT;) 4 costo; (vi) + costyser (),
which consists of the DT replica deployment cost, the DT replica
synchronization cost of v;, and the service request cost of u;;
otherwise incurs a cost co. We aim to minimize the total cost,
subject to the computing capacity on each cloudlet. It can be seen
that this special DT replica placement problem is equivalent to
the minimum-cost GAP. Therefore, The DT replica placement
problem in G = (N, E) is NP-hard.

Theorem 2: the dynamic DT replica placement problem in
G = (N, E) is NP-hard.

Proof: We show the NP hardness of the dynamic DT replica
placement problem, by reducing the well-known NP-hard prob-
lem - the maximum-profit GAP to a special case of the problem
where the monitoring period consists of a single time slot only.

There are || bins with each bin j having capacity C;, and
there is a set of items to be assigned to the bins. If item ¢ is
assigned to bin j, item ¢ consumes the amount size(4, j) of com-
puting resource of bin j and will bring a profit profit(i, j). The
maximum-profit GAP is to assign as many items as possible to
the bins such that the total profit of assigned items is maximized,
subject to the computing resource capacity on each bin [3].

We show that an instance of the maximum-profit GAP can be
reduced to an instance of the dynamic DT replica placement
problem at one time slot. We consider a special case of the
online DT replica placement problem where each user does not
have a stringent delay requirement, and thus can be admitted
by requesting a service from any replica of its requested object.
We assume each cloudlet (bin) [ with computing capacity C;. If
a DT replica (item) of object v; is placed in cloudlet (bin) I, it
consumes the amount comp(DT;) of computing resource and
obtains a profit of profit(i,l) (= |U(¢)]) as all users in U (¢) can
be admitted. We aim to maximize the number of users admitted
by deploying DT replicas of objects, subject to the computing
capacity on each cloudlet. It can be seen that the special online
DT replica placement problem at one time slot is equivalent
to the maximum-profit GAP. As the maximum-profit GAP is
NP-hard, so is the dynamic DT replica placement problem.

IV. ALGORITHMS FOR THE DT REPLICA PLACEMENT PROBLEM

In this section, we consider the DT replica placement problem
under the assumption that the mobility profiles of both objects
and users are given in advance. We formulate an ILP solution for
the problem if the problem size is small or medium; otherwise we
develop a novel randomized algorithm with high probability for
it. We also analyze the approximation ratio and the upper bound
on resource violations of the proposed randomized algorithm.

A. ILP Formulation

We assume that the mobility information of each object and
each user are given in advance, i.e., the probabilities of p;;
and ¢;; of each object v; and each user u; at each location
(an AP location) are given, which can be estimated through
analyzing the historical movement traces of objects and users,
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by leveraging data mining and machine learning techniques
on their DT data [5], [8], [25]. We further assume that there
is sufficiently accumulated computing resource in the MEC
network to accommodate all DT replicas such that all user
requests can be admitted no matter where the users are located.
We aim to minimize the total service cost of all user request
admissions, which consists of (1) the DT replica synchronization
cost of each object at each location, (2) the resource consumption
cost of DT replica placements, and (3) the processing cost of
responding user requests. We say that a request is admitted if
the end-to-end service delay of the request is no greater than its
delay requirement.

The optimization objective of the DT placement problem is
to minimize

Cost = w - (costDT + Z CoStopj (’Uv)>

v, €V

+(1—-w)- Z costyser(Uj), (8)

uJ'EU

where w is a constant coefficient to reflect the cost relationship
between the cost of DT replica deployments, and object updat-
ing, and the service cost of users.

The total cost defined in (8) consists of three components: the
first and second components are related to the data updating of
objects, the updated data of an object must be synchronized with
all its DT replicas, and each DT replica placement consumes a
certain amount of computing resource, resulting in the resource
consumption cost and DT instantiation cost. The third compo-
nent is the service cost of all mobile users when their requested
DT replicas have been placed to proper locations while meeting
their delay requirements. The optimization objective (8) can be
equivalently rewritten as follows.

[N
Cost = w Z Z (p - comp (DT;) + Init;) x4,
v; eV l=1
IN| [N
tw), > )
vevi=1  i=1

i - vol(v;
X (vol(vi)cost(Pathp,l) + KUO(U)) i

f(DT;) ’
|N] ||
+ (1 —w) Z qu’l'z
uweU =1 I=1
X <v0l(uj)cost (Pathy ;) + mvol(uﬂ) yjre+C
F Trory )t
©)

where C'=w)_, Z‘lfi‘l pipupload_cost(v;, ') +(1 — w)
D uyev Z‘lﬂl q;,rupload_cost(u;,1") is a constant.

Recall that y; ;7 ; is a binary variable indicating whether user
u; atlocation " will use the DT replica at cloudlet [ for its service
processing or not. Note that for each pair (j, '), if ¢; » # 0, then
there is only one / such that y;; = 1 and the rest y; ;v = 0
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when " # [, in other words, the DT replica of vj(; located at
cloudlet [ will be used by the request of user u; located at '
for its service processing. Clearly, there must be a DT replica of
object Up(4) placed in cloudlet [ already, i.e., Ty, = L. Thus,
Tp(5),0 = Yjr, must hold when y; 1, = 1. An ILP formulation
for the DT replica placement problem is given as follows.

