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Abstract—For future networks, it is highly demanding to
satisfy a wide range of time-sensitive and computation-intensive
services. This is a very challenging task, since it requires a
combination of aspects from information, communication and
computation in order to establish a digital representation of
the real network environment. This paper introduces a fairness-
aware latency minimisation (FALM) framework in the digital
twin (DT) aided edge computing with ultra-reliable and low la-
tency communications (URLLC), which jointly optimises various
communication and computation parameters, namely, bandwidth
allocation, transmission power, task offloading portions, and
processing rate of user equipments (UEs) and edge servers (ESs).
The formulated problem is highly complicated, due to non-convex
constraints and strong coupling among optimisation variables.
To deal with this problem, we develop both centralised and
distributed optimisation approaches. In particular, we first resort
to successive convex approximation (SCA) method to develop a
low-complexity iterative algorithm and solve the problem in a
centralised manner. Combining tools from SCA and alternating
direction method of multipliers (ADMM), we develop an efficient
distributed solution with parallel computation processing at ESs
under global consensus in each iteration and strong theoretical
performance guaranteed. Numerical results are provided to
validate the proposed solutions in terms of convergence speed
and overall latency as well as improving fairness among all UEs.

Index Terms—Digital twin, distributed optimisation, industrial
Internet of Things, edge computing, ultra-reliable and low latency
communications.
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I. INTRODUCTION

Ultra-reliable and low latency communications (URLLC)
and edge computing have emerged as key technologies to en-
able a wide range of time-sensitive and computation-intensive
applications such as smart factories, extended reality (XR)
and vehicular edge computing (VEC) [2]-[4]. These tech-
nologies lie at the heart of the fifth-generation (5G) and
beyond 5G wireless systems in terms of communication and
computation perspectives. According to the 3GPP Releases
15 and 16, URLLC is being enhanced to achieve the stringent
requirements of “five-nine” to “seven-nine”, i.e. 99.99999% in
reliability while ensuring end-to-end (e2e) latency on the order
of 1 ms [5], [6]. Due to the highly complicated relationship
between the transmission error probability and the delay in
the finite blocklength regime, recent studies in URLLC mostly
focused on resource allocation [7], [8], beamforming design
[9] and reliability maximisation [10], [11]. Meanwhile, there
are only a few attempts to jointly optimise URLLC and
edge computing and meet the unprecedented demand of time-
sensitive services [12], [13].

From a computational perspective, multi-access edge com-
puting (MEC) provides a powerful framework to leverage the
computing capacities of nearby edge servers (ES) or fog-
cloud servers to reduce to processing time of computational
tasks [14]. MEC is capable of supporting a wide range of
computation-intensive applications that demand high quality-
of-service (QoS) and the quality-of-experience (QoE) in the
next generation of wireless systems [15]. The studies in MEC
span in various practical problems, including task offloading,
task caching, resource management, and federated learning
[16], [17], that aims to minimise processing latency [18]
and system cost [19], and to maximise energy efficiency
[20]. A joint optimisation of communication and computation
resources in MEC combined with critical wireless technologies
(e.g. URLLC) has attached much attention from the research
community but also opens many research challenges [3], [15].

This paper investigates the resource management problem
of the distributed edge computing system subject to stringent
requirements of URLLC-based transmissions. The digital twin
(DT) concept is exploited to model the computation capacity
of UEs and ESs. Both centralised and distributed approaches
are employed to deal with the fairness-ware latency minimi-
sation problem.
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A. Literature Review

Task offloading has emerged as a critical technique for MEC
that aims to transfer computationally intensive tasks to external
servers equipped with more powerful computing capabilities.
The constrained [oT devices can not only partially execute
computation-intensive tasks but also offload a part of tasks
to nearby ESs to optimise the processing time and maximise
energy efficiency [20]-[22]. In particular, a relaxation-based
convex optimisation algorithm was developed to minimise the
energy consumption by jointly optimising offloading decision
and resource allocation in [20]. A low-complexity framework
to effectively solve the mixed-integer non-convex problem of
energy consumption minimisation was investigated in [21].
Typically, the real-world deployments of MEC systems con-
sist of multiple ESs to assist task processing. Therefore,
the studies exploiting distributed optimisation approach in
MEC architecture are recently attracting much attention [23],
[24]. Specifically, a distributed algorithm based on branch-
and-bound approach was provided to optimise the workload
offloading values of IoT devices and minimise the delay of task
processing in [23]. Two distributed optimisation algorithms
based on the subgradient method and alternating direction
method of multipliers (ADMM) to minimise the overall delay
were proposed in [24].

Moreover, DT has emerged as a promising industrial
paradigm that can fully replicate the physical devices and
produce real-time interactions to efficiently manage the entire
system. Recently, it has been shown that DT has potential to
provide solutions to duplicate the physical networked systems
so that the network resources can be effectively managed
[25]. The DT edge network has been considered in [26]
that aims to minimise the offloading latency by an actor-
critic deep reinforcement learning (DRL) algorithm. In [27],
the DRL-based approach was also developed to solve the
problem of task offloading and edge selection in DT-assisted
edge networks. More recently, the DT concept was applied in
modelling the dynamic computation allocation for UEs and
ES to reduce the e2e latency of IoT applications [28].

On the other hand, URLLC is one of the key pillars of
5G New Radio (NR) that helps to achieve shorter transmis-
sions through a larger subcarrier, addressing diverse mission-
critical applications such as industrial automation, intelligent
transportation and tactile Internet, etc [29]. The researches on
URLLC have mainly focused on the resource allocation [7],
[8], [30] and beamforming design [9] for short-packet commu-
nications. In particular, the works in [8] and [30] investigated
the radio resource management for URLLC to optimise the
resource usage and energy efficiency. Joint pilot and payload
power allocation for massive multiple-input multiple-output
(MIMO) was considered in [7] to maximise the weighted
sum rate of all devices in industrial scenarios. The authors
in [9] developed low-complexity path-following algorithms
to solve a joint optimisation of the resource allocation and
beamforming design in the short-packet regime for a downlink
URLLC system, where newly approximate convex functions
are derived to convexify the complicated rate function of of
bandwidth, transmission power and beamforming vectors.

It is expected that URLLC can bring great benefits to MEC
to enable new types of time-sensitive services, such as virtual
reality/augmented reality (VR/AR) and metaverse applications
[12], [31]-[33]. Towards an energy-efficient solution, the dy-
namic computation offloading problem in MEC via URLLC
links was considered in [31] by jointly optimising energy
consumption of users and computational resources of ESs.
In addition, the application of DT concept was exploited in
[12] to find the optimal resource allocation and offloading
probabilities based on the learning-aided approach. More
recently, the joint design of MEC, URLLC and DT has been
investigated in [32]-[34] by taking into account the impacts of
user association, offloading portions, transmission power and
processing rate of UEs and ESs. Nevertheless, these works
mainly focused on developing a centralised solution, and thus
the computation ability of ESs is not fully utilised.

