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Aol-Aware Service Provisioning in Edge Computing
for Digital Twin Network Slicing Requests
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Abstract—Digital twins are poised to enter our lives with Indus-
try 4.0. The Digital Twin Network (DTN) paradigm is projected to
deliver upon the promise of efficient collaboration among digital
twins to enable complicated and systematic services across many
domains, through depicting an overall picture of a group of physical
objects. To achieve timely data processing of digital twins, Mobile
Edge Computing (MEC) shifts the computational power towards
the network edge, and network slicing is well-suited to bundle
heterogeneous physical resources to build logical networks based
on edge servers for accommodating DTNs. In light of this, in this
paper we investigate DTN slicing-enabled service provisioning in
MEC, where each DTN slice consists of one master digital twin
and a set of worker digital twins, and each worker digital twin
is synchronized through collecting data from a respective object
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periodically. The master digital twin aggregates the processed data
from worker digital twins to model the DTN continuously for user
query services, whilst meeting delay requirements of users. We
capture the utility gain of a DTN slicing request based on the DTN
model quality at its master digital twin that is impacted by the
Age of Information (Aol), and we focus on two novel optimization
problems: the utility maximization problem for a single DTN slicing
request, and the dynamic utility maximization problem for multiple
DTN slicing requests. We propose an approximation algorithm for
the former, and an online algorithm with a provable competitive ra-
tio for the latter. We also evaluate the performance of the proposed
algorithms through simulations. Experimental results demonstrate
that the proposed algorithms are promising, outperforming their
counterparts by at least 10.2%.

Index Terms—Digital twin, mobile edge computing, network
slicing request, age of information, approximation algorithm,
online algorithm, and resource allocation.

1. INTRODUCTION

HE rapid advancement of digital twin technology sheds
light on seamless cyber-physical integration with the In-
dustry 4.0 initiative [31], by virtue of developing high-fidelity
digital clones of physical objects of interest to evolve alongside
the latter in the course of their life cycles [34]. Through contin-
uous monitoring, digital twins can synchronize with the states
of their physical objects, so as to analyze, simulate, and predict
the behaviours of the physical objects for informed and wise
decision-making, in view of dynamic system changes [9].
With the proliferation of digital twins, the Digital Twin Net-
work (DTN) is anticipated as an emerging network paradigm that
consists of a group of digital twins to form a virtual network,
which can provide services to users based on global information
of digital twins [37], [44]. Specifically, It is desired to implement
a digital twin to reflect all features of its object as closely as
needed, which however leads to significant resource demands
for data processing and storage. Therefore, a digital twin usually
represents only a subset of features of its object [35], and an
object can have its digital twin playing different roles in differ-
ent DTNs with the specific needed features. For example, the
DTN for traffic monitoring focuses on the location information
and driving behaviors of vehicles, while the DTN for vehicle
maintenance pays more attention to the states of software and
hardware of vehicles.
As a consensus, digital twins rely on the timely processing
of real-time data from objects to maintain living digital mod-
els [11], [30], and the traditional cloud-based architecture with
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(@b}
Access Point (AP)

Fig. 1. An illustrative example of a DTN slice of a request 7 in an MEC
network, where each Access Point (AP) has a co-located cloudlet. The DTN
slice accommodates a DTN, which consists of one master digital twin DT’ o
and three worker digital twins (DT’ ., , DI, and DT ), corresponding
to three objects n1, ng and ng , respectively. Each worker digital twin describes a
subset of features of its object in the DTN, and the master digital twin models the
entire DTN. The service provisioning via the DTN slicing is as follows. (1) Each
object periodically sends its raw data to its worker digital twin for processing and
synchronization. (2) The processed data from all its worker digital twins are sent
to the master digital twin for further processing to model the DTN continuously.
(3 The master digital twin provides query services to users.

long communication delay is insufficient [23]. In this context,
Mobile Edge Computing (MEC) presents a new perspective for
building digital twins close to objects at the network edge in
a communication-efficient way [21], [28]. Network slicing is
another crucial capacity towards future mobile networks, via
establishing a series of logical virtual networks (network slices)
to share the network infrastructure [45]. These network slices
are tailored to fulfil diversified service requirements, serving as
a basis for Slice-as-a-Service [25]. Assisted by network slicing
in MEC, DTNs can be implemented in network slices based on
edge servers (cloudlets) to support personalized services with
fine-grained resource orchestration, low-delay customization,
and performance isolation [10], [31].

In this paper, we deal with DTN slicing in an MEC network for
admitting DTN slicing requests. As illustrated in Fig. 1, the DTN
slice of each request consists of a set of worker digital twins and
one master digital twin, where each worker digital twin describes
a subset of features of an object in the DTN. As a centralized
space, the master digital twin models the entire DTN, through
aggregating the processed data from worker digital twins for
further processing and providing query services based on the
DTN model. For example, a master digital twin may adopt a
Deep Neural Network (DNN) to model the DTN [32], [37], while
the data collected from its worker digital twins will serve as the
training data of the DNN. Because the volume of the processed
data at a worker digital twin usually is far smaller than that
of the raw data from its object, deploying worker digital twins
for data prepossessing helps save communication resource for
transmitting the data to the master digital twin, compared with
sending the raw data from objects directly. Also, the prepos-
sessing of the raw data at worker digital twins distributively
alleviates the workload of the cloudlet hosting the master digital
twin, especially when the DTN has a large number of digital
twin components.
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We consider the Quality of Service (QoS) for DTN slicing
requests as follows. The quality of an established DTN model
at the master digital twin is inevitably impacted by its data
freshness [29], [34], which is usually quantified by the Age of
Information (Aol), i.e., the duration of a piece of data since its
generation [33]. Moreover, a user may issue multiple queries to
the master digital twin during the DTN slicing, whilst imposing
a service delay requirement [20], [27].

Service provisioning through DTN slicing in MEC networks
poses several challenges. For example, how to measure the
quality of the DTN model at the master digital twin to capture
the utility gain of its request for DTN slicing? How to deploy
the master and worker digital twins of a DTN slice to the
MEC network to maximize the utility gain, while meeting its
delay requirement? How to deal with dynamic admissions of
DTN slicing requests without the future knowledge of request
arrivals, with the aim to maximize the accumulative utility gain,
considering limited resource capacities on cloudlets?

The novelty of this study lies in investigating Aol-aware
service provisioning in an MEC for DTN slicing requests. A
novel metric to capture the utility gain of a DTN slicing request is
introduced to measure the quality of each DTN model by its Aol.
Two optimization problems for admitting DTN slicing requests
are formulated, and approximation and online algorithms for
them are developed.

The main contributions of this paper are given as follows.

e We formulate two novel problems for DTN slicing in

an MEC network: the utility maximization problem for
a single DTN slicing request, and the dynamic utility
maximization problem for multiple DTN slicing requests.
We also show the NP-hardness of the two defined problems.

* We propose a performance-guaranteed approximation
algorithm for the utility maximization problem.

® We propose the Integer Linear Program (ILP) for the offline
version of the dynamic utility maximization problem, and
develop an online algorithm with a provable competitive
ratio for the problem based on the ILP, by adopting the
primal-dual dynamic updating technique.

e We evaluate the performance of the proposed algorithms
via simulations. The simulation results demonstrate the
proposed algorithms are promising, outperforming their
counterparts by at least 10.2%.

The rest of this article is arranged as follows. Section II
surveys the related work on Aol-aware DTN slicing in MEC.
Section III provides problem definitions and NP-hardness proofs
of the defined problems. Section IV devises an approximation
algorithm for the utility maximization problem, and Section V
develops an online algorithm for the dynamic utility maximiza-
tion problem. Section VI evaluates the algorithm performance,
and Section VII concludes the article.