Minimize Cost (10)

s.t. Z comp(DT;)x;; < Cp Ve € N, (11)

v, €V

M+( I(u;)d(Pathy ;)
B(’U,J’API/) voiL(u; athy g
vol(u;)

f(DT_))ij/J < Dj,VUj e U, Yep, ¢ € N,

12)
Tp(4),1 > yjyl/’l,Vuj ceU,Vep € N, e N (13)

|N|

Zij/,l =1, Vuj S U, VC[/ S N, q;,v 7é 0
=1

(14)
xip € {0,1} Vv, € V, Ve € N, (15)
yjrg € {0,1} Yu; € U, Ve, ep € N. (16)

Constraint (11) ensures that the total computing resource
consumption for all DT replicas at any cloudlet is no more
than its computing capacity. Constraint (12) ensures that the
end-to-end delay of user u; at location APy by using the DT
replica at location ¢; is no greater than its delay requirement.
Constraint (13) implies that if user u; located at APy uses the
DT replicalocated at ¢; as its service, then the DT replica must be
placed atlocation ¢; already, i.e., (i)l = Yi bl Constraint (14)
says that any user u; at any location APy, its request can only
be serviced at most by one DT replica of its requested object
vp(4) at location ¢;.

B. Randomized Algorithm

As the ILP solution is not attainable when the problem size
is large, we instead devise a randomized algorithm based on the
linear relaxation of the ILP solution, by relaxing the value range
of binary variables x;; and ¥,y ; to real numbers between 0
and 1. Specifically, an optimal fractional solution for the Linear
Programming (LP) relaxation of the ILP solution can be obtained
in polynomial time. An integral solution for the ILP is then
derived by randomly rounding on the fractional solution with
the specified probability [24], and this integral solution finally
becomes a feasible solution for the original problem with high
probability.

The randomized algorithm for the DT replica placement
problem is detailed in Algorithm 1. Let 2;; and y; ; be the
values of variables ;; and y; y; in the linear relaxation LP of
the ILP, respectively, where Z; ; € [0,1]and g;;; € [0,1]. Inthe
rounding procedure, as a user «; can only choose a DT replica
that has been placed, ¢;; is set to 1 with probability y’—”L’

T
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Algorithm 1: Randomized Algorithm for the DT Replica
Problem.

Input: An MEC network G(N, E), and a set U of mobile
users with the mobility probability g;; of user u; € U to
location ¢; € N is given, a set V' of mobile objects with the
mobility probability p;; of object v; € V moving to
location ¢; € N is given.

Output: For each object, place a proper number of its DT
replicas in different cloudlets such that the sum of the total
cost of DT placements and updating of objects, and the
total service cost of all users is minimized.

1: Calculate the shortest paths Path; ; between each pair
of APs [ and !.

2: Solve the linear relaxation LP of the ILP (10) in
polynomial time;

3: Let ﬁ be the optimal solution of the LP, and let Z; ;
and 7; 7 ; be the values of variables x; ; and y; 1 ;
respectively, where Z; ; € [0,1] and 7;,; € [0, 1];

4: An integral solution that consists of &; ; and §j; ;; for the
ILP (10) is obtained by the randomized rounding
approach in [24]. That is, &; ; is set to 1 with probability

Z;1, and g; 7 is set to 1 with probability % if
Tig=1;

5: return A candidate integral solution S based on 2, and
15,01 will be a feasible solution to the ILP with high

probability.

when #; ; = 1. Note that we have yglo—”ll < 1 due to constraint
Tp(s), = Yiu in (13).

C. Analysis of the Randomized Algorithm

The rest is to analyze the approximation ratio of Algorithm 1
and bound the computing resource violation on each cloudlet
and the delay requirement violation for each user.

We first analyze the upper bound on the cost of the solution

delivered by Algorithm 1. Let OPT and OPT be the optimal
solutions of the LP and ILP (10), respectively. The value of

OPT is a lower bound on the optimal solution of the ILP as
this is a minimization optimization problem, i.e., OPT < OPT.
Denote by

P,y = w (- comp(DT;) + Init;)

[N

ki - vol(v;)
tw ) pir (vol v;)cost (Pathy ;) + >
l’; / (rn)eost ) f(DT;)
Qj,l’,l = (1 - w)qg‘,w

ki - vol(uj)
X [ vol(uj)cost (Pathy ;) + 73) ,
( ! f(DT)
where IP; ; is the DT replicas deployment cost and update cost
of object v; at location [, and Q;  ; is the service cost of user u;
at location !’ by using the DT replica located at [. Denote by T",

Authorized licensed use limited to: CITY UNIV OF HONG KONG. Downloaded on November 15,2024 at 00:26:06 UTC from IEEE Xplore. Restrictions apply.



ZHANG et al.: MOBILITY-AWARE SERVICE PROVISIONING IN EDGE COMPUTING VIA DIGITAL TWIN REPLICA PLACEMENTS

which is defined as follows and will be used in the analysis.
I' = max{ max{y - comp(DT;) + Init; | v; € V'},

max {Q; | u; € U,¢i,cp € N},
vol(u;)

e { B (u;, APy)
uj € U,cp € N},

max{C; | ¢ € N}, max{P;; |v; €V, ¢, € N}}.
a7

vol(u;)
f(DT;)

+ vol(u;)d (Pathy ;) +

By Algorithm 1, the probabilities of %;; and ¢, ; to
1 are Pr[i;; =1 =2, and Prig;v; =1 =Pr[g ;=
1| &, =1Pr[3;,;, =1] = y%—l'll &y = §jur, respectively.
The expected total cost of the solution delivered by the ran-
domized algorithm then is

U] [N| |N|
E g Pig -2+ g E E Qjua -
0,V cieN J=10=11=1
[U| |N| |N|
= E E Pig-Zi + E E g Qjui- Y
v, €V eN j=10U=11=1
= ~ = _ (Ul [V
Let m = Zv 9% ZC[EN ]P)i’l RN/ and 2 = Ej:l I'=1

‘N‘ 1Qj v -Yjra. We then have OPT = m 412+ C.
Correspondmgly, we have OPT =m +n2 + C.