B. Motivation and Contributions

The use of URLLC and MEC to realise the full potential of
DT is still in the early stage. This requires a comprehensive
optimisation design of both communication and computation
resources as well as exploiting the powerful ability of dis-
tributed edge computing. On the one hand, the DT’s applica-
tion in MEC investigated in [12], [27] and [28] has mainly
focused on the task offloading optimisation while other com-
munication factors are not fully taken into account. It is noted
that in the DT networks, communication and computation
resources are highly dependent which may cause correlated
failures and overloads of edge nodes. On the other hand, ESs
are often deployed in widely distributed geographies, which
promotes the distributed solution that can reduce not only
information exchange between nodes but also the round-trip
time. In addition, a fairness design has recently become more
critical in wireless networks to improve network utilisation
and UEs’ QoE. However, to the best of our knowledge,
the previous works (e.g. [21], [31]-[34]) neither consider a
distributed solution to enable parallel computation processing
at ESs nor simultaneously guarantee fairness among all UEs.
This calls for an efficient distributed solution to fully exploit
the computing power of edge nodes while still guaranteeing
comparable fairness among all individual UEs.

In this paper, we propose a new optimisation framework
to minimise the overall end-to-end (e2e) latency of UEs
in the DT-aided edge computing with URLLC, taking into
account all the issues mentioned above. Both centralised and
distributed optimisation approaches are developed to solve the
joint optimisation problem of communication and computation
resources.

The main contributions of this paper can be summarised as
follows:

o We first formulate a fairness-aware latency minimisation
(FALM) problem for DT networks by jointly optimising
offloading portions, processing rates of UEs and ESs,
bandwidth allocation and transmit power of UEs. Notably,
we introduce a fairness parameter (¢ > 0) into the
objective function to effectively and flexibly improve
fairness among all UEs, without the need of complicated
function or additional constraints.
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o We propose a low-complexity iterative algorithm to solve
the FALM problem in a centralised manner. In particu-
lar, we first apply the successive convex approximation
(SCA) method to convexify the nonconvex constraints
and the develop an iterative algorithm to successively
solve the approximate convex program.

o Given the insights from the centralised approach, the
next step is to construct a distributed solution to fully
exploit the parallel computation processing at ESs. Since
the approximate convex program obtained by SCA is in
a standard form for a direct application of the ADMM
method, we introduce new local and global variables
to transform the original optimisation problem into the
separable convex subproblems which can be solved in-
dependently at each ES. After each ADMM iteration,
all ESs update the involved parameters to form the next
approximate convex program. The distributed solution
achieves the same performance as the centralised ap-
proach.

« Finally, we numerically evaluate the performance of the
proposed algorithms in terms of the convergence speed,
fairness analysis and consensus evolution under various
impacts of the resource budgets. The results confirm
significant performance improvement of the proposed
algorithms, compared to the existing schemes. They also
reveal that the proposed scheme can reduce latency by
33 — 66% compared from baselines and achieve fairness
up to 99.6% based on Jain’s index.

C. Paper Structure and Notations

The rest of this paper is structured as follows. Section II
describes the system model and formulates the FALM prob-
lem. We provide the centralised solution in Section III, while
the distributed optimisation approach is given in Section IV.
The complexity analysis and the convergence of the proposed
algorithms are analyzed in Section V. Section VI provides
the numerical results and discussions, and then Section VII
concludes the paper.

Notation: Throughout the paper, vectors are denoted by bold
lowercase letters. CA/ (u, 02) is circularly symmetric complex
Gaussian random variable with mean p and variance o2. C
represents the space of complex matrices and vectors. (-)*
and (-)¥ denote the conjugate of a complex number and the
conjugate transpose of a matrix or vector, respectively.

II. SYSTEM MODEL AND PROBLEM FORMULATION
A. DT-aided Distributed Edge Computing Model

Fig. 1 illustrates an DT-aided distributed edge computing
architecture with URLLC for industrial automation. The phys-
ical system includes edge layer (e.g. industrial IoT UEs) and
user layer (e.g. ESs). The connection between UEs and ESs
is established by URLLC links to ensure stringent require-
ments on reliability and latency communications in industrial
automation scenarios. Each UE can offload computational
tasks to multiple ESs. The DT system provides services that
aims to replicate the physical objects to perform estimations,
optimisation, and making decisions to manage and control the
physical system more effectively.
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Fig. 1: Ilustration of the DT-aided distributed edge computing
with URLLC.

1) Task Offloading Model: We consider that there are
the sets M = {1,2,--- M} and K = {1,2,--- ,K} of
M = |M| UEs and K = |K| ESs, respectively. Each ES is
associated with an access point (AP) for wireless communica-
tions. A task coming from UE m € M is characterised by a
tuple of J,,, = {T"®*, Cy,, Dy, }, where T2 is the maximum
latency requirement (s), C,, is required CPU cycles to execute
the whole task (cycles), and D,, is the task size (bits). Let au,
and S, be the portions of the task .J,,, executed locally at UE
m and the offloading portion to ES k € I, respectively. For
the task J,,,, we can show that D,,, = a,, Doy + Y. Bk Dims

kek
Co = 0 Cr+ Y. BokCrm and a+ Y. Bk :el,Vm. Let
kek kex
us define a 2 {a,, }vm and B 2 {Bmik }vm k-

2) DT Model: In DT services, all the physical de-
vices (e.g. UEs and ESs) are fully replicated in terms of
hardware configuration, software settings and working states.
DT services can powerfully make decisions to manage and
control the entire physical system in real-time to guarantee
the performance. To do this, the DT model of the distributed
URLLC-based edge computing can be expressed as

DT = {M,K} €]
where M and K denote the digital representations of UEs
and ESs, respectively. Based on real-time interactions with
the physical objects, the DT service promptly provide the
optimal solutions on tasks offloading, estimated processing
rate, bandwidth allocation, and transmission power to optimise
the performance of the entire system.

The DT service for UE m can be modelled as
DT = (fir> fom) 2
where f° is the estimated processing rate of the m-th UE,
and f;;f is the deviation between the physical device and its
DT. Similarly, the DT model of ES & (denoted by DTy) can
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be expressed as
DT, = ( es  fes ) (3)

mk> Jmk
where f5°, is the estimated processing rate of the k-th physical
ES to handle the task from m-th UE, and ffrfk is the deviation
between the physical ES and its DT. The DT services optimise
the estimated processing rate of ESs to reflect current con-
figuration of the physical ESs in terms of computing ability.
This mechanism allows the DT to make decisions on adjusting
offloading factors and the processing rate of ESs to maximise

the system performance.