II. RELATED WORK

Recently, there has been a significant body of studies of
digital twins in MEC systems [9], [11], [12], [13], [14], [18],
[19], [23], [30]. For instance, Jia et al. [9] proposed a con-
current synchronization and data re-sampling mechanism for
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constructing digital twins within an edge-centric platform.
Li et al. [12], [13] studied the reliability-aware placement of
service function chains assisted by digital twins in MEC, by
proposing algorithms to minimize the request admission cost.
Li et al. [18] investigated the delay-sensitive query service
provisioning in DT-empowered serverless edge computing with
user mobility. They deployed digital twin replicas in cloudlets to
mitigate user query service delays while enhancing user service
satisfactions by a utility function, for which they devised an
approximation algorithm and an online algorithm for the prob-
lem under static and dynamic settings of user request arrivals.
Li et al. [19] formulated an accumulative fidelity maximization
problem that jointly considers the placement of DTs and service
models, with the aim to refresh service models to satisfy their
users, for which they devised efficient algorithms that strive to
maximize the accumulative fidelity gain of service models while
minimizing the cost of various resources consumed for digital
twin synchronizations and continual training of service models.
Lin et al. [23] designed a congestion control scheme to ensure
the stability of long-term digital twin services with the aim of
maximizing the profit, by adopting the Lyapunov optimization
technique. However, the above studies did not consider optimiz-
ing the Aol metric in providing digital twin services.

There are also efforts devoted to providing Aol-aware digital
twin services effectively [20], [29], [34]. Li et al. [15], [20]
dynamically deployed digital twins in an MEC network to deal
with the mobility of objects, whilst devising approximation and
online algorithms to ensure query services for digital twin data
with low Aol. Li et al. [16], [17] considered a joint optimization
problem of the freshness of query results and query service
delays in a DT-assisted MEC network, and devised an approx-
imation algorithm for it. Liang et al. [22] developed algorithms
to refresh the states of both DTs and service models, while the
state freshness of DTs or service models is achieved through
frequent synchronizations between DTs and their objects, using
these updated digital twin data for their service model training.
Vaezi et al. [34] considered the digital twin placement problem,
and proposed algorithms to minimize the maximum response
delay of requests while meeting Aol requirements of requests.
Zhang et al. [40] considered multi-Federated Learning (FL)
services by leveraging digital twin models to optimize mobile
device scheduling and MEC resource allocation. They proposed
efficient algorithms for the problems with the aim to maximize
the accumulative utility of multiple FL services. Han [6] consid-
ered the system Aol to design an Internet of Things (IoT) system,
where Unmanned Aerial Vehicles (UAVs) are adopted to collect
data and serve as MEC servers. Zhang et al. [41], [42] considered
mobility-aware inference service provisioning in a DT-assisted
MEC network under the mobility assumption of both objects and
users requesting for services, and developed efficient algorithms
for the problem, by leveraging digital twin replica deploy-
ments [42] and migrations [41], respectively. Zhang et al. [43]
studied the relationship between the cost of digital twin synchro-
nization and placements and the cost of users for digital twin
services through cost modeling and algorithm development.

The DTN paradigm is one main focus of the current
research [3], [8], [26], [37], [44]. Hui et al. [8] created a digital
twin for each vehicle to form a virtual network of an MEC
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network, and the information exchanges between digital twins
are beneficial to collaborative driving with global information.
Ren et al. [26] built a DTN consistent with a physical network
to perform service configurations to validate potential solutions
and designed a Deep Reinforcement Learning (DRL) method
to improve service quality based on the DTN. Zhao et al. [44]
presented a hierarchical routing strategy in a digital twin-based
vehicle network, where DTN are constructed to provide various
functions. However, the above studies did not employ network
slicing to facilitate the implementation of services enabled by
DTNs.

Another investigation line incorporates network slicing to
orchestrate the rising complexity of networks [7], [25], [27],
[45]. Prasad et al. [25] proposed a network slicing mechanism for
resource reservation, considering the urgency of slice requests.
They designed offline and online algorithms to maximize the
revenue of 5G networks. Zheng et al. [45] proposed a constrained
game for network slicing and a flexible framework to optimize
resource allocation. There are only a few studies exploring
network slicing and DTN techniques to enhance network effi-
ciency [21], [31], [36]. Lietal. [21] constructed a DTN to map an
MEC network to realize a series of functions, such as prediction
and decision-making. Assisted by the constructed DTN, they
proposed a learning-based algorithm for dynamic cooperative
network slicing, with the aim to optimize the resource allocation
and the long-term utility of operators. Tang et al. [31] applied a
DRL method to design a DTN-assisted network slicing frame-
work, where a digital twin layer is set for simulation prediction
and resource management. Wang et al. [36] adopted a graph neu-
ral network to build a digital twin of slicing-enabled networks in
MEC to capture entangled interactions among slices and predict
the end-to-end metrics of slices. However, the above studies did
not consider dynamic admissions of multiple Aol-aware services
enabled by DTN slicing.

Unlike the aforementioned studies, in this paper we inves-
tigate Aol-aware service provisioning in an MEC network for
DTN slicing requests. We propose performance-guaranteed ap-
proximation and online algorithms for the problems of DTN
slicing.

III. PRELIMINARIES

In this section, we introduce the system model, notions,
notations, and problem definitions.

A. System Model

Consider an MEC network G = (V, E') withaset V of Access
Points (APs) and a set F of links connecting APs. Each AP is
co-located with a cloudlet, whilst connected via an optical fiber
cable with negligible communication delay [24]. Notionv € V'
is abused to represent an AP or its co-located cloudlet. Let d. be
the communication delay for transmitting a unit of data along
link e € E [39]. Denote by N the set of physical objects. The
system model is illustrated in Fig. 1.

B. DTN Slicing Requests

There is a set R of DTN slicing requests issued by users.
The DTN slice of request » € R consists of a set of worker
digital twins and a master digital twin, where each worker digital
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twin describes a subset of features of one in a set IV, of objects
with N,, € N. Denote by DT . = { DT, ;- - -, DT, ., } the
worker digital twins of request 7, and denote by DT, o the
master digital twin. Let DT,” = DT, U {DT,o} be the set of
digital twins for deployment for the admission of DTN slicing
request .

The service provisioning based on DTN slicing for a request
is as follows. We first build a DTN slice, through deploying
its master and worker digital twins in cloudlets of an MEC
network. Within the built DTN slice, each object n € N, pe-
riodically sends its raw data to the worker digital twin DT;. ,, for
processing and synchronization, while the updated data from
all worker digital twins are sent to the master digital twin for
further processing, thereby modelling the DTN continuously.
With such a DTN slice, a user can issue a series of queries to
the master digital twin for services, and the master digital twin
then responds to each query by sending the query result back to
1ts user.

C. Expected Aol at the Master Digital Twin

The freshness of the collected data impacts the quality (ac-
curacy) of the established DTN model at the master digital
twin [29], [34], where the data freshness is commonly qual-
ified by the Aol [33]. To achieve timely synchronization and
provide fresh data, each object n € N transmits its updated
data to its worker digital twin periodically, and let ¢,, be the
synchronization interval of object n between its two consecutive
synchronizations [15], [20], [34].

Objects usually are moving in the MEC network, and the
mobility profile L, , = {p,n, | v € V} of each object n €
N, can be obtained during the DTN slicing of request r, based
on its historical movement traces [1], [24], where p;. ,, ,, is the
probability that object n moves to location v during the DTN
slicing.

Because of the dynamic mobility of objects in an MEC net-
work, it is difficult to calculate the exact Aol. In the following,
we show the expected Aol of the master digital twin, through
introducing the expected communication delay from an object
to its worker digital twin, the processing delay at the worker
digital twin, and the communication delay from a worker digital
twin to its master digital twin.