Lemma 1: The value of ZU v cheN P;; - &;, is no more
than 2 - 7, with high probability of 1 — ‘V‘

Proof: Let oy be a constant with o < 1. By Chernoff
Bounds [24], we have

Pr|Y > Pudi>(1+ al)m]
v, €V qgeN
< Pr Z Z P2, > 1+ Oq)ﬁ1] , since 7j; < mp
Lv;, eV ceN
=Pr|> > 2> (It an) | etz = D= Bid
12 ik 7 .
Lv; eV cieN
=Pr | Zi> (1+a1)nr1] cletZi= > ziy
Lv, eV =

2 ~

—Q1” M
< —_ for all >0
_exp((2+a1).r>, or all a; ,

where (18) is obtained by the Chernoff bound as variables
Z1, 22, .., Zpy| are independent random variables. Variable
Z; 1s a random variable derived from the integral solution
2. The value range of Z; is within [0 1] as M <
max{PiEi"Z e x7- The value of Z; is ” with probabﬂ
ity Z;;; otherwise, Z; is 0 with probabﬂlty 1—2;,;. Then

P10 n
E[Zvie\/ ZZ] = ZviEV % = 77?1

(18)
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We further assume that exp(= alr Iy < ﬁ If 0<a; <

1 . ~
1, then exp((Qiglg’}F) exp(—3 af 771) < - Since 7y <y <

OPT, we then have

- 3F111(|V|) . 30 In(|V]) .
m m

We must have OPT > 3T'In2|V| by (19) as «; < 1. The
ratio of Zv v cheN i1 - Ti1 tony is 2 with high probability
of 1 — \VI duetothat 1 + ay < 2.

IN| <IN

Lemma 2: The value of Z‘ 121 221 Q- gjp is no
more than 2 - 75 with high probablhty of 1 —1/|U].

Proof: Let oy be a constant with oy < 1. By Chernoff
Bounds [24], we have

3 In(|V])
OPT

19)

U] N] |N]|
Pr|Y > > Q- Giwa > (1+az)m
j=10=11=1
[ Ul IN| |N|
SPr(d > Y Qi Gira = (L+as)iz|,
| j=1U=11=1
since 772 < 12
[1ul IN| |N]| s
P[5 Y anz 0ran ),
| j=1U=11=1
Qjui- U
U] b IN| |N|
=Pr AJ 1 + 0[2) I? , let Aj = Z Zajym
j=1 I'=11=1
< exp 02"l gy > 0 (20)
>~ (2 + 0[2) ] F ) 2 )

where (20) is obtained by the Chernoff bound as variables
Ay, Aa, ..., A are independent random variables. Variable
Aj is a variable derived from the integral solution g, ;.

The value range of A; is within [0, 1] as

Q_]‘,l"l'gj,ll,l
max( Qs T, U e Ny The value of A; is

bility y; v ;; otherwise, A; is 0 with probability 1 — 9,1 Then

Q’ ! Y 7
]E[Zung Aj] = E wyeU %’U]” o 7,2
that

Q]‘ z/,L'.@j.l' !
I <

“ L with proba-

. We further assume

—aonl P 1

Also, if 0<ag <1,

exp((Q_m )p) < exp(M) < Tl]‘
we have

. \/3F11i(|U) . \/3F1n(|U|) .
12 2

then (21) can be transformed as
Since 7y <19 < OPT,

30 n(|U])

OPT (22)
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We thus must have OPT > 3T"In(|U|) by (22). The ratio of
> ‘l,N SN Qg - .00 1o 1 is 2 with high probability
of 1 — IU\ due to that 1 + ap < 2.

Theorem 3: Given an MEC network G(N, E), aset U of user
requests and a set V' of objects, there is a randomized algorithm,
Algorithm 1, with high probability of min{1 — o UI 1-— |—‘1/‘, 1-—
W}’ for the DT replica placement problem. The expected ap-
proximation ratio of Algorithm 1 is 2, at the expense of no more
than twice of the computing capacity violation on any cloudlet
and of the delay requirement violation of any user request,
provided that OPT > 3T' max{In|U]|, In | ¢ €
N} > 6I'In|N|, and min{D; | u; € U} > 6I'In|U|, where I’
is defined in (17), O PT is the optimal solution of the problem.

Proof: We first show the approximation ratio of the random-
ized algorithm, Algorithm 1, and then show that the computing
resource capacity violation on each cloudlet and the delay vio-
lation of each user request are upper bounded.

By Lemma 1 and Lemma 2, let & = max{ay, s}, then

|Ul IN| [N

DTS P dia+ Y D> Q-G

v eV N j=10U=11=1

+C > (1+a)OPT

U] INT N

ST P dia Y DD Q-G

v €V e eN j=10U=11=1

+C’2(1+o¢)0fﬁ“ ,sinceéjDﬁ“SOPT

< { 1 1 }
min ,
v U]

The solution delivered by the randomized algorithm for the DT
replica placement problem is twice the optimal one with high
probability min{ 1 — 7, 1 — 77 } when0 < o < 1.

We then analyze the computing resource capacity violation on
eachcloudletc; € N by Algorithm 1. Letg; ; = %(DTZ') By
be a random variable derived from the integral solution z; ;. It
comp(DT )

(23)

can be seen that the value of g; ; is
of Z;;; otherwise 0 with probability 1 — mz,l

v; eV

with probability

Z Comp(l;Ti) Tia _ G 24)

?7

v, eV

where C is the amount of computing resource consumed at
cloudlet ¢; in the solution of the LP, and C’l < (.