B. URLLC-based Transmission Model

Since the data size of the computation results is usually
small and APs are equipped with more powerful computing
power than UEs, the downlink transmission latency can be
ignored [28], [35]. The system bandwidth is B, and each AP
is equipped with L > 1 antennas while each UE has single
antenna. We adopt the frequency division multiple access
(FDMA) protocol, where the portion of bandwidth allocated
to the m-th UE by the k-th AP is b,,, satisfying:

> D bme <L @)

meM ke

The channel vector between UE m and AP k is denoted by
h,,; € CE*! that can be modelled as hy; = \/Grmkhomk,
where g, is the large-scale channel coefficient including the
path-loss and shadowing, and h,, is the small-scale fading
following the Rayleigh fading model as h,,, ~ CN(0,1y).
The L x 1 received signal vector at the k-th AP can be
expressed as

Yk = Z Do /P Sm + 1, &)
meM
where p,,, and s,, are the transmit power and unit-power

data symbol of UE m, respectively; ny ~ CAN(0,1I) is the
additive white Gaussian noise (AWGN), where the variance of
each element is normalized to unit. We note that the large-scale
channel coefficient g,,; is normalized by the noise power.
Each coherence time is divided into two main phases,
including n, symbols for uplink training and n, symbols
for data transmission. The total number of symbols is given
as N = mn, + ng. We assume that all UEs send their
pilot sequences to APs to perform channel estimation at the
begining of each time slot. We assume that all M UEs share
the same symbol duration for channel estimation and the
minimum length of the pilot sequences is n, = M [7]. The
minimum mean square error (MMSE) channel estimate of h,,,x
is given by [7]:
" g Mpy,), VP
hmk gmkMpmk +1 mk (6)
where p?, is the pilot transmit power of UE m. The estimated
channel i follows the distribution of CN (0,02, I), where
o2, is given as 02, = g2, MpP, /( gmkMpfnk +1). Accord-
ing to the MMSE estimation property, the channel estimation
error hmk =h,. — hmk is independent of hmk that follows
the distribution of CA (0 ( , mk:IL) where &2, is given by
672nk = gmk/(gmeMp?,, + 1). Under FDMA, the bounded
signal-to-noise ratio (SNR) of the m-th to the k-th AP can be

calculated as
Pmk (L 1) 0'72,1]@

. (7)
pmkdmk

Then, the approximation of the achlevable transmission rate
of the m-th UE to the k-th AP (bits/s) in the URLLC finite
blocklength is given by [12], [36]:

Ymk (pmk)

1—wr)B
In2

bmkvmk(pmk) 1 i|
_ [ ImE T mEATmE) m 8
o8 Q" (€mk) 3
where wp, = M/N, ¢ is the transmission time
interval, emk is the decoding error probability,
Qx) = f exp< 2 ) dt is the inverse function,

and mG(pmk:) = 1 = 14+ Ymk(Pmr)]” 2 is the channel
dispersion. As a results, the latency for task offloading from
the m-th UE to the k-th AP can be expressed as

m Dm
T (bt Prates Boatt) = =2

_ . 9)
Rk (bmk , pmk) (

C. DT-based Computation Model

1) Local Processing: UE m locally executes a portion
vy, of the task with the estimated processing rate of f)r-. Then,
the estimated time required to execute the task locally at UE
is calculated as o
TLIe ((an’ fue) _ a?uem
The deviation between the physical UE m and its DT can
be acquired in advance [27], [28], the computing latency gap
between the real value and DT estimation is given as

Cin ¢
£ (13— fie)
where f;;f is the deviation of the real processing rate. Conse-
quently, the actual time for the local executing is given as

TYe = ATY® 4 Tl (12)
We note that DTs typically try to estimate the processing rate
as accurately as possible to control the system in real-time.
Therefore, if the deviation in the processing rate estimation is
large, the overall latency of the system will increase unexpect-
edly.

2) Edge Processing: ES k estimates the processing rate
in the DT, to handle the task offloaded from the m-th UE.
The estimated latency of the k-th ES to execute the task J,,
is given as

(10)

AT (11)

(ama 5?) =

od ﬁm Cm
TE Bk f5,) =

mk

Next, the latency gap AT between the real value and DT
estimation can be expressed as

ATS? (/Bmkv rerfk) =

13)

/Bmkcm ;fk
es ( es _ fes )
mk mk mk
As a result, the actual latency for executing at the edge DT
can be expressed as

TS = ATS + Tes.

(14)

15)
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D. Optimisation Problem Formulation

1) System Latency Model: The e2e latency of the task
coming from UE m includes the local processing latency,
wireless transmission latency, and edge processing latency.
Based on the above discussion and analysis, the overall DT

BmkDm, ﬁmkcm

latency can be expressed as follows

_ mErm 16
+£2%{Rmk(bmk7pmk)} +§%€}C{f€5 __ fes } (16)
where s, = {am, Bk, i, frag> Omks Dk vm k- Slnce each
UE can offload the computational tasks to multiple ESs
simultaneously, the max operator (i.e. max{.}yx) is applied

for the transmission latency and edge processing latency.
2) Energy Consumption Model: The total energy
consumption of UE k includes the energy consumed for com-

putation (ES?) and communication (ES™), which is modelled
as

E;?Lt (am7 fue ’mkapmk:) = Ecp + Ecm

6 ue ue BmkpmkD
= QU — —|— -
(f f I;C Rmk(b'mk7pmk)

where 6,, is the effective capacitance coefficient depending on
the chipset of UE m [28].

3) FALM Problem Formulation: In this paper, we aim
at minimising the summed e2e DT latency of all UEs which
can be expressed as Ts({sm}) £ > v,nc i T2 (sm).

Definition 1 (Fairness of latency distribution). The optimal
solution {s},} is said to provide a fairer solution to the
objective function Tx({s},}) than the solution {s,,} if and
only if Ts;({s,}) offers more uniform latency among all UEs
than Ts,({sm}).