The expected communication delay from an object to its
worker digital twin: Denote by s the volume of the updated
raw data of object n sent to its worker digital twin DT, ,,. Let
dy, . be the communication delay for transmitting a unit of data
from location [,, of object n (under the coverage of AP [,,) to
cloudlet v hosting DT, ,,. The expected communication delay
of transmitting the raw data of object n to its worker digital twin
DT, ,, incloudlet v € V then is

worker . raw
Leom (Tv n, U) = § . Evpr7n1l’n “Spn dlmv ey
n

The processing delay at the worker digital twin: Denote by a,.,, ,,
the delay of a worker digital twin DT ,, in cloudlet v to process
aunit of data. The processing delay of worker digital twin DT} ,,
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in cloudlet v € V' is

tworker
proc

(r,n,v) = 8.5" - Ar v )

The communication delay from a worker digital twin to its
master digital twin: Denote by s}f”;’f’f” the volume of the pro-
cessed data by the worker digital twin DT, ,,, which will be sent
to the master digital twin DT o. Given d,, ,,, the communication
delay for transmitting a unit of data from cloudlet v to another
cloudlet vy, the communication delay of transmitting the pro-
cessed data of worker digital twin DT, in cloudlet v to its
master digital twin DT, in cloudlet v is

worker

master —
t (r,n,v,v0) = 5,7

com

: dv,'uo . (3)

The expected Aol of the data at the master digital twin from a
worker digital twin: Given the update interval ¢,, of object n, we
can see the expected Aol of the data at the worker digital twin
DT, ,, incloudlet v is t,,/2 + t“2rke" (r n_ v) by (1). Therefore,
by (2) and (3), the expected Aol of the updated data at the master
digital twin DT, ¢ in cloudlet vy from the worker digital twin
DT, ,, in cloudlet v is

taor(rym,v,v0) = tn /2 4 tLOTRET (1 v) 4 t;’fgf”(r, n,v)

+ tmaSter (Ta n,v, UO)' (4)

com

D. Utility Gain

We now define the utility gain by admitting a DTN slicing
request, based on the expected Aol at its master digital twin for
the DTN modelling. In the following, we first capture the utility
gain U, p, 4 4, for the master digital twin DT;. o in cloudlet vy to
collect data from a worker digital twin DT’ ,, in cloudlet v, based
on the expected Aol t 4,7 (7, 1, v, vg) of the collected data by (4).
Intuitively, the utility gain w,.,, v, 1S inversely proportional to
the expected Aol t4,7(r, n,v,v9), i.e., a larger utility implies
a smaller Aol. We then derive the utility gain U, from each
accepted request 7.

Let &, ,, be the Aol threshold [34] for the data from object
n to model the DTN of request r. If the expected Aol is no
greater than &, ,,, i.e., taor(r,n,v,v9) <&, the utility gain
frn(taor(r,n,v,vp)) is obtained, where f, ,,(+) is a monotoni-
cally none-increasing function for the data from object n for re-
questr,and f, ,,(0) is a constant indicating the largest utility gain
to be obtained when the expected Aol is 0, however, achieving
Aol with 0 is very challenging. Otherwise (t 07 (7, 1, v,v9) >
&), a small utility gain A,.,, will be obtained, where A, ,, is a
constant with &, ,, < f.,(&,,,). Then, we have

)“r,nv if tAoI (’I’, n,v, U(]) > gr,n

Ur vy = § Jrn(taor(r,n,v,v0)), otherwise.  (5)

We further introduce a constant coefficient w,.,, associated with
eachobjectn € N, forrequestr, whichindicates the importance
of guaranteeing the data freshness from object n. Also, the value
of w,. , is normalized for request r with Zne N, Wrn = 1. Then,
the utility gain U, ,, , +, of master digital twin DT;. o in cloudlet
v to collect data from worker digital twin DT ,, in cloudlet v
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is
Ur,n,v,vo = Wy * Urn,vug- (6)

Given a request r, its master digital twin DT, ¢ in cloudlet v
aggregates all data from its worker digital twins, and establishes
a service model based on the DTN. Suppose each worker digital
twin DT,.,, € DT, is deployed in a cloudlet v,,, and the utility
gain of admitting DTN slicing request r is

ur - ZDTr,n,EDTr U’I",TL,’U”,’UQ' (7)

E. Delay Requirement

Given the DTN slice of request 7, its user can issue a set @,
of queries to the master digital twin DT, o with a delay require-
ment [15], [20], [27]. The query service delay consists of (1) the
query processing delay by DT} o; and (2) the communication
delay of the query result from DT,  to the user.

Denote by 74" (r, q,vo) the processing delay of query
q € Qr by DT,y in cloudlet vy and s, , the volume of the
query result. Supposing DT, q is deployed in cloudlet v, the
maximum query service delay D;'7* for request 7 is D;"p> =
max{t%5 " (r, q,v0) + sy, - d(vo,locq) | q € Qr}, where
d(vo, loc, 4) is the communication delay for transmitting a unit
of data from cloud vy to the location loc, , of the user for
query q.

Users are usually mobile, and their mobility profiles can
be obtained by analyzing historical movement traces [1], [24].
Therefore, D;ﬂ‘ﬁ;‘ for each incoming request 7 can be identified,
and there is a set of cloudlets V,. C V for potential placements of
DT, o to meet the delay requirement D]¢, with V,. = {vg | vy €
V. & Dpiox < Dped}, ie., the master digital twin DT, o of a
DTN request 7 can be placed in a cloudlet vy € V, only if the
incurred maximum service delay D'7* is no greater than the

T,V0
: req
delay requirement D] 9.

F. Problem Definitions

Definition 1: Given an MEC network G = (V, E), a set N/
of physical objects, and a request  for a DTN slice consisting
of a set DT, of worker digital twins and a master digital twin
DT, o, the utility maximization problem for a single DTN slicing
request s to maximize the utility gain of the request, through
deploying its master and worker digital twins in G, subject to
computing capacities on cloudlets in V.

Let ., , be a binary variable, where x, ,, , = 1 means the
worker or master digital twin DT, ,, € ]D)T;L is deployed in
cloudlet v € V for request r, and z,.,, , = 0 otherwise. Denote
by ¢, ,, the amount of demanded computing resource of worker
or master digital twin DT,.,, € ]Dﬂl’:r . Denote by C,, the com-
puting capacity of a cloudlet. The utility maximization problem
for a single DTN slicing request is formulated as an Integer
Nonlinear Program (INP) as follows.

Z Z Z Ur,n,v,vo . xr,n,v : xr,O,voa (8)

DT, ,eDT, veV vpeV,.

Maximize
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subject to:
Z:DTT,TLeanr;r Cron T < Cy, YoeV 9)
Z Trmnov = ]_, VDTrn c ]D)’]I‘:‘ (10)
veV T ,
Trow = 0’ Vv e V\Vr (11
Tromn,v S {07 l}a VDTT,n c ]D)']I‘:F’VU c VY, (]2)

where Constraint (9) ensures the capacity constraints on
cloudlets. Constraint (10) ensures that each worker or master
digital twin is deployed in one cloudlet only. Constraint (11)
guarantees that the master digital twin DT} o will not be de-
ployed in any cloudlet in V'\V,., otherwise, the delay require-
ment of the user is violated.

Definition 2: Given an MEC network G = (V, E), a set N'
of objects, and a sequence R of DTN slicing requests arriv-
ing one by one, the dynamic utility maximization problem for
multiple DTN slicing requests is to maximize the accumulative
utility gain of admitted requests without any future knowl-
edge, through dynamic admissions of incoming requests for
their DTN slicing, subject to computing capacities on cloudlets
inV.

Let y,. be a binary variable, where y,, = 1 means admitting
request r, and y, = 0 otherwise. The offline version of the
dynamic utility maximization problem for multiple DTN slicing
requests is formulated as an INP as follows.

Maximize E E E E Urnv,vo * Trn,o - Tr0,00

r€R DT, ,€DT, veV voeV,

13)
subject to:
ZTGR ZDTMEDT,T Cra - Trn < Coy - Vo€V (14)
> Ty =yr VreR VDT, DTS (15)
veV ’ !
Tr,0,0 = 07 Vr e Ra \ORS V\VT (16)
Ly on,v S {0, 1}, Vr e R, VDTnn S DT;ﬂ YveV
a7
yr €{0,1}, VreR. (18)

If request 7 is admitted (y, = 1), Constraint (15) ensures that
each of its worker or the master digital twin is deployed in
one cloudlet only. Otherwise (y, = 0), Constraint (15) means
that request r is rejected with no digital twins deployed
for it.