By Algorithm 1, the computing resource consumption on
cloudlet ¢; is ZWEV comp(DT;) - &; ;. Let § > 0 be a constant
with 8 < 1. Since there are | N| cloudlets, the probability of the
computing resource capacity violation on any cloudlet ¢; € NV
is

\/ Z comp(DT;)3;; > (1+ 5)C)

cieN v; eV
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<Pr \/ Z comp(DT;)z;, > (1+ B)Cl , since C; < C
c €N v, eV
< Pr gi1 > (1+ 5)9
r
ceN v; eV
DT;)z; . ‘ .
by gi; = w & the union bound inequality,
-5 G,
< |N|ex , for >0,
< [N|exp ( TR B
by (24) and Chernoff Bounds. (25)
Letexp((2+ﬁ)F) <1 ‘ (=5 =i C’)
< ‘N‘Q.Then
60 In|N 60'In|N ~
8> LILIES BN Gnee G < 6)
Cl Cl

As <1, we must have C; > 6T In|N| by (26). To
ensure that C); > 6T'In|N| for every cloudlet ¢; € N,
we have min{ C; | ¢ € N} >6I'In|N|. We thus have
Pri\ ey 2v,ev comp(DTy) - wiy > (1+ ) CGi] < |NJ-
‘N% = Wll The computing resource consumption on any
cloudlet ¢; € N is no more than twice its capacity, with high
probability 1 — | due to the fact that 1 + 3 < 2.

We finally show the delay requirement violation. With Con-
straint (12), the end-to-end delay of admitting request u; € U
by the randomized algorithm is no greater than its delay require-
ment D;. Let ZDZ be the total delay experienced by user request
u; € U, which is obtained in the LP relaxation of ILP formula-
tion (10). A new random variable d;  ; within the interval [0,1]
is derived from random variable §;  ;, with the expectation of
the end-to-end delay of admitting request u;, where

vol(uj) - (gramy + d(Pathes) + somy) - G
T .
Given a constant v € (0, 1], the probability of violating the
delay requirement of any request u; € U by exceeding twice of
its delay requirement D is given as follows.

3=

[U[ IN| IN|

vol (u;
Pr \/ZZ( @ Ajpl, + vol(uy) (d (Pathy,)
j=1U=11=1 7>
1
= N\ > .
[Ul IN| |N]| vol(u;
<Pr \/ZZ( o gpl, +vol(u;) (d (Pathy 1)
j=10=11=1 7
1
— Vo> D
+f(D/1—1i))y],l,l>—( +7) ]:|
[U| IN| [N
<Pr \/ZZvol uj) ( N APl/) + d(Pathy ;)
j=10=11=1
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1 — N
t— | Yjrq = (1 +v)D;|,since D; < D,
f(DTi)> it 2 (L+7)D; j < D
[IN] IV D
SZPI‘ sz]l/l> ]_—‘r—'y)]:‘ ,
u;eU =1 1=1

by the union bound inequality

I~ [N
D;
= Z Pr Z Y} > 1 + ’7) T s let )/j,l = Zde/vl
u]’GU _CLIEN I'=1
< Z exp 71%72 by the Chernoff Bounds [24]
= sv Y
u]EU
—min{D; |u; € Uly?
Let exp(fmin{DjB‘FquU}'Vz) < ﬁ If 0<~y<1,

it then can be transformed as -~ > __6njU] >
min{D; | u;eU}
6T In |U]| . N .
%, since D; < D;. With 0 <« <1, we have
6I1n |U| . .
1>\ 5D, Tase0y 18- min{D; | u; € U} > 6I'-In|U|.

Hence, the probability of any admitted request with a delay
more than twice of its delay requirement is no greater than ‘U‘
The theorem then follows.

V. ONLINE ALGORITHM FOR THE DT REPLICA
PLACEMENT PROBLEM

In this section, we consider the dynamic DT replica placement
problem under the mobility of both objects and users. We start
by the basic idea of the proposed algorithm. We then devise an
online algorithm for the problem, in which an efficient prediction
mechanism based on the DT timestamp concept is developed for
some DT replica reservations. We finally show that the solution
delivered by the online algorithm is feasible, and analyze its time
complexity.

A. Overview of the Algorithm

Let U® be the set of user requests arrived in the beginning
of time slot ¢, we admit or reject requests in U(*) at time slot ¢
immediately, and our ultimate goal is to maximize the number of
user requests admitted for a finite time horizon 7. Specifically,
within each time slot ¢ € T, existing users may leave from the
network or move to a new location, and new users may join the
network at any location. Similarly, each object can move from
one location to another location as well. Under such a dynamic
setting, we propose online algorithms for the dynamic DT replica
placement problem.

Since users can join and depart from the network, the DT repli-
cas need to be removed and instantiated accordingly to admit as
many requests as possible while meeting the delay requirements
of admitted user requests. Note that both the processing of user
requests and the deployment of new DT replicas incur cost. We
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refer to user request u; € U (1) as admitted with a service cost
costgfger(uj, ',1), which is defined as follows.

¢ P(uy)
cost([lo, (uj, ;1) = vol(u;, 1) (IW
R
Pathyy) + w0 |, (2
+cost (Pathy ;) + f(DTQ)’ (28)

where user u; located at I’ chooses the DT replica placed at
cloudlet [ for its service provisioning, and uploads the volume
vol(uj,t) of its data for requesting DT; service. When a new
DT replica of object v; is deployed at [ at time slot ¢t € T, its

cost §£bj (¢,1) is given as follows.
¢ ¢ P(vi)
(Sgb?y (Z l) = UOZ(UZ, ) (Wﬂ”) + cost (Pathlu )
K
+ + - comp(DT;) + Init;, (29)
T ) o)

JS))] (i,1) is the extra update cost (or synchronization) of object

v; between its current location {” and location [ at time slot ¢
when a new DT replica of v; is placed at cloudlet I, and Init; is
the instantiation cost of a DT replica of v;.