Following Definition 1, we introduce new constant param-
eters ¢,, = Cp/ > mem Cm and ¢ > 0 to re-weight the
objective function T5({s,,}) as follows:

T e2e q+1
Te({sn)) 2 Y o )

qg+1
meM
which is inspired from a-fairness framework [37]. The in-

troduction of c,, can naturally improve the latency fairness
among UEs by further optimising UEs which require more
computation resources. We note that the positive parameter
q is imposed to adjust the level of fair resource allocation.
There is a trade off between the users fairness and compu-
tation complexity with respect to the increasing value of ¢
parameter. In addition, if the parameter q is sufficiently large
(g — o0), it becomes a min-max optimisation problem, i.e.
minmax{7%2(s,,)}.

{sm} Vm

The goal of the FALM problem is to find an optimal
resource allocation strategy over s = {sm }vm to minimise the
sum of the individual e2e latency, which is mathematically

formulated as
Z Te2e Sm
m

Te2e(s ):Tue+Tco+Tes — amcm
m m m m m fue_fue

a7

(18)

)q+1

min Te({sm}) & (19a)
meM
s.t. T (s,,) < T2 Y (19b)

U+ Y Pk =1,Ym (19¢)
ke

SN bk <1 (19d)

meM keK

DD Bukfion < Fa (19)

meM keK

Rmk (bmk;pmk) > Rmin» vm) k (19f)

Eircz)t (amv .fyunea bmkapmk) < E,,H;ax, vYm (19g)

> Pk < PR, m (19h)

ke

a,BeD,peP fecF be®B (19i)

where 9 £ {am,ﬂmk,Vm,MO < apm < 1,0 < B <
1,vm,k}, P {Pmk, VM, k[0 < prppe < PRax Vm}
F £ {fe fe, Vm k|0 < foe < FRRVYm,0 < fe
F,?la",Vm,k} and B = {bmk, Vm, k;|0 < b < 1} are
the set constraints of offloading decisions, uplink transmission
power, processing rates and bandwidth coefficient, respec-
tively. Constraint (19b) is the maximum latency budget for
every incoming task, while (19c¢) is the constraint of offloading
factors. Constraint (19e) ensures the required computation
resource of ESs does not exceed the maximum capacity.
Constraints (19f) and (19g) are the minimum transmission rate
requirement for uplink transmission and the maximum energy
consumption requirement of UEs, respectively.

III. CENTRALISED SOLUTION FOR THE FALM PROBLEM
(19

The problem (19) is highly complicated due to the non-
convexity of the objective function (19a) and non-convex
constraints (19b), (19e), (19f) and (19g). In addition, the
objective function (19a) is non-smooth in s due to the max(, )
operator expressed in (16), making it impossible to solve
directly by the SCA method. To tackle this issue, we introduce
new variables T £ {7,,}y,, to rewrite (19) equivalently as:

q+1
min  TY(r) 2 S . 20
nin T(r) £ Y c P (20a)
meM
s.t. Ty > TS%(s,,), Vm (20b)
Tm < T, Vm (20¢)

(19¢), (19d), (19e), (19f), (19g), (19h), (191) (20d)
where constraint (19b) is transformed to (20c). We are now in
position to apply SCA to convexify the nonconvex parts of (20)
and then develop an iterative method to solve the approximate
convex program in a centralised fashion.

A. Approximate Convex Problem

Convexity of constraint (19¢): By the principles of SCA
[38], [39], we apply the following inequality:

1
xy<<y:v2+ y) @1)
2\z Y
for x > 0 and y > 0. At the i-th iteration of the proposed
iterative algorithm, we define z = Bk, T = 57(7?1@’ y=f=,
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Y= :,j}c(i) to approximate (19e) as follows

| fei Bo (f5)?
111(2) (/BWLk’v fmk Z Z (z) + = 657(7?)
meM kEIC ﬂmk fmk
< S

max

(22)
where 8 and ) are constant and feasible points of
Bmk and f52, . respectively. We note that DD (B, f,fjﬁ =

ZmGM ZkG}C ﬁmkfmk whenever Br(nk = Bmk: and f;j

es
mk*

Convexity of constraint (19f): The rate function
Rk (bimk, Pmik) is quite complicated and a direct application
of SCA is inapplicable. Following [8] and [12], we can see
that V,,,,, = 1 when 'Ymk(pmk) >4 =>5dB, ie.
> v

Pk = (L =107, =300
Under the condition (23), we rewrite R,k (bimk, Pmk) as

(23)

Rmk (bmkvpmk)
1—wg)B

£ % Gmk (bmkapmk> — Wik (bmk) (24)
where Gk (biks Pmk) = bk In (1 + Ymr(Pme)) and
Wk (bmk) = Vbmk 2 (E'"k). Following the derivations
given in the Appendix, the transmlssion rate Rk (bmk, Pmik)
can be innerly approximated around the feasible point
(b Prok) 25

Rmk: (bmkn pmk:)

1 i
Z % [g ( mk»pmk) - Wr(n;c (bmk)

2 RO (b Pk 25)
where gf;)k (bink, Pmk) and Wf;i (bimg) are defined as in (54)
and (56) in the Appendix, respectively. As a result, we can
iteratively replace (19f) by the following convex constraint

Rg;)k (bmk;pmk) Z Rminvvmv k. (26)
Convexity of constraint (19g): Given the concave function

Rffl)k (byk, Prmk) in (25), we first introduce new variables r £
{"mk }vm,k to express (19g) equivalently as

0 u fue\2
S Cometn (122 = )
+ Z Dmﬂmkpmkrmk < Eg;aX,Vm (273)
ke
1
— < Pk, VM, k (27b)
R(Z)
mk

where constraint (27b) is now convex. By applying (21) for
the first part of the left-hand s1de (LHS) of (27a) with x = am,

agn)’ y = (fue fue) ,and § = ( ue, (4) fue)
and introducing new variables ¢ é {@mk fvm,k, We can

r =

equivalently approximate (27a) as follows

0C,, ((fue® - fuey? | Lo (fae ooy’
4 a%) o, ( ue, (1) _fue)2

m

+ Z Dm(pgnk < Eg:ax Vm (283)
kex

P ,¥Ym, k (28b)
6’!”

where constraint (28a) is now convex. Next, by using (21)
to find a convex upper bound of p,,;7rmi and the following
inequality [40]

PmkTmk <

2 2% ~2
T %y (29)
Y Y Y
to linearise g"”}:, the nonconvex constraint (28b) can be
approximated as
(@) (@) (4)
1 Pk r2 Tk 2 290m Pmk (Pmk Bmk
2( (1) Tk + (i) pmk) < 5(1) (ﬁ( ) V’/T(SB)
'rn mk mk mk

Convexity of (20b): We first find the concave upper bound
of the e2e latency 7% (s,,). By using r defined as in (27b),
it follows that

e2e amCm
Tm (Sm) < fue fue +%2}Ié {Dmﬁmkr'rnk}
ik Cm
+ max {5’“} G1)
VEkEK fes __ fes

which is innerly convexified as
T528 (3) < 7D (s fi) + 7% (B, k)