All symbols adopted are listed in Table I.

Theorem 1: The utility maximization problem for a sin-
gle DTN slicing request in an MEC network G = (V, E) is
NP-hard.

Proof: The NP-hardness of the problem is shown through re-
ducing the NP-hard Generalized Assignment Problem (GAP) [2]
to 1t.

We consider a special case of the problem, where the master
digital twin DT, o has been deployed in cloudlet vy. We perform
the problem reduction as follows. With regard to each cloudlet
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TABLE I
TABLE OF SYMBOLS

Notations Descriptions
G=(V,E) G is an MEC network, V' is the set of APs (cloudlets) and E is the set of links connecting APs.
de The communication delay for transmitting a unit of data along link e € E
N and R The set of physical objects, and the set of DTN slicing requests issued by users.

DTy o The master digital twin of request r.
N, Each worker digital twin of request r describes a subset of features of one in a set N, of objects with N, C N.
DT, The worker digital twins of request r with DT, = {DT n,, ..., DTT,n‘Nr‘ .

DT+ The set of digital twins for deployment for the admission of DTN slicing request r with DT;" = DT, U {DT}.o}.

Lr,n = {pr,n,v ‘ v E V}

The mobility profile of object n during the DTN slicing of request r, and py v is the probability that object n
moves to location v during the DTN slicing.

raw

Sr.n

The volume of the updated raw data of object n sent to its worker digital twin DT} .

dy, v

The communication delay for transmitting a unit of data from location I,, of object n to cloudlet v hosting DT’ »,

tICUOl;;LkeT (T.7 n? U)

The expected communication delay of transmitting the raw data of object n to its worker digital twin DT, in
cloudletv € V.

Qrn v The delay of a worker digital twin D75, in cloudlet v to process a unit of data.
t;,";’gf” (r,m,v) The processing delay of worker digital twin DT ,, in cloudlet v € V.
sworker The volume of the processed data by the worker digital twin DT .
dy v The communication delay for transmitting a unit of data from cloudlet v to another cloudlet vg.

master
LIASLET (1 n, v, vg)

The communication delay of transmitting the processed data of worker digital twin DT}, in cloudlet v to its
master digital twin DT;. o in cloudlet vg.

tn

The update interval ¢,, of object n.

taor (Ty n,v, UO)

The expected Aol of the updated data at the master digital twin DT;. o in cloudlet vg from the worker digital twin
DTy in cloudlet v.

Ur,n,v,v0

The utility gain for the master digital twin DT o in cloudlet vg to collect data from a worker digital twin DT ,
in cloudlet v.

Wr,n

The constant coefficient associated with each object n € N;- for request .

Ur

The utility gain of admitting DTN slicing request r.

Qr and D;“?

The set of queries of request r, and the delay requirement of request r.

master
tp'r'uc (T‘, q, UO) and Sr.q

The processing delay of query ¢ € Q by DT o in cloudlet vg, and the volume of the query result of query 7.

DSy The maximum query service delay for request .
Ve The set of cloudlets for potential placements of DT} o to meet the delay requirement D;.“?.
T n,0 The binary variable indicating whether the worker or master digital twin DT} ,, € DT;" is deployed in cloudlet
v € V for request 7.
Crn The amount of demanded computing resource of worker or master digital twin DT}, € D’]I‘;L.
Cy The computing capacity of cloudlet v.
Yr The binary variable indicating whether to admit request r.
2r,n,v,v0 The binary variable indicating whether the worker digital twin DT ,, € DT, is deployed in cloudlet v € V/, while

the master digital twin DT’ o is deployed in cloudlet vg € V.. for request r € R.

Qy, B’V‘,?’L/ wr,vg/ Yryn,v,

Orn,vo and o

The dual variables, with regard to constraints (14), (15), (16), (20), (21) and (24), respectively.

v € V, there is a bin b, with a budget C,, i.e., the computing
capacity of cloudlet v. For each worker digital twin DT, ,, €
DT,., there is an item ¢, ,, with weight c,.,,, i.e., the amount of
demanded computing resource for deploying DT ,,. Assigning
item ,.,, to bin b, leads to a profit U, ,, , ., that is defined by
(6). We observe this special problem is equivalent to a GAP to
maximize the collective profit, which is NP-hard. Hence, the
problem of concern is NP-hard. |

Corollary 1: The dynamic utility maximization problem for
multiple DTN slicing requests is NP-hard.

Proof: By Theorem 1, we have proven that the utility maxi-
mization problem for a single DTN slicing request is NP-hard,
which is a special case of the dynamic utility maximization prob-
lem for multiple DTN slicing requests. Therefore, the problem
of concern is also NP-hard. Hence, the corollary follows. [ |

IV. APPROXIMATION ALGORITHM FOR THE UTILITY
MAXIMIZATION PROBLEM

In this section, we propose an approximation algorithm for the
utility maximization problem for a single DTN slicing request.
we first propose the approximation algorithm. Then, we analyze
its approximation ratio and time complexity.

A. Approximation Algorithm

The basic idea of the proposed approximation algorithm is to
devise an approximate solution for the problem, when placing
master digital twin DT, o in each candidate cloudlet in V,.. We
then identify the solution with the placement of DT, o to achieve
the maximum utility gain.
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Algorithm 1: Approximation Algorithm for the Utility
Maximization Problem for a Single DTN Slicing Request.

Input: An MEC network G = (V, E), a set N of physical
objects, and a single DTN slicing request r.
Output: Maximize the utility gain of the DTN slicing
request .
1: for each vy € V, with sufficient computing resource
for DT, do
2: Reduce the problem instance when deploying DT;. o
in cloudlet vy to a GAP instance, via generating an
item 4, , with the weight ¢, ,, for each DT, ,, €
DT,., and a bin b, for each cloudlet with a budget
C,. Assigning item i,. ,, to bin b,, leads to a profit
UT,’I’L7’L),U[) by (6)7
3: Apply the approximation algorithm from [2] to
obtain a solution S, ,,;
end for
return Solution S, to the problem with the maximum
utility gain.

Al

Given the placement of DT o, we can reduce the utility
maximization problem for a single DTN slicing request to a
maximum profit Generalized Assignment Problem (GAP), and
the approximation algorithm from [2] can be adopted to solve
the GAP.

The detailed problem reduction is as follows. Consider each
cloudlet v € V, there exists a bin b,, with a budget C,, i.e., the
computing capacity of cloudlet v. Supposing DT’ is deployed
incloudlet vy € V,., for each worker digital twin DT, ¢ DT,
it exists an item %, , with a weight ¢, ,,, i.e., the amount of
demanded computing resource of DT ,,. A profit U, ,, , 4, that
is defined by (6) will be collected when item ¢, ,, is assigned to
bin b,,.

For each cloudlet vy € V,. with sufficient computing resource
for DT, o, we can obtain an approximate solution S, ,,, by [2] for
the problem when DT is deployed in cloudlet vg. We finally
identify the solution with the placement of DT;. o to achieve the
maximum utility gain. The proposed approximation algorithm
is detailed in Algorithm 1.

B. Algorithm Analysis

We now analyze the approximation ratio and time complexity
of Algorithm 1 as follows.

Theorem 2: Given an MEC network G = (V, E), a set N of
physical objects, and a request  for a DTN slice consisting of a
set DT, of worker digital twins and a master digital twin DT} o,
there is an approximation algorithm, Algorithm 1, for the utility
maximization problem for a single DTN slicing request, with
approximation ratio of 2#% The time complexity of Algorithm 1

is O(|V,| - [V]-|DT,|-log L + Wﬂ#), where € is a constant
with 0 < e < 1.