Let a:f ; be abinary variable that indicates whethera DT replica
of object v; is newly instantiated at AP [ at time slot ¢t € T
(z},; = 1) or not (x}, = 0). Let y! ,, be a binary variable to
indicate whether the DT replica located at ¢; will be chosen by
user u; € U () Jocated at ¢y for request processing at time slot
teT (y;l,,l = 1) ornot (yil,’l = 0). The objective of the online
DT replicas placement problem is to maximize the number of
admitted requests while minimizing the total cost of admitted
requests, i.e.,

||
maximize g E g y;l/,l
teT \w;eU® I=1
|N] »
t
X E E O (151)
v; eV i=1
|N|
t / t
+ E E costq(w)e,‘ (uj,l',1) Y ,
w;eU® =1

where +y is a constant to balance between the number of requests
admitted and the total service cost incurred for their admissions.

B. Online Algorithm

We observe that if a DT replica is not used by any of requests
at the current time slot, then it will be removed and its computing
resource will be released back to the system in the end of
the current time slot. However, in an extreme case where the
removed DT replica may be re-instantiated again at the next time
slot, due to that new requests request its service again. Such a
removal and re-instantiation of a DT replica could happen at
every second time slot, which results in a significant overhead
on the re-instantiation cost of a specific DT replica.
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To mitigate frequent removals and re-instantiations of existing
DT replicas, we propose an efficient method on the removal
of DT replicas in the end of each time slot as follows. We
do not remove an unused DT replica at the current time slot
immediately. Instead, we assign each DT replica a timestamp
when it is instantiated with a value of 1, and the value range of
each timestamp is between 0 and a predefined integer threshold
0.1faDT replicais not used at the current time slot, its timestamp
increases by one. A DT replica is removed at a time slot only
if the value of its timestamp strictly greater than 6, i.e., the DT
replica is removed at the current time slot if it has not been used
by any requests in the past 6 consecutive time slots. Otherwise,
if a DT replica with timestamp € > 0 is requested by a user
request at the current time slot, then its timestamp is reset to

zero. This procedure continues until either all requests in Unon
are admitted, or no further DT replica placements will satisfy
any of requests in Ur(i;)n any more.

If a user request can be served by an existing DT replica,
the request will be assigned to that DT replica. Otherwise, a
DT replica of the requested object by the request is chosen and
placed to a cloudlet if the ratio of the accumulative benefit (the
number of requests for that service) of admitted requests to the
total cost that consists of the user service cost and the extra
update cost is maximized. In other words, a DT replica of an
objectis placed to alocation if the cost per user request admission
by the DT placement is minimized.

The algorithm proceeds iteratively. Within each time slot ¢,
for each user request in set U™, if it can be served by an
existing DT replica, it is assigned to that DT replica. If there
are multiple ones, the one with the minimum service cost is
chosen. The rest is to admit user requests in U that have
not been admitted by instantiating new DT replicas for them
such that as many requests as possible can be admitted until
all requests are admitted, or none of the remaining requests can
be admitted without violating its delay requirement no matter
where its requested DT replica is placed.

Recall that U (") is the set of users to be considered at time slot
t € T. We first identify users in U*) whose delay requirements
can be met by requesting services from existing DT replicas.
We then remove those DT replicas that none of users in U
makes use of their DT services to leave room for new DT
replica placements. We finally determine to place which new
DT replicas at each cloudlet to maximize the number of user
requests admitted while minimizing their total admission cost.

Assume that there are DT replicas of some objects deployed
in the MEC network after time slot ¢t — 1. The set U® can be
partitioned into two disjoint sets U, fmgt and U}%),, where each
user u; € U, éz)m can make use of an existing DT replica for
its service while meeting its delay requirement, and each user
u; € U,(Lto)n cannot find any existing DT replica to satisfy its
service delay requirement. If there are multiple DT replicas

for a user in U, (i), the one with the minimum service
cost is chosen. Recall that the service cost of user request u;
located at !’ choosing the DT replica placed at cloudlet [ for
its service provisioning is cost&?e,«(uj, I',1) defined in (28). For
each user u; € U,(Li,)n = UviEV U,(Lto)n( ), it can be shown that
none of existing DT replicas of object v; can serve it without
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violating its delay requirement. We thus aim to admit as many
requests in Uy(ﬁ))n as possible if there is sufficient computing
resource for instantiating new DT replicas for the requests. A
greedy algorithm for the dynamic DT replica placement problem
is presented as follows.

Foreachcloudletc; € N,ifaDTreplicainithasnotbeenused
by any user u; € U, e(z)m, it then can be removed and its occupied
computing resource can be released back to the system. For a
givenobjectv; € V,let N; ; be the set of cloudlets with sufficient
computing resource to instantiate a DT replica of v; in it at time
slot ¢. It can be seen that each cloudlet in V; ; does not contain
any DT replica of v; yet. As each cloudlet has limited residual
computing resource to deploy DT replicas, to determine which
DT replicas to be deployed in a cloudlet, we define a metric,
which is the ratio of the number of admitted users by deploying
the DT replica at a cloudlet to the total service cost of users using

the deployed DT replica for their service provisioning.

Denote by ratio") (i, 1) the ratio of the number |U,(Lto)n(z, 1)| of
admitted users in UT(LZ)TL (7) using the DT replica of v; deployed
in cloudlet ¢; € NN, for their services to the total cost of their
admissions, i.e.,

ratio® (i,1)

| non( )|
; t
A —w) 2, v costifder(,1,1) + 55)1;)] (i,1)
(30)

where U,(w)n(z ) (C Un(m( )) is the set of users can be admitted

by requesting service from the DT replica of object v; at location
[, and 5(()2(1, l) is the cost of newly deployed DT replica at
location [ for object v; that is defined in (29). Recall that w is a
constant to reflect the cost relationship between the cost of DT
replica deployment and object updating and the service cost of
users.

The maximum ratio of deploying a DT replica of object v;
among all potential cloudlets in IV is given by

{ratio(t) (i, l)} .