+ e ,(@ )(ﬁmk; ) Te2e,(z ( ) (32)
where » w
v (3) wey & Cm (am (fm" = fi) 1 o2,
T (am7fm) - 2 ( ( ;Jr? - f'ue)2 f;Jne,(z) _ fue ag:l))
) (%)
O & G (S )
(i) es, (i) _ fes
e e Gp (T I ot )
1)) Fk = Jesi Bk

As a result, constraints (20b) is iteratively replaced by

T > T2 (s,,) , Ym. (33)
Summing up, the SCA-based approximate convex program
of problem (20) solved at the i-th iteration is given as

. Ta+l
s,-rm.}rr,lzp m;/l m q+1 (34a)
s.t. (19¢), (19d), (19h), (19i), (22),
(23),(26), (27b), (28a), (30), (33). (34b)

B. Proposed Centralised Algorithm

The SCA-based algorithm for solving the FALM problem
(19) is summarised in Algorithm 1. We successively solve the
approximate convex program (34) in Step 2 to obtain the opti-
mal solution (s*, 7%, r*, ¢*), which is then updated in Step 3.
This procedure is repeated until convergence or the maximum
number of iterations is reached. Towards an efficient algorithm,
we first generate an initial feasible point for problem (34).
In particular, the offloading variables for local execution at
UEs are set to oy, = 0.5,Vm,Bpmr = 0.5/K,Vm, k. The
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Algorithm 1 Proposed SCA-based Centralised Algorithm for
Solving the FALM Problem (19)

Initialisation: Set ¢ = 0 and generate an initial feasible point
(s, 70 1) () satisfying constraints in (34); Set

the tolerance ¢ = 1073 and the maximum number of
iterations /™a* = 10.
1: repeat

2: Solve problem (34) for given (s, 7 () ()
obtain the optimal solution denoted by (s*, 7*,r*, ¢
3 Update (s, 7+ pli+D) (1))
(S*, T*, I'*, SD*),
4:  Seti:=1+1;
5: until Convergence or 7 > [™2*
6: Output: (s*, 7%, r*, ¢*)

to

processing rate of UEs is initiated with fi° = FS  Vm,
while other resource variables of UEs and ESs are equally set
with respect to the resource budgets and latency requirements.
Nevertheless, Algorithm 1 is performed at a central node that
requires to collect information of the entire network and does
not fully exploit the computation power of ESs. Therefore, we
further investigate a distributed optimisation solution for this

problem.

IV. DISTRIBUTED SOLUTION FOR MINIMISING THE TOTAL
E2E LATENCY

A. Distributed Problem Transformation

In order to develop a distributed approach for solving
(20), we first transform it into the separated problems which
can be solved in parallel with K ESs based on their local
information. The most critical challenge is that there are
several constraints, where the variables are mutual dependence
with respect to the global budget of the system, i.e. the
bandwidth allocation constraint (19d) and ESs’ computing
capacity (19e). To separate the centralised problem into K
subproblems, we categorise the considered variables into two
types based on their mutual dependence among K ESs,
including independent variables and dependent variables. The
offloading portion variables (v, ¥m) and the processing rate
of UE (fj,¥m) are independent which can be separated into
K variables. It is clear that the other variables (e.g. bandwidth
allocation, transmission power and the processing rate of ESs)
are dependent variables, which require additional operations at
the global level to guarantee the optimality.

Let us define x5, = {amk7 Bmkapmlw bmk7 f#fka fik}VmEM
as the set of the local optimisation variables stored at ES k. For
the separable variables (c,f"®), we introduce new variables
zfﬁ‘ ) and zﬁ,{ ) to represent as the global versions of the local
variables oy, and f% of task Jp,. To separate B,,; and py,x,
we introduce new global variables zfnﬁ,z and 27(51)@ to re-express
constraints (44c) and (19h) as

Ok + B + 20 =1, Vm (352)
Pmk + Z,(f;,)c < P Vm (35b)

(p)

where sz,z and z, ; are globally updated as
K
2h =D By ¥,k (362)
k'#k
K
22 =N prw, Vm, k. (36b)
k' #k

Next, we introduce a new global variable z,ib) to rewrite the

constraint (19d) as follows

M
S b+ 27 < 1,9k

(37)
m=1
where z,gb) is globally updated as
M K
20 =3"3" b, Vi, k. (38)
m=1k'£K
Similarly, let us define
M K
=) B fow (39)
m=1k'#k
to rewrite constraint (19e) as
M 1 fesggi) 2 ﬁ“)k es \2 es es
> 5( (B 5 () )4 < P ¥E (40)
m=1 mk mk

which can be solved locally at ES k. Moreover, constraint
(19g) can be locally separated ES £ as

K
B+ B+ 3 B S B, vm
k' 4k

(41)

() and Y% are the energy consumption for
uplink transmission from UE m to ES k and ES k' # k,
respectively, which are defined as follows

where E<™()

B = Do, Ym (42a)
E D = Dy, Y, K (42b)

with 7, and ¢, begin defined in (27b) and (28b).

Finally, based on the development of the centralised solution
in Section III, the summed e2e DT latency stored at ES k is
given as

(2) q+1
Z Cm (T’mk(xk)) , Yk

tr(xX) = (43)
( ) meM q+ 1
where
(3) sl 5(i)1€ 2 r(i)k 2
T mk mk
C a(i) (fue»(i) - Aue) 1 a?
+ ~m mk\Jmk m mk
> | (s )2 7o fue a(i)}j
mk) - m m m m
C (i) ( pes,(4) fes 1 2
4 m [6mk(fmk — 775]6) ‘ mk:| Y. k
2 (F = Fon) ok — fes G

Keeping the above discussion in mind, problem (19) can be
equivalently transformed into the following distributed convex
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problem:
minimize tr(xk) (44a)
kel
st T () < T2 m, & (44b)
ay =z Vk (44c)
fie =z vk (44d)

(191), (191), (23), (35a), (35b), (37), (40), (41) (44e)
where x 2 {x;.}yr and z 2 {2(®) 2% z(f) 7(0) z(P) zes)
represent the local and global variables, respectively.

To solve problem (44) at ES & € K, let us define

(673 £ {amk}Vma f;;'e = {#fk}Vm: Z(a) = {Zr(r?)}Vm’
D B VL e VA O R o

z(P) £ {zr(f;,l}vm,k, and z* £ {2%°}y;. The proposed ADMM-
based algorithm to solve (44) in a distributed fashion will be
deatiled next.