Proof: Denote by V. C V, the set of cloudlets with suf-
ficient computing resource for DT, o. Denote by OPT, the
optimal solution for the problem, and OPT, ,, the optimal
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solution for the problem when DT,  is deployed in cloudlet vg.
Then OPT, = max{OPT,,, | Vv € V,}. For each cloudlet
vg € V,, we obtain an approximate solution S, ,,, for the prob-
lem with DT;. o deployed in cloudlet vy, by the approximation

algorithm from [2] with an approximation ratio of 2%_6 Then,
OPT,

we have S, ,,, > . Because Algorithm 1 identifies the
solution with the placement of DT;.  to achieve the maximum

utility gain, its delivered solution is max{S, ,, | Yvo € V,} >

OPT, ,
maX{TG’U | Y €V} = 2%% -max{OPT,,, | Vv €

VT} - 02}-7-?'

The time complexity analysis of Algorithm 1 is given as
follows. There are at most |V,.| cloudlets for the potential de-
ployments of the master digital twin DT;. o, and the invoking
of the approximation algorithm from [2] for each potential
deployment of DT, takes O(|V| - [DT,| - log 2 + |€L4I) time.
Hence, the time complexity of Algorithm 1 is O(|V,|-|V]-

IDT,| - log L + MLV, n

V. ONLINE ALGORITHM FOR THE DYNAMIC UTILITY
MAXIMIZATION PROBLEM

In this section, we consider the dynamic utility maximization
problem. We first perform linearization on the INP (13) of the of-
fline version of the problem to obtain an Integer Linear Program
(ILP). We then develop an online algorithm for the problem by
adopting the primal-dual dynamic updating technique [4].

A. ILP Formulation

To remove the non-linearity of the objective function (13),
we introduce another binary variable z;. ,, , ., to replace x, ., -
Tr.0,005 1€, Zrmww, = 1 means that the worker digital twin
DT, , € DT, is deployed in cloudlet v € V/, while the master
digital twin DT,  is deployed in cloudlet vy € V,. for request
r € R. Otherwise, 2y, .4, = 0. Denote by P1 the dynamic
utility maximization problem for multiple DTN slicing requests.
The ILP of its offline version then is presented as follows.

P1 : Maximize E g g 5 Ur,n,v,vo * Zrn,v,vg

r€ER DT, ,€DT, veV vyeV,
(19)

subject to:
Constraints (14), (15), (16), (17) and (18)

> Ly Frnwse < e, V1 € RYDT, € DT, Yo €V
Vo r
(20)
Z ZT’HUU S‘/I:T.O?) 7VT€R7VDTT7L€DTT‘)VWOGVT‘
ey U0 ,0,v0 s
(21)
Zrnww, € {0,1},Vr € R,VDT, ,, € DT,,Vv € V,Vuy € V,,
(22)

where (20) and (21) guarantee that 2, , , ., i functionally
equivalent to ;. p, 4 * Tr.0,0,, Which will be shown in Lemma 1.
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B. Online Algorithm

Now we adopt the primal-dual dynamic updating technique to
develop an online algorithm for the dynamic utility maximiza-
tion problem.

Denote by P2 the linear relaxation of P1, where binary vari-
ables are relaxed into real variables between 0 and 1. An online
algorithm for P1 can be derived from a feasible solution to the
dual of P2, which is denoted by P3.

The Linear Program (LP) for P2 is formulated as follows.

P2 : Maximize E E E g Ur,n,’u,vo * Zrn,v,v0

r€R DT, ,, DT, veV vpeV,.

(23)
subject to:
Constraints (14), (15), (16), (17), (18), (20) and (21)
yr <1, VreR (24)
Tyny >0, VreR, VDT.,eDT,, YweV (25)
yr >0, VreR, (26)
Zrmww, = 0, Vr € RVDT, , ¢ DT, Vv € V,Vvy € V,,
27

where constraints (15) and (24) indicate x,,, < 1. Because
Zyn,o < 1, constraints (20) and (21) indicate z;. 5, 4 0, < 1.
The dual problem P3 of P2 is formulated as follows.

P3 : Minimize ZUGV Cy-ay,+ ZTGR o,

subject to:

(28)

Qy - Crp + Br,n - Vrnw Z O,VT S R7 VDTr,n € DTT‘)VU eV

(29)

2.

DT, DT,

Oty * Cr0 + Bro — Ornw, = 0,Vr € R, Vug € V,

(30)

Qo Cr0 F Bro+ Yrw, >0,  VreRVveV\V, (3l)

o= > Bm=0, VreR (32)
DT, ,eDT}
Yrw + Prnwe — Urnywwe = 0,
Vr € R, VDT, , € DT,, Yo eV, Yy €V, (33)
ay 20, Vrnw 20, Ornw, 20, 0 >0,
Vr € R, VDT, , € DT,, Vv €V, Vyy € V,, (34)

where &y, Br.n, Yrvgs Yrm,vs Pron.v, and o, are dual variables,
with regard to constraints (14), (15), (16), (20), (21) and (24),
respectively. cy, Vr.n,vs Pr.n,v, and o, are non-negative shown
in constraint (34), while 83,.,, Vr € R, VDT,.,, € DT}, and
Yrws V1 € R, Yoo € V\V,, are unconstrained.

From (29), we have Vr ¢ R,VDT,., € DT, ,Vv €V,

Yrn,v S Qy * Crp + Br,rr (35)
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From (33), we set ¢, ,, », = 0, and we have Vr € R, VDT, ,, €
DT,, Vv eV,

1
Yrn,v > W : Z'[)QGVT Ur,n,v,vo-

By (35) and (36), we have Vr € R,VDT, , € DT,,Vv €V,

(36)

1
> — . E — . .
Br,n = |Vr| eV, UT,TL,’U,’UQ Qy * Crpn (37)

Therefore, we have Vr € R,

1
67",71, Z :
> V]|V, ]

DT, DT,

Z Z Z Ur,n,v,uo

DT, ,eDT, veV vyeV,

1
- m . ZDTr,nQDTT ZUGV Ay - Crop-

(38)
As we set ¢, = 0, by (30), Vir € R, Yoy € V,., we have
Bro = —Qu, * Cro- (39)
From (31), we set ¢, ,, = 0. Then Vr € R, Yy € V\V,,
Bro = —y,  Cro- (40)
Combing Ineq. (39) and (40), we have Vr € R,
Bro =~ 30,0y 00 eno (1)

Combining Ineq. (38) and (41), we have

1
Z ﬁr,n Z m ) Z Z Z Ur,n,v,vo

DT, ,,eDT; DT, ,€DT,. veV voeV,

1
- m . E:DTT,W,E]D)’]I‘:r ZUGV Qy * Crop-

(42)
Considering Ineq. (32) and (42), we have Vr € R,
TN 2. 2D Urnow
" DT, ,eDT, veV voeV,.
1
v ZDTmeDTj Crin ZUGV o (43)

For the sake of convenience, we define constants u, and p,. as
follows.

1
T = Ty I~ 1 Ur n,v,vo - 44
b= W v Z ZZ 10,00 (44)
DT, ,eDT, veV vyeV,
1
Pr = m ' ZDTT’TLeDT:r Cryn- 43)
From Ineq. (43), we have
> — . .
Or > pr—pr Y oy, VrER (46)

By setting o, and o, subject to Ineq. (46), Brn, Vrvg> Vrnw
and ¢, ,, o, can be identified to deliver a feasible solution to P3,
which will be shown in Lemma 2.

The online algorithm for P1 is proposed by updating variables
in the primal and dual programs simultaneously. Especially, we
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set v, Vv € V, as Os initially. Considering Ineq. (46), we devise
an admission control policy for each arrived request r as follows.
If i — pr - > ey 0w < 0, request r is rejected, while we set
o, = 0 and the values of «,,, Vv € V, do not change. Otherwise,
request  is admitted, and we set o, as follows.
Op = Wy — Pr* ZUGV Ay (47)
In the following, we show how to update «, for admitting
request 7. Given residual capacities on cloudlets, we first in-
voke Algorithm 1 to build the DTN slice of request 7, i.e.,
identify {z, .., | YDT,,, € DT} Vv € V}, where 7.,
is a binary variable defined in (17). Then the amount C, ,
=> DT, eDT+ Crin * Zyn,w) Of computing resource will be
consumed by deploying digital twins in cloudlet v for request r.
Notice that Algorithm 1 may fail to deliver a feasible solution
for request r, when the cloudlets have insufficient computing
resource. In such a case, we invoke Algorithm 1 for request
r, assuming cloudlets are idle, i.e., no computing resource is
consumed prior to the arrival of request r. Similarly, we can
obtain C, , in this case, however, it will cause resource violations
on cloudlets, and we will bound resource violations on cloudlets
later in Lemma 4. We now update a, for each cloudlet v € V'
with C,. , > 0 as follows.