We then choose one ratio with the maximum value from all
objects, i.e.,

ratio® (i,1;) = max
CclENG

€29

ratio™® (ig,1;,) = max {Tatio(t) (1, li)}

v, eV (32)
We finally deploy a DT replica of v;,, DTj,, at cloudlet [;,

and admit all user requests in Unfm(io, liy). Then, Umm( )=

Umm( )\ Uffo)n(zo, 10) Let Uadmzt be the set of admitted re-

quests so far. Then, Ut = U, ev U C(L)m( ) initially, which

admit —
is updated by U = U U, (o, ).

The detailed online algorithm is given in Algorithm 2.

C. Algorithm Analysis

The rest is to show the correctness and analyze the time
complexity of online algorithm Algorithm 2.

Lemma 3: Following Algorithm 2, for any object v; € V, (i)
if a DT replica of object v; deployed in cloudlet ¢; € N has
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Algorithm 2: Online Algorithm for the Dynamic DT
Replica Placement Problem.

Input: An MEC G = (N, E), a set V of mobile objects, and a set
U= Ugtz)l U of mobile users, a given integer timestamp threshold
0 > 0. In the beginning of each time slot ¢, the locations I’ and I" of
mobile user u; € U (*) and each mobile object v; are given.

Output: A solution to maximize the number of requests admitted for the
time horizon 7" while minimizing the total service cost of admitted
requests.

L: Uadmit <~ @;

2: for each time slot ¢t do

3: Ulg,td)mzt = V);

4: for each object v; € V do

5: Nt < IN; /* the set of cloudlets in which the DT replica of v; can
be placed */

6:  Caleulate UL, (i) (C UM (3));

7 Reset the timestamps of DT replicas to O s if they are used by
Uéz:)ist
Uson (i) < UD () \ UL, (0):

9:  Calculate costyser(uj, !, 1) for each u; € Ué;)ist (4);

10: Nit < Nig\{c|ifuj € U and DT;atc};

exist

(4); otherwise increase their timestamps by one;

t t t .
11 Uzgd)mit = Un(.d)mit U Ué:c)ist(l)
12: end for ;

13: for each cloudlet ¢; € N do
14: for each object v; € V do

15: Remove the DT replica of v; in ¢; if its timestamp is greater than
0; Nt < Nig \ {1}

16: end for ;

17: Calculate the available computing resource Cl’ of cloudlet ¢;;

18: for each objectv; € V/

19: if C] < comp(DT;) then

20: Ni,t — Ni,t \ {Cl}

21: end if ;

22: end for ;

23: end for ;

24:  while Ju; € Uy, ey USS,, (4) is admissible do
25: for each object v; € V do

26: for each cloudlet ¢; € N; ¢ do

27: Calculate ratio(® (i, 1) by (30) if U, (i) # 0

28: end for ;

29: ratio) (i,1;) < arg max ey, ,{ratio)(i,1)}

30: end for ;

31:  ratio®) (ig, ;) + arg max,,cy {ratio® (i,1;)};

32: Deploy a DT replica of v;, into cloudlet /;, and its timestamp is set

0;

33: Nig,t < Nig,t \ {clio IS sz‘o — Cl’io — comp(DT;,);
. (®) (t) ) (- .

34 Uadmit - Un.dmit U U’ﬂon (ZO7 lio)’

35: Uldn(io) < Udn(io) \ USon (o, Lig)
36: end while ;

t
37: Uudrn'ii — Uad'mit u U( )

admit’

and reject requests in u® \ Ut

admit

38: Admit requests in U(gfi)mi .
39: end for ;
40: return Uy g4t -

(2), then it would not

be used by any request in U7(L€))7L(7;); (ii) assume that U,(Lf))n(z) #+

() in the end of the algorithm, then, for any cloud ¢; € Ni ¢,

not been used by any request in Ue(i)ist

none of requests in U,Si,’n(z) can be served by the DT replica
of v; placed in ¢; while meeting their delay requirements. For

11307

any clouldet ¢; € N \ N, 4, none of requests in UT(LQn(Z) can be

admitted without violating its delay requirement.

Proof: We first show Case (i). If the DT replica can be used

by a user u; in Uy(fo)n(z), then following the definition, u; €

U (i), notin UL, (i).

We then prove Case (ii). Following the definition of IV, ;, each
cloudlet in it has sufficient computing resource to accommodate
the DT replica of v;. Furthermore, only a DT replica of v; that
is placed in a cloudlet in [V, ; can be used by user requests
in U,(L?n(z) If a user request in Uf,i,)n(i) cannot be admitted if
and only if its end-to-end service delay is larger than its delay
requirement, no matter which cloudlet in V; ; that the DT replica
is placed. The lemma then follows.

Theorem 4: Given a finite time horizon 71", an MEC network
G = (N, E) with a set AP of APs and a set N of cloudlets
with each ¢; € N having computing capacity Cy, a set U®)
of mobile users requesting services from DT replicas, and
a set V' of mobile objects updating their DT replica states,
there is an online algorithm, Algorithm 2, for the dynamic DT
replica placement problem, which delivers a solution within
O((JUMN2 - |V| - |N|) time per time slot t with 1 <t < T..

Proof: Following Algorithm 2, At each iteration of the
while loop, only a DT replica instance can be instantiated
in a cloudlet if the cloudlet has sufficient computing resource
to implement at least one user request while meeting the use
delay requirement. Also, the computing resources occupied by
the removed DT replicas will be released back to the system.
Since the computing resource capacity on each cloudlet is not
violated in any iteration, the solution delivered by Algorithm 2
is feasible.

The time complexity of Algorithm 2 is analyzed as follows.
In each iteration, Algorithm 2 takes O(|U®)| - [V|-|N|) time
to admit one user request. Since there are |U(t)| requests, Algo-
rithm 2 takes O((|JU®])? - |V| - |N|) time.