B. Proposed ADMM-based Consensus Optimisation Solution

The augmented Lagrangian function of (44) is expressed as

Ly(x,2,%.6) = Y [tr(xi) + ] (e — )

keKx
+€h (6 —2) + 2 (e — 23 + 18— 2 13) | @49)

where p > 0 is a penalty parameter, and ¥ 2 {1} }y) and
¢ £ {¢]}y, are the Lagrange multipliers associated with
(44c) and (44d), respectively. We note that the panalty function
2 (|lay — 2|3 + ||f2e — 27 ||3) is strictly convex, leading to
the convexity of (45). By ADMM principles [41], the local
variables, global variables and Lagrange multipliers need to
be updated in each iteration of the SCA approach. ,
Update of the local variables: We denote by ‘6,(;) the
feasible set of ES k at the i-th iteration of SCA, satisfying

6 £ {x]s.t. (44b), (44e)} (46)
where xy, is the set of the local variables. To update the local
variables, we solve the following convex problem

it1) — argmin Lp(x,z(l),tb(l),ﬁ(z)). 47)
xp€€{) Vkek

It is clear that problem (47) can be decomposed into K

subproblems which are solved locally at ESs. Given the local

variables and updates from the exchanged information from

other ESs via global updates, the k-th ES solves its local

problem as

xfjﬂ) _

x(

argmin t.(xi) + 7 (= 2°0) + €7 (82 — 27D

xke‘(aff)
+ 2 (low =z + 18 =2/ O13) . @s)

Update of the global variables: We first note that the
global variables (z(%),z?,z() 2%%) are updated by following
(36a), (36b), (38) and (39). The rest of the global variables
(z(®),z(1)) is found by solving the following problem:

7+ = argmin Lp(x(”l),z,w(i),ﬁ(i)).
2(0) 7(f)

Update of the Lagrange multipliers: Given the updated
global variables z(**1) and the updated local variables x,(jﬂ)

(49)

s

the Lagrange multipliers 1), and &, are updated as follows

which do not require additional exchange of information
among ESs.

C. Proposed Consensus Algorithm for Distributed Solution

Algorithm 2 Proposed ADMM-based Consensus Algorithm
for Solving (44)

1: Initialisation: Set ¢ = 0, generate the initial feasible
points (@, 3 p© b £)) and choose the initial
values for z(®), (11:(0), .E(O)).

2: while (not convergent) do

3:  Local updates:

4. for k € K in parallel do

5: ES k updates local variables x

convex problem (48)

6 Exchange the local values for global consensus

7:  end for

8

9

,(jﬂ) by solving the

Global updates:
Update the global variables (z® (1) z5:(+1D) by (49),
and (27041 2P (i+1) z5(+1) ges(i+1)) by following
(36a), (36b), (38) and (39) _ |
10:  Update the Lagrange multipliers w,(jﬂ) ,(fﬂ)
11:  Update the SCA parameters s*t1) = s*
122 Seti:=i+1
13: end while

Based on the above development, the ADMM-based consen-
sus algorithm for solving (44) is summarised in Algorithm 2.
We consider that there exists an information technology infras-
tructure to allow all necessary information being exchanged
among K ESs before performing the global updates (i.e. Step
6). In the current cellular communication systems, APs or
gNB uses the X2 interface to intercommunicate with each
other directly. An exemplary illustration of the distributed
solution with two ESs is provided in Fig. 2. In this diagram,
each ES first solves its own problem to obtain the optimal
solutions of the local variables, and then, the global updates are
performed to find the next values of global variables. Finally,
the multiplier parameters are updated for the next iteration.
The procedure is repeated until convergence.

V. COMPLEXITY AND CONVERGENCE ANALYSIS OF THE
PROPOSED SOLUTIONS

A. Complexity Analysis

1) Complexity of the Centralised Algorithm: The
approximate convex problem (34) consists of 6M K + 3M
scalar decision variables and TMK + 7M + 2 linear or
quadratic constraints. Therefore, the per-iteration computa-
tional complexity of Algorithm 1 for solving (34) is thus
O(VTMK +7M +2(6MK + 3M)?) [42, Sec. 6]. It is
clear that as the number of UEs increases, the computational
complexity of the centralised approach increases significantly,
resulting in higher execution times.
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Repeat k '

Fig. 2: An exemplary illustration of the distributed solution
with two ESs.

2) Complexity of the Distributed Algorithm: In Algo-
rithm 2, the subproblems are solved in parallel at K ESs to
fully exploit their computing power. In addition, it also does
not require a central server to collect the information and
data of the whole network and carry out all the computation.
In the local computation step, the major complexity comes
from solving the convex program (48) under the feasible set
(46). Problem (47) includes 7M scalar decision variables and
11M + 2 constraints. The worst-case per-iteration computa-
tional complexity in the local update at each ES (i.e. Step 5 of
Algorithm 2) is thus O(\/llM(?M)Z), which is significantly
lower than that in the centralised Algorithm 1.

B. Convergence Analysis

1) Convergence of the Centralised Algorithm: In
Algorithm 1, the SCA principles are applied to approximate
the nonconvex parts of the original problem (19). Algo-
rithm 1 successively produces a sequence of improved points
{8 7@ () ()} and a sequence of non-increasing objec-
tive values. Let ¥* 2 {s* 7%, 1% ©*)} be a local minimiser
of the objective function (34) denoted by f(¥*). We can
show that f(¥W) > f(@D) with O =« @D apd
FED) = F(@Y) with @) = wOFD | According to
[43, Sec. 7], the sequence of the objective values is bounded
below due to the limited budgets of both computation and
communication resources. For a sufficiently large number of
iterations, Algorithm 1 is guaranteed to converge to at least a
locally optimal solution of (20) (or the original problem (19)).

2) Convergence of the Distributed Algorithm: The con-
vergence of an ADMM-based algorithm is already provided
in [41, Sec. 3]. We first provide the following lemma to
characterise the gap of the augmented Lagrangian function
between two consecutive iterations.

Lemma 1. The upper bound of the augmented Lagrangian
function between two consecutive iterations in Algorithm 2 is

9
given by
LY (x,2,4,€) — LY (x,2,4,€) <
K
(e P G+1) (D) (1) ()2
;p(d ) (1 = w13 + 1168 - €7113)
-5 21l w15 + el - €713)
£ ALE: (x,2,%,€) (51)

where p is the penalty constant introduced in (45) and d
is a positive constant depending on the specific optimisation
problems.