Pr - C’r' v
Oy =+ [ 14 :
' h ( Cy - ZDTT,HeDT:r Crm)

Pr - Cr,v
Cy - ZDTT DT} Crn

+ (48)

The online algorithm is detailed in Algorithm 2.

C. Algorithm Analysis

Lemma 1: The binary variable 2z, .., 1is functionally
equivalent t0 Xy 4 - Tr00,, VI € R, VDT, ,, € DT,, Yv €
V, Yvg € V,, through imposing constraints (20) and (21).

Proof: The lemma is proved by distinguishing into four cases
as follows.

Case l: xyp, = 0andz, ., = 0. Then ZUOEV,. Zrmwwy <
0 by (20), and Y° v Zrnvee < 0 by (21). AS 25 0.0, 18 @
binary variable, we have z;. , 4, ., = 0.

Case2: xyp, = 0andz, ., = 1. Then Z%E% Zrmwvy <
0 by (20), and we have z;. 5, 4 4, = 0.

Case3: xp o = landx, 0, = 0.Then ) i 2 n 00, <0
by (21), and we have z;. 5, 4 4, = 0.

Case4: xyp, = land z, g, = 1. Then ZUOE% Zrnwvy <
1 by (20), and >, .\ Zrn,v0, < 1 by (21). The former means
that given a worker digital twin DT;.,, deployed in cloudlet v
(T n,o = 1), its data is sent to at most one cloudlet vy € V,
to build the master digital twin DT, o. The latter means that
given DT, o in cloudlet vy (20,4, = 1), it retrieves the data
of a worker digital twin DT;. ,, from at most one cloudlet v €
V. Because the objective (19) is to maximize the accumulative
utility gain, it will implicitly set z;.,, 4,4, = 1, i.€., the worker
digital twin DT, ,, is deployed in a cloudlet v, while DT g is
deployed in cloudlet vy. |
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Algorithm 2: An Online Algorithm for the Dynamic Utility
Maximization Problem for Multiple DTN Slicing Requests.

Input: The MEC network G = (V, E), a set N of objects,
and a sequence R of DTN slicing requests arriving one by
one without future knowledge.

Output: Maximize the accumulative utility gain of admitted
requests.

1:a, < 0,V € V;
2: while a DTN slicing request r arrives do

if 1, — pr - D ey 0w < 0 then

4 Reject request 7, and o, < 0;

5: else

6: Admit request r, and update o, by (47);

7 Construct a problem instance P1 for the single

request r, and invoke Algorithm 1 to obtain a

solution S, for the deployment of digital twins for

request r, with the residual capacities on cloudlets;

(O8]

8: if the solution S, is infeasible then
9: Update solution S,, by invoking Algorithm 1 for
request r, assuming cloudlets are idle;
10: end if

11: Deploy digital twins on cloudlets by S,., and identify
the amount C,. ,, of consumed computing resource on

each cloudlet v by S,;
12: for each cloudlet v € V with C,,, > 0 do
13: Update «,, by (48);
14: end for;
15: end if;

16: end while;

Lemma 2: (1) With a,,, > 0 and o, > 0 subject to Ineq. (46),
there always exist feasible [, , ¥r vy, Vrnw and @p 4 tO
deliver a feasible solution to P3; and (2) Algorithm 2 delivers a
feasible solution to P3.

Proof: (1)Recall that constraint (34) shows cv,, Yrn,vs @rn,v0
and o, are non-negative, while 3, ,, Vrr € R, VDT, , € ]D)Tj,
and ¢, ., Vr € R, Yoo € V\V,, are unconstrained.

Ineq. (46) is derived from constraint (32) and Ineq. (42),
while Ineq. (42) is derived from Ineq. (38) and (41). There-
fore, given feasible a, and o, subject to Ineq. (46), there
always exists feasible (3, ,, meeting constraint (32), Ineq. (38)
and (41). Because of feasible a,, and 3, ,, to meet Ineq. (41), we
set ¢rno, =0, Vr € R, VDT, ,, € DT,, Yvy € V,, to meet
constraint (30), and we set i,.,, =0, Vr € R, Yvg € V\V,,
to meet constraint (31). Similarly, because Ineq. (38) is de-
rived from constraint (29) and (33), given feasible a,, and 3, ,,
to meet Ineq. (38), there always exists feasible 7, ., V7 €
R, VDT, , € DT,, Yv €V, Yyy € V,, to meet constraint (29)
and (33).

Having obtained «, and o,, subject to Ineq. (46), there
always exist feasible 3, ., ¥y o> Vron,0 and @p 5, o, to meet con-
straints (29), (30), (31), (32), (33), and (34), thereby delivering
a feasible solution to P3.

(2) The rest is to show that Ineq. (46) always holds when
updating v, and o, for each incoming request r. If request r is
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rejected, i.e., (i, — pr - ZveV a, < 0,weseto, = 0.Otherwise
(request r is admitted), o, is updated by the update function (47).
Because of the non-decreasing nature of the update function (48)
of a,, the function u, — p, - Zuev o, 1s also non-increasing
with the updating of «,. This means Ineq. (46) always holds
when updating «,, and o, for each incoming request r. There-
fore, when we update o, and o, subject to Ineq. (46), 3, .,
Uy vos Yrn,w ad @y p, 4, can be obtained, and a feasible solution
to P3 is obtained, i.e., Algorithm 2 delivers a feasible solution
to P3. [ |

Let ftmax and pimin be the maximum and minimum values
of u, by (44) and prax and ppin the maximum and minimum
values of p,. by (45), respectively. Let Cp,.x and Chyi, be the
maximum and minimum computing capacities on any cloudlet,
respectively. Let ¢ax and iy be the maximum and minimum
amounts of computing resources consumed by any digital twin,
and |DT *| .y is the maximum number of digital twins in a
DTN slice.

Denote by &, ,, a binary variable. When &, , = 1, it means at
least a worker or master digital twin is deployed in cloudlet v
for request r; otherwise £, , = 0.

Lemma 3: When updating the dual variable «, by
Algorithm 2, we have, Vv € V,

Pmin * Cmin
! Z (1 + Cmax : ‘DT+|max * Cmax
Pmax
(e g+
Proof: We first show that Ineq. (49) holds by induction.
The right hand side of Ineq. (49) is O before requests arrive.
Therefore, the induction hypothesis holds initially, with a,, = 0
initially. Let o, (be fore) and o, (a fter) indicate v, before and
after the arrival of request 7. We now show that Ineq. (49)
holds by the induction, considering whether o, is updated
or not.
Case 1. «, is not updated, i.e., £,», = 0. This is due to
rejecting request 77, or admitting request r’ with no digital

twin deployed in cloudlet v. Because «,, is not updated, i.e.,
ay(after) = a,(before), then

2rer Erw
> —1; 49

(50)

Pmax

Cvmin

Hmax

0y <
Pmin

ay(after) = a,(before)

Z (1 + Pmin :chin ) reR\{r '}‘T7 v _
Cmax : IDT |max * Cmax
Pmin * Cmin ZT&R\{ } Brw
> (1+ -
Cmax : |DT |max * Cmax
Pmin * Cmin
1+ > —1,byZy, =0
( Cmax : lDT+|max * Cmax

Pmin * Cmin

Cmax : |DT+|max

reR 1:7‘1)
= (1 + ) — 1. (G20
* Cmax

Case 2. «,, is updated, i.e., £, , = 1. This is due to admitting
request 7’ with at least a digital twin deployed in cloudlet v. By
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the update function (48),

Pr! C7 v
ay(after) = ay(before) - [ 1+ :
! Cy - ZDT,WeDTi Crn
Pr CTﬂ)

+
Cy - ZDTT AeDT; Crin

> ay(before) - (1 +

Pmin * Cmin

Pmin * Cmin )
+
Cmax : ‘DT ‘max * Cmax
+
CYmax N |]D)’]r ‘max * Cmax

2orer\(r) Eryv
> (1 n ) -
* Cmax

Pmin * Cmin
i+ )
( Cmax : |DT+|max * Cmax

Pmin * Cmin
+ , by Ineq. (49
CVmax : |DT+‘max * Cmax Y 4 ( )

> (1 +
.(1+ > o Lbydp, =1
* Cmax
Pmin * Cmin

2rerErw
=(1+ — 1. 52
( Cmax : |]D)T+|max : Cmax) ( )

We then show that Ineq. (50) holds. v, is 0 before requests arrive,
and a new request r is admitted with ju,, — p, - >~ oy o > 0.