VI. PERFORMANCE EVALUATION

In this section, we evaluated the performance of the proposed
algorithms for the (dynamic) DT replica placement problem
through experimental simulations. We also investigate the im-
pact of parameters, the threshold 6, the number of users, and the
value of w, on the performance of proposed algorithms.

A. Experimental Settings

We generate each MEC network instance via NetworkX [26].
The computing capacity C; of each cloudlet ¢; € N is randomly
selected from the range in [2000, 4000] MHz, and the cost 1 per
unit computing resource (MHz) is $0.02 [33]. The transmission
delay d(e) of per MB dataon eachlink e € Eisrandomly chosen
in the range of [0.02, 0.05] ms, and the transmission cost &(e)
of a unit data on link e varies from $0.01 to $0.04 per MB
randomly [33]. The transmission powers P(v;) and P(u;) of
each object v; and each user u; are drawn in the range between
12 dBm and 23 dBm [4]. The cost ¢ of transmission power
consumption per unit time is $0.4. The uploading rate B of an
object or a user is calculated by B = W, log(1 + %), where
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W, is the bandwidth of AP [, P is the transmission power of the
object or the user that is proportional to the distance between
the object or the user and AP [, H is the channel power gain,
and p is the noise power. The bandwidth W; of AP [ at each
time slot is randomly drawn from 20 MHz to 40 MHz, and the
signal-to-noise ratio w for any object v; € V and any user
u; € U is chosen from 10 dB to 30dB [14].

Objects and users are randomly distributed initially under APs
in the network. The amount of computing resources comp(DT;)
for deploying a DT replica of object v; varies from 400 MHz to
800MHz [17]. The cost x; of DT} data processing per unit time
is randomly chosen from $0.1 to $0.5. The processing rate of a
DT replica is proportional to the amount of computing resources
allocated to it. We thus assume that the data processing rate of
unit computing resource is 0.1 MB per millisecond. The instan-
tiation cost Init; of deploying a DT replica for object v; € V' is
drawn randomly between $5 and $10. The data volumes vol(v;)
and vol(u;) of an object v; and a user u; are randomly drawn
from the range of [100, 200]MB.

It is mentioned that the value of each figure is the average
of results of 20 different topologies of MEC networks with the
same size. The actual running time of each algorithm is based
on a desktop equipped with an Intel(R) Xeon(R) Platinum 8280
2.70 GHz CPU, with 10 GB RAM. The parameters are adopted
as the default settings unless otherwise specified.

B. Performance of Different Algorithms for the DT Replica
Placement Problem

We first studied the performance of Algorithm 1 and the ILP
solution for the DT replica placement problem. We consider 50
objects, and the delay requirement of each user is set from 15 ms
to 50 ms randomly [14].

We vary the number of users |U| while fixing the network
size |N| at 20. Meanwhile, we vary the network work size
|N| while fixing the number of users |U| at 200. Fig. 2 plots
the performance curves of Algorithm 1 and the ILP solution,
respectively. From Fig. 2(a) it can be seen that the total cost of
the solution by Algorithm 1 is amost equal to the cost of the
ILP solution, while Fig. 2(b) indicates that the running itme of
Algorithm 1 is only fractional one of the ILP one. It is noted
that the ILP solution can provide DT services for all users while
satisfying their delay requirements, but there are capacity and
delay violations of the solution by Algorithm 1. Table II shows
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Performance comparison of Algorithm 1 and ILP by varying the number of users.
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TABLE II

CLOUDLET CAPACITY USAGE DELIVERED BY ALGORITHM 1| BY VARYING |U|

U] 100 200 300 400 500

Satisfied 0.9025 0.8675 0.86 0.835 0.8425
Violated 0.0975 0.1325 0.14 0.165 0.1575

TABLE III
USER DELAYS DELIVERED BY ALGORITHM 1 BY VARYING |U|

|U| 100 200 300 400 500
Satisfied 09773 09841 0.9680 0.9682 0.9508
Violated 0.0012 0.0011 0.0012 0.0005 0.0011

No assigned  0.0215 0.0148 0.0308 0.0313 0.0481

the percentages of capacity satisfied and violation by varying
|U|. Tt can be seen from Table II that no more than 16.5%
of cloudlets have their capacity violated. Fig. 2(c) depicts the
capacity usage ratios of cloudlets by Algorithm 1, where the
ratio is the amount of computing resource consumed by each
cloudlet divided by its capacity.

The delay satisfaction ratio of each user u; is calculated by
Y oie N, 45.1» Where the delay requirement of user u; can be met
when it stays at cloudlet ¢; € N; and N; C N, and g, is the
probability of user u; moving to cloudlet ¢;. The dissatisfaction
of delay requirement for a user u; moving to location ¢y are
either u; has a longer service delay than its delay requirement;
or u; hasno assigned DT atits current location. Table Il displays
the ratios of delay satisfaction, delay violation, and no assigned
DTs, respectively, with varying |U|. It can be seen that the delay
satisfaction ratios for given |U| are all above 95%. We analyze
the delay violations, and the results are shown in Fig. 2(d), where
the service delay of a user is violated by no more than 30% of
its delay requirement.

Fig. 3 plots the performance curves of Algorithm 1 and the
ILP by varying network size. It can be seen from Fig. 3(a)
and (b) that the solution of Algorithm 1 has the similar cost as
the ILP solution with much less running time. Table IV shows
the percentages of capacity violation by varying | N|. Fig. 3(c)
plots the capacity usage ratios of cloudlets by Algorithm 1.
With the increase on network size, the percentage of cloudlets
with capacity violation decreases, the minimum, median, and
maximum capacity usage ratios decrease too, since there are
more cloudlets for DT deployment in a larger network. Table V

Authorized licensed use limited to: CITY UNIV OF HONG KONG. Downloaded on November 15,2024 at 00:26:06 UTC from IEEE Xplore. Restrictions apply.