The proof of Lemma 1 is followed [41, Sec. 3]. Lemma 1
indicates an important insight that if p is chosen to be large
enough, i.e. p > dv/2, then the upper bound L(Z) (x,2,%,8)
in (51) becomes negative. In other words the sequence of
the augmented Lagrangian values {L (x z,1p,€)} is non-
increasing. We note that L,(x,z,,£) is bounded below by
the limited budgets of both computation and communication
resources, and thus guaranteeing the convergence of Algo-
rithm 2.

C. Choice of Parameters for the Distributed Algorithm 2

In the ADMM-based algorithm, it is critical to choose
appropriate parameters to obtain the best solution, as close to
the centralized solution as possible. In particular, the choice
of initial values of (¢(O), 3 (0)) has a strong impact on the con-
vergence speed of optimising the global variables (z(*), z(f)).
Since the difference between the value range of the offloading
portions and the processing rates is considerably large (i.e.
[0,1] and [0, 1.5] x 10°), the initial values of (1)(*), £(©) need
to be carefully adjusted to mitigate its negative impact. In
addition, the choice of the positive fairness parameter g and
the penalty parameter p of the augmented Lagrangian function
also has a direct impact on the performance of Algorithm 2.
For instance, a small value of the fairness parameter ¢ cannot
guarantee the latency fairness among UEs, while a large p may
lead to an improper early termination. The impacts of these
settings will be numerically elaborated in the next section.

VI. SIMULATION RESULTS

This section validates the effectiveness of the proposed algo-
rithms by conducting computer simulations. We first provide
the simulation setup Section VI-A, and numerical results are
then given in Section VI-B. All the simulation results are run
in the MATLAB environment with CVX package. The convex
problems are solved by SDPT3 solver [44].

For performance comparison, we consider the following
benchmark schemes:

o Fixed bandwidth [28]: The bandwidth allocation is not
jointly optimised. The bandwidth portion allocated to
each UE is obtained by equally dividing the whole system
bandwidth with the number of UEs, i.e. by, = 1/MK.

o Fixed processing rate [12], [27]: The processing rates of
UEs and ESs are fixed as in the initialisation step.

o Fixed offloading [28]: To demonstrate the effectiveness
of offloading optimisation in the considerd DT-aided
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TABLE I: Simulation Parameters

95 Parameter ‘ Value
Number of antennas, L 8 [9]
Maximum transmit power, P, Vm 23 dBm [30]
System bandwidth, B 10 MHz [21]
Transmission duration URLLC, ¢ 0.1 ms [30]
Decoding error probability, &,,k, Ym, k 1077 [12]

—174 dBm/Hz [12]

1.5 GHz [12]

10 GHz [21]

1354 bytes [5]

[100, 400] cycles/byte [12]

Noise spectral density

Maximum UEs’ processing rate, Fiue,,
Total ES processing rate, Fy5y,
Input task size, D,,,Vm

Task complexity, 7,,, Ym

Total delay requirement, T)*, Vm 2 ms [21]

Minimum data rate, R, Vim, k 2.57 Mbps

Max. UE’s energy consump., B3 Vm | 2 mJ [12]

Computation power parameter, ,,,Vm | 10726 Watt.s?/cycle?
[13], [45]

distributed edge computing, the offloading portions are
set to be a,, = 0.5, > Bk = 0.5,Vm.
ke
The optimisation problems of these benchmark schemes can
readily be formulated by slightly modifying the problem (19),
and their solutions can be found by applying our proposed
Algorithms 1 and 2.

A. Simulation Setup

In the DT-aided edge computing with URLLC, we consider
the scenario with M = 8 UEs and K = 2 ESs, which are
located within an area of 100 m x 100 m [45]. All UEs are
randomly distributed while two ESs are located at the central
positions of the area. The large-scale fading of the channel
between the m-th UE and the k-th AP is modelled as g, =
10PL(dme)/10 - where PL(d,x) = —35.3 — 37.6log;o dmi
denotes the pathloss in dB [9]; Herein, d,,; is the distance
between the m-th UE and the k-th ES. The URLLC decoding
error probability is set to 10~7, and the noise spectral density
is —174 dBm/Hz [9].

The maximum computing capacity of ESs is Fry, . = 10
GHz, while the maximum processing rate of UEs is F2° =
1.5 GHz. The task complexity (i.e. 7, = Cy,/Dp,Vm) is
uniformly distributed in the range of [100,400] cycles/byte
[12]. Following the 3GPP Release 15 [5], the input data
size is set to D,, = 1354 bytes, and the maximum delay
requirement of each task is 77 = 2 ms. Finally, the
computation power parameter of energy consumption of UEs
is set to 0,, = 10726 Watt.s3/cycle® [13], [45]. All simulation
parameters are summarised in Table I.

B. Numerical Results and Discussions

1) Convergence behavior of Algorithms 1 and 2:
To demonstrate the convergence behaviour of the proposed
algorithms, we plot the total e2e latency as a function of the
iteration index with M = 8 UEs, K = 2 ESs and different
values of the fairness parameter ¢ = {8,10}. First, we can
observe from Fig. 3 that the total e2e latency (i.e., the objective
function) is monotonically decreasing and converges within
about five iterations. More importantly, Algorithm 2 is likely
to achieve the same performance as Algorithm 1, which con-
firms the effectiveness of the proposed distributed algorithm.
Although the distributed solution requires more iterations to

T T
—eo— Algorithm 1
26 —e— Algorithm 2, ¢ =8 | |
> Algorithm 2, ¢ = 10
g
S, 24| :
15}
=]
9]
=
ﬁ
o 22 :
|
[
=
=
S 20 .
18 Il Il Il Il
1 2 3 4 5 6

Iteration index

Fig. 3: Convergence behavior of Algorithms 1 and 2 with M =
8 UEs, K =2 ESs and ¢ = {8, 10}.
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Fig. 4: The e2e latency distribution among 8 UEs: (a) ¢ = 5,
(b) g = 8, (¢) ¢ = 10, (d) ¢ = 12 under Algorithm 2 with
p =2

converge than the centralised method, its complexity of per-
iteration and processing time in solving the local problems are
significantly reduced. This is practically attractive for networks
of medium-to-large sizes.

2) Impact of the fairness parameter q on the performance
of Algorithm 2: We now investigate the impact of the fairness
parameter in the distributed solution. To measure the fairness
among UEs, we consider the well-known Jain’s fairness index,
which is given by

(Z%:l Tm>2
MM 72

m=1"m

J(T1, 72, ey TM) = (52)
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Fig. 5: Performance comparison between Algorithm 1 and
baseline schemes versus the task complexity.

where 7, is the optimum e2e latency of the m-th UE. Fig. 4
plots the e2e latency of all individual UEs for different values
of the fairness parameter (q). As can be seen that when ¢
varies from 5 to 12, the fairness index of UEs considerably
increases which indicates the effectiveness of the fairness-
aware design in the distributed solution. More specifically,
when the fairness parameter is set to ¢ = 5, the difference
between the highest latency and the lowest among the latency
distribution of 8 UEs in Fig. 4a is considerably large, which
is reflected in the Jain’s fairness index approximately 0.979.
Meanwhile, Fig. 4d experiences a better fairness, where the
Jain’s index is improved to 0.996 with ¢ = 12.