Then
— pr- Zav>0:>Z

veV

_|_

Pmin * Cmin

Cmax : ‘DT+‘max

Pmin * Cmin

Cmax : |DT+|max :

CIT[ ax

) 2orer\(r} Tryv

Pmin * Cmin

C’rnaux : |DT+|max

.u’rn'lx

This means that if o, > , o, will not be updated; otherwise,
o, 1s likely to be updated by function (48).

1+ Pr - C’I‘,’U

Cy - ZDTr,ne]Dﬂr;r Cr,n
+ Pr - Cr,v <
Cy- ZDTTWGDT,{P Crn

Pmax Pmax
1 ,
< - OIIIiIl) i Crnin

gy = Qyy

Hmax

Pmin

(33)

where Ineq. (53) holds, because the consumed computing re-
source C,., on a cloudlet v of deploying digital twins of re-
quest 7 is at most that of all digital twins of request r, i.e.,
Cro < ZDT,,,,,LEDT,f Crn- u

Lemma 4: Given a solution delivered by Algorithm 2 for P1,

the resource violation on each cloudlet is upper bounded by &,
DT unascemn | T S HEEHD

pxnln nnn lT)lI)
12
Chin ln(l.ﬁ,.%
Cmax DT T max-cmax

Proof: From Lemma 3, we have
>rer Erw
) 1

where £ =

Pmin * Cmin

1+
( Cmax : ‘DT+‘max * Cmax
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Mmax . <1 + pmax> + Pmax )
Pmin Cvmin Cvmin
We then have

Hmax Pnnx Pmax

A In (Pmm - T ) + Cmin + 1)

Y pdre <
re i Pmin Cmin

In (1 + c,,]axlmrﬂ,mcmx)

The computing resource utilized in cloudlet v is

> 2

reR pT, ,,eDTF

+ E £
Crn * Trn,w S |DT |max * Cmax * LTy
reR

Pmin Cmin Cmin

1n(1+

ln (Hmax . (1 + pmax) + Pmax + 1)
< |DT+|max * Cmax * .

Pmin Cmin
e
Criax DT |max-Cmax

By constraint (14), the resource violation on a cloudlet is no
more than &, which is defined in this lemma. |

With the utility definition (6), let Upyax and Upi, be the
maximum and minimum values of U, 4+, respectively. Let
|V|max be the maximum number of candidate cloudlets for
deploying the master digital twin of a request.

Lemma 5: Given a solution delivered by Algorithm 2 for P1,
suppose a DTN slicing request 7 is admitted by Algorithm 2
with the utility gain U/,- defined in (7), we have p, < "““‘ U,

Proof: Considering the admission of requestmmr by
Algorithm 2, suppose each of its worker digital twin DT, is
deployed in cloudlet v, ,,, respectively, while its master digital
twin DT, o is deployed in cloudlet v,. o, by Algorithm 2. By (7),
the utility gain is U, = ZDTT ~ept, Urn, 0,0+ With regard
to the definition of w, by (44), we have

1
Hr = W . Z Z Z Ur,n,v,'uo

DT, ,,eDT, veV vyeV,

IIl ax

S|V|-1w7«|' 2 22

U : T M,V 0, Vr,0
DT, ,eDT, veV voeV, min
o Umax Z U - Umax u .
- : TNV V0 cUp.
Umin 77 ’ Umin

DT, ,eDT,

Lemma 6: Denote by S; and S3 the solution values by
Algorithm 2 for P1 and P3, respectively. We have gm"_"‘ .
(1+2 "‘a") S1 > S3, where fipiy is the minimum value ont]”“/itr
by (44) and Pmax 18 the maximum value of p, by (45).

Proof: Because S; = S3 = 0, the claim holds initially. Let
AS; and AS3 be the value differences of S; and Ss3 after the

rejection or admission of an incoming request 7, respectively.

We will show that the claim holds through showing 7 Ymax . (1+
Z’:n—a:) AS; > ASg for each request r as follows.

Case 1. Request r is rejected. Because AS; = AS3 = 0, we
have U‘}:?: (14 Z:;‘) AS; > ASs.

Case 2. Request r is admitted. We have AS; = U,, i.e., the

utility gain defined in (6), and AS3 =~ .\, C,, - Aa, + 0, by
the objective function (28), where Aqy, is the value difference
of «, before and after updating «,. By update functions (48)
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and (47) of a, and p,., we have

Pr - Cr,v
AS; = Z o ©Qly
veV C, - ZDT,V,”elDTj Crn
-C
+ Pr v + o
O’u ! Z:DTT,WEJD)T;r Crin
ZUEV Cr,v T Qy ZUGV CT"U

+pr

:pr.

ZDTT,neDTj Crn ZDT,‘m,EDTj Crn

+ Hr — Pr - Z’UGV Ay

< pir + pr (54)
T Umax max
<pe- (142 < ~ur~<1+” )
Mo min Mmin
Umax max
< (1 +2 ) A8y, (55)
Umin Nnnn

where (54) holds as ), .y, Cro =
Zvev Cr,v

DTy peDpT, €T

vy Crody < Pr Y pey Q- (55) holds by Lemma 5. W
DTy peDpT €T

Theorem 3: Given an MEC network G = (V, E), a set N/
of objects, and a sequence R of DTN slicing requests arriving
one by one, there is an online algorithm, Algorithm 2, with the
competitive ratio of ( Fmax . (] 4 p mmax )) for the dynamic utility
maximization problem for multiple DTN slicing requests. The
resource violation on a cloudlet is no larger than f defined in
Lemma 4, and it takes O(|V,| - [V|-|DT,|-log % + V., |Vl)
time to admit each request 7.

Proof: Let OPT (P1), OPT(P2) and OPT (P3) be the
optimal solution values of P1, P2, and P3, respectively. Let
S1 and S3 be the solution values by Algorithm 2 for P1
and P3, respectively. We have S(L+ Zmax) .S > Sy by
Lemma 6. Because Algorithm 2 "delivers a feasible solution
to the minimization problem P3 by Lemma 2, then S3 >
OPT(P3). Because P3 is the dual of P2, then OPT (P3) >
OPT(P2) by weak duality. As P2 is the relaxation of the
maximization problem P1, we have (’)PT(P2) > OPT(P1).
Thus, S > OPT (P1). Then,S; > S3/< Frax . (] 4 Lmax)) >

o)) 2
OPT(P1)/(g2es - (1 + Leax)),

The resource violation analysis is in Lemma 4. The time
complexity of Algorithm 2 for examining each incoming request
ris dominated by invoking Algorithm 1, whichis O(|V,| - |V -