ZHANG et al.: MOBILITY-AWARE SERVICE PROVISIONING IN EDGE COMPUTING VIA DIGITAL TWIN REPLICA PLACEMENTS 11309
103 o - 3 ¢
4720 5 g125 i . 211 8 .
4100 E $1.00 5
8 4680 =10 80.75 110
© £ > s
4660 : g - G 0.50 >1.05
—=— Algorithm 1 2 —=— Algorithm 1 a 2
4640f —o— |LP —— ILP §0.25 fa)
10? 1.00
20 30 40 50 20 30 40 50 20 30 40 50 20 30 40 50
IN] IN| NI IN]
(a) Total service cost (b) Running time (c) Capacity usage ratio of (d) Delay violation ratio of
Algorithm1 Algorithm1
Fig. 3. Performance comparison of Algorithm 1 and ILP by varying the network size.
8
g g £ 100000 —————— ==y 1 42000 e
g —&— No_DTRep g & o OTR B 800 =~ No_DTRep g —3— Algorithm
£ 4000 G o Q_DLsep! E N o 40000
o —— Best_fit o 80000 —¢ Best_fit £ —¢ Best_fit @
2 - £ 600 - 38000
£ 3000 g E I
£ £ 60000 S b=
® £ 2400 € 36000
‘5 2000 E = E
o « 40000 < « 34000
5 5 2200 s
£ 1000 3 2000 e —————— 2 32000
E 50 100 150 200 250 © %0 100 150 200 250 50 100 150 200 250 © 2 3 4
U U] U )

(a) Number of admitted requests (b) Cost of admitted requests

Fig. 4.

TABLE IV
CLOUDLET CAPACITY USAGE DELIVERED BY ALGORITHM 1 BY VARYING |N|

|N| 20 30 40 50

Satisfied 0.8675 0.96 0.9825 0.99
Violated 0.1325 0.04 0.0175 0.01

TABLE V
USER DELAYS DELIVERED BY ALGORITHM 1 BY VARYING |N |

IN] 20 30 40 50
Satisfied 09841 09879 09975 0.9925
Violated ~ 0.0011 0.0008 0.0010 0.0005

No assigned 0.0148 0.0113 0.0015 0.0070

displays the delay related ratios by varying | N|, where the delay
satisfaction ratio for a given |N| is always above 98%, and the
analysis of delay violations is shown in Fig. 3(d).

C. Performance of Different Algorithms for the Dynamic DT
Replica Placement Problem

We then evaluated the performance of Algorithm 2 for the dy-
namic DT replica placement problem against two benchmarks.
One benchmark is the one without any DT replica placement
No_DTRep, i.e., there is only one DT placed for each object in
No_DTRep. The other is referred to Best__f£it, which assigns
an incoming request to its requested DT replica (an existing one
or instantiating a new one) at a random chosen cloudlet if there
are no violations. We considered an MEC network with 30 APs

(c) Running time (d) Impact of § on Algorithm2

Performance comparison of Algorithm 2 and No_DTRep by varying the number of users.

and 50 objects. The delay requirement of each user is set from
5 ms to 30 ms randomly [14]. There are 20 time slots.

We evaluated the performance of Algorithm 2 and
No_DTRep, and Best_fit by varying the number |U(t)]
of users. Fig. 4 plots the performance curves of the three
comparison algorithms. It can be seen from Fig. 4(a) and (b)
that Algorithm 2 admits more user requests than those by
No_DTRep and Best_fit at less cost. Since No_DTRep
only allows to deploy only one DT for each object, it needs
frequently removing and instantiating DTs to admit requests
distributed in different locations of the network while meeting
their delay requirements. This leads to a higher instantiation
cost. Algorithm 2 outperforms Best_ f£it in terms of both the
number of admitted requests and the service cost, which justifies
the advantages of the the ratio metric-based method.

What followed is to evaluate the impact of 6 on the per-
formance of Algorithm 2. Fig. 4(d) shows that the service
cost of admitted requests decreases with the increase on the
value of 6. The rationale behind lies in two aspects. On one
hand, the increase on the value of 6 reduces the overhead on
re-instantiations of DT replicas. On the other hand, since the
placements of DT replicas are not adjusted immediately at each
time slot due to the movement of users and objects, the number
of admitted user requests will decrease, resulting in the cost
decrease of the admitted requests.

We also considered the impact of parameter w on the per-
formance of Algorithm 2, Best_fit, and No_DTRep while
fixing |U(¢)| at 100. Fig. 5 plots the performance curves of the
three algorithms. Fig. 5(a) indicates that the number of admitted
requests by Algorithm 2 is larger than those by No_DTRep and
Best_fit for each different value of w. It can be seen from
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Fig. 5. Performance comparison of Algorithm 2 and No_DTRep by varying
the value of w.

Fig. 5(b) that the accumulative cost of the solutions by the three
algorithms decreases with the growth on the value of w. This
indicates that the service cost of users is higher than the DT
updating cost of objects for the given setting.

VII. CONCLUSION

In this paper, we considered mobility-aware, delay-sensitive
inference service provisioning in a DT-assisted MEC network
with mobile objects and users, via DT replica placements. We
formulated two novel DT replica placement problems: the DT
replica placement problem and the dynamic DT replica place-
ment problem, respectively. We first formulated an ILP solution
for the former when the problem size is small or medium;
otherwise we developed a randomized algorithm with high
probability. We then proposed an online algorithm for the latter,
which takes into account the overhead on frequent removals
and re-instantiations of DT replicas, by developing an efficient
prediction mechanism to reserve some existing DTs in order to
reduce the service cost further. We finally conducted simula-
tions to evaluate the performance of the proposed algorithms.
Simulation results demonstrate that the proposed algorithms are
promising against their comparison counterparts.
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