IDT,|-logi+ [V HV‘) due to Theorem 2. |

ZDT’V»,',LEDTj Crns 1.8, Pr -

=pr. As Cppy < ZDTT,HEDT:T Crns then py -

m ax

VI. PERFORMANCE EVALUATION

In this section, we evaluated the performance of the proposed
algorithms for the (dynamic) utility maximization problem in
an MEC network. We also investigated the impacts of important
parameters on the performance of the proposed algorithms.
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TABLE II
TABLE OF EXPERIMENTAL PARAMETERS
Parameter Value Parameter Value
V] [50, 250] |R| 500
Cy [4000, 8000] MHz DT [5, 15]
Crn [50,500] MHz taster (r, g, vo) [10,20] ms
de [0.2,1] ms Srg [1,10] MB
[NV 200 Dy [25, 50] ms
tn [20, 60] ms Erm (50, 150] ms
RIS [5,25] MB Arn 0.1
sworker [1,5] MB Wy T

A. Parameter Settings

We considered an MEC network that consists of the number
V" of APs (cloudlets) from 50 to 250, which is generated by the
GT-ITM tool [5]. The computing capacities C, on cloudlets are
within [4000, 8000] MHz [31]. The amount ¢, ,, of computing
resource demanded by a worker or master digital twin is within
[50,500] MHz [15], [20]. The transmission delay d. for trans-
mitting a unit of data (one MB) along a link e € E is drawn in
[0.2, 1] ms [39]. There are 200 objects. The number of possible
moving locations of an object is no more than 10% of the number
of APs in the network [24]. The update interval ¢,, of each object
is within [20, 60] ms [34], and the volume s7%"" of the update
data generated by the object is within [5, 25] MB [34]. The data
processing rate by a worker digital twin in a cloudlet is within
[0.5, 2] MB per ms [38], and the size s’2"* of its processed data
is within [1,5] MB. There are 50 DTN slices with the number
DT, | of worker digital twins from 5 to 15. There are 500
incoming DTN slicing requests, with each requesting a random
preset DTN slice. The query processing delay tg}féit” (r,q,v0)
by a master digital twin in a cloudlet is within [10, 20] ms, and
the volume s,., of a query result is within [1,10] MB [20].
Each user stays under the coverage of a random AP, and the
service delay requirement D! °? is within [25, 50] ms [39]. For
the utility function (5), we adopt f, ,(taor(r,n,v,v0)) =1 —
taor(ryn,v,v0)/& n + Arn, where the Aol threshold &, ,, is
within [40,200] ms [34] and A, = 0.1. The coefficient w;.,,
in (6) is set as ﬁ . The value in each figure is the mean
over 30 different MEC network topologies with the same size.
The running time of algorithms is based on a desktop with
a 3.60GHz Intel 8-Core i7 CPU and 16 GB RAM. Unless
otherwise specified, these parameters are adopted by default.
The experimental parameters are summarized in Table II.

We evaluated Algorithm 1, referred to as Algorithm 1,
for the utility maximization problem against the following
benchmarks: (1) Heu.1_s: it deploys the master digital twin of
each request in a cloudlet with the least query service delay, and
each worker digital twin is deployed in a cloudlet to minimize
the expected Aol of its sent data at the master digital twin.
(2) Heu.2_s: which is similar to Heu.1_s, each worker digital
twin is deployed in a cloudlet to minimize the expected Aol of
the collected data at the worker digital twin from the object. (3)
LP_s: the Linear Program (LP) (23), which will serve as the
upper bound on the optimal solution of the problem.
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5 D30
07 8
[=3
3 20 . i T |
| R S I
4

0.6
50 100 150 200 250 50 100 150 200 250

Network size Network size

(a) Utility (b) Expected Aol at the master
digital twin by Alg.1

1e+04 [ Alg.1 Bl Heu.1_s [ 1Heu.2_s
1e+03
1e+02

1e+01

Running time (ms)

0
50 100 150 200 250
Network size

(c) Running time

Fig. 2. Algorithm performance for the utility maximization problem for a
single DTN slicing request.

We evaluated Algorithm 2, referred to as Algorithm 2, for
the dynamic utility maximization problem, against benchmark
algorithms: Heu.1_m, Heu.2_m, and LP_m. Especially, Heu.1_m
and Heu.2_m try to admit each incoming DTN slicing request
through invoking Heu.1_s and Heu.2_s for its admission, re-
spectively.

B. Algorithm Performance Evaluation

We first investigated the performance of Algorithm 1 against
Heu.1_s, Heu.2_s and LP_s for the utility maximization prob-
lem for a single DTN slicing request, by varying the network
size from 50 to 250. We observed from Fig. 2(a) that Algorithm
1 achieves near-optimal performance, compared with LP_s, and
the utility gain by Algorithm 1 is 10.2% and 15.2% more than
thatby Heu.1_s and Heu.2_s respectively when the network size
reaches 250. This is because Algorithm 1 jointly deploys the
master digital twin near users to meet their delay requirements,
whilst deploying worker digital twins to maximize the utility
gain. Fig. 2(b) shows that the expected Aol of the master digital
twin from different worker digital twins of an admitted request
by Algorithm 1. Fig. 2(c) shows that Algorithm 1 takes the most
running time because of invoking the algorithm in [2] repeatedly.

We then studied the performance of Algorithm 2 against
Heu.1_mand LP_m for the dynamic utility maximization problem
for multiple DTN slicing requests, by varying the network size
from 50 to 250. Observed from Fig. 3(a), the accumulative
utility gain by Algorithm 2 is 79.5% of that by LP_m, and
Algorithm 2 outperforms Heu.1_m and Heu.2_m by 36.1% and
45.9% respectively when the network size is set at 50. Fig. 3(b)
shows that the expected Aol among the master digital twins
from their different worker digital twins of admitted requests by
Algorithm 2. Fig. 3(c) illustrates that Algorithm 2 takes the most
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Fig. 3.  Algorithm performance for the dynamic utility maximization problem

for multiple DTN slicing requests.
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Fig. 4. Impact of the Aol threshold A,, on the performance of
Algorithm 1.

running time due to invoking Algorithm 1 to admit requests.
Fig. 3(d) plots the resource utilization ratios on cloudlets, and
the computing capacity on any cloudlet is violated by no more
than 16.3% by Algorithm 2. Fig. 3 demonstrates that Algorithm 2
is promising, due to adopting a smart admission control policy
for the admission of each incoming request.

C. Parameter Impacts on Algorithm Performance

We first evaluated the impact of the Aol threshold 4, ,, on
the performance of Algorithm 1. Fig. 4 shows the accumulative
utility gain and running time of Algorithm 1 when the value
range of A,. ,, is drawn from 80 to 200. Fig. 4(a) demonstrates that
the accumulative utility gain of Algorithm 1 with A,.,, = 80 is
36.1% of that by itself with . ,, = 200 when the network size is
setat 250. This is because a larger A,. ,, means more tolerance for
the staleness of data from objects, and more utility is obtained.
Fig. 4(b) shows the value changes of A, ,, are insignificant on
the running time of Algorithm 1.
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Fig. 5. Impact of the number of requests on the performance of

Algorithm 2.

We then evaluated the impact of the number | R| of DTN slic-
ing requests on the performance of Algorithm 2. Fig. 5 depicts
the performance curves by varying the number of requests from
100 to 500. We observed that Algorithm 2 with | R| = 100 takes
the least running time, and its accumulative utility gain is 24.1%
of that by itself with |R| = 500 when the network size is set at
250. The rationale behind is the large number of requests leads
to more utility gains.

VII. CONCLUSION

In this paper, we investigated Aol-aware service provision-
ing in MEC environments via DTN slicing. We measured the
utility gain of a DTN slicing request based on the DTN model
quality impacted by the expected Aol at its master digital twin.
We formulated two optimization problems: the utility maxi-
mization problem for a single DTN slicing request; and the
dynamic utility maximization problem for multiple DTN slicing
requests. We developed a performance-guaranteed approxima-
tion algorithm for the former, and an online algorithm with
a provable competitive ratio for the latter. We also evaluated
the performance of the proposed algorithms via simulations.
The simulation results showed that the proposed algorithms
are promising and achieve near-optimal performance, outper-
forming their counterparts by at least 10.2%. Also, the algo-
rithm performance can be impacted by a series of factors, such
as the network size, the Aol threshold, and the number of
requests.
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