3) Performance comparison: In Fig 5, we illustrate
the e2e latency vs the maximum task complexity 7,, =
Cin/ D, ¥m for different resource allocation schemes. As
seen, the proposed solution with joint communication and
computation variables outperforms baseline schemes in terms
of the total e2e latency, especially when computational tasks
become more complicated. For instance, when the maximum
task complexity reaches to 400 cycles/byte, the proposed
solution achieves lower latency than that in the fixed pro-
cessing rate and the fixed offloading schemes about 5 ms
and 10 ms, respectively. It is important to note that the fixed
offloading scheme experiences the worst performance among
the other baseline schemes, which clearly demonstrates that
the optimisation of task offloading portions plays a vital roles
in minimising the execution time of computational tasks in
edge computing.

4) Consensus evolution of the distributed Algorithm
2: The impact of Lagrange parameter p on the consensus
evolution of £ is investigated in Fig. 6. It can be observed
that p has a strong impact on the total e2e latency as well
as the consensus behaviour of the local processing rate of
UEs. Algorithm 2 with p = 2 offers better total e2e latency,
compared with other settings. In particular, the obtained total
latency with p = 2 is smaller than the scheme with p = 20
by approximately 1 ms. In addition, Fig. 6 reveals that the
consensus procedure works effectively for all values of p. In
this regard, the difference between optimised values of UEs’
local processing rate approaches zero at the convergence point,
which confirms that the proposed distributed solution works
properly in solving the original optimisation problem.
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Fig. 6: The consensus evolution of £} over the iteration index
with different values of p.
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Fig. 7: The impact of UEs’ energy budget and the deviation
of processing rate.

5) Impacts of UEs’ energy consumption budget:

Fig. 7 illustrates the impacts of the UEs’ energy consumption
budget as well as the deviation value of processing rates. In
particular, it can be clearly seen that when the maximum
energy requirement of UEs (E]'®*) increases, the total e2e
latency of UEs significantly reduces. For instance, in the
perfect processing rate estimation ( f = 0), the total e2e
latency declines approximately 2 ms when E};** reaches 4
mJ. Additionally, Fig. 7 shows that the more accurately the DT
estimates the processing rate, the better the performance can
be obtained. In this regard, when the DT perfectly estimates
the processing rate of UEs and ESs, the total e2e latency is
smaller than the scheme with 3% deviation around 1 ms.

6) Impacts of task complexity: Fig. 8 investigates the
impact of the task complexity on the system performance.
We can see from the figure that the total latency steadily
increases when the task complexity increases. For instance,
in the scheme with E7%* = 5 ml, the total latency ex-
periences a steady rise from about 11 ms to 20 ms when
the maximum task complexity reaches 400 cycles/byte. More
interestingly, Fig. 8 also shows the offloading behaviour of
UEs among different levels of task complexity. When the
computational task becomes more and more complicated to
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Fig. 9: The impact of ESs’ processing rate and the offloading
behaviour.

be processed, the offloading portion gradually increases to
minimise the processing latency. In this regard, in the scheme
with E®* = 3 m], the average offloading portion rises by
12% when the maximum task complexity increases from 200
to 400 cycles/byte, which validates the effectiveness of the
proposed solution for task offloading.

7) Impacts of ESs’ processing rate: For the purpose
of investigating the effect of ESs’ computing capacity on
latency reduction, we run simulations with different values of
the maximum ESs’ processing rate (Fr,,). Fig. 9 illustrates
the total e2e latency, the total ESs processing latency and the
average offloading portion in the scenario of M = 8 UEs and
K = 2 ESs. Firstly, it can be seen that when ESs are equipped
with more computing power, the total e2e latency gradually
declines. Specifically, the total e2e latency is decreased with
2 ms when the computing capacity of ESs increases from 10
to 15 GHz. Secondly, Fig. 9 also shows a similar trend in
the total ESs’ processing latency among different levels of
the maximum ES’s processing rate. Finally, the ES computing
capacity increases from 10 to 15 GHz, the average offloading
portion of UEs steadily rises from around 62% to over 72%.
And again, these results demonstrate that the proposed solution
for task offloading executes accurately to reduce latency.

VII. CONCLUSION AND FUTURE WORK

In this paper, we have studied the distributed resource
management in DT-assisted edge computing with with ultra-
reliable and low latency communications. The addressed prob-
lem comprehensively optimises communication and compu-
tation resources, such as bandwidth allocation, transmission
power, offloading policies, and processing rates of UEs and
ESs. We have introduced a newly fairness-aware latency
minimisation framework, which helps provide a fairer solution
without the need of complicated design. To solve the for-
mulated problem, both centralised and distributed approaches
have been proposed to achieve at least a locally optimal
solution. More importantly, the distributed solution with the
ability of parallel processing not only reduces execution time
but also has strong applicability to large-scale networks.
Extensive simulation results have been provided to validate
the effectiveness of the proposed solutions in terms of the
convergence and the total e2e latency as well as demonstrating
the impact of many involved parameters in the system.

For future works, a promising direction would be a deeper
interaction of the DT concept with other edge computing
problems, such as joint computation, communication and
caching, popularity-aware task offloading and freshness-aware
model, etc. In the development of more adaptive and intelligent
solutions, machine learning-based approaches can be exploited
to provide real-time solutions for resource management in the
practical deployment of edge computing systems.

APPENDIX
Following inequality [9, eq. (73)], [46], we can show that

ZT (2 T y>
T4y x g

- 1n(1+3-;/g)7

zln(1 +

Ty 2zm(1+ ) +
v 7

(53)
withz > 0,y > 0,2z > 0, and (%, 7, 2 ) are the feasible pomt of
(z,y,2). By lettlng 2 = by, 2 = bV s T = Pk (L — 1)02 1,
2 = Pl (L= 1)02 s y = P01 and § = p{) 62, + 1,

the global lower bound of the function G, (b mk7pmk) is
given as

(4)
@ m L 1)o m
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A D )

(@)
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where fmk = 1’(?;“272’”’“11. It is noted that g(” (k> Pmk)
PmkOmk )
is a concave function, satisfying g ( m)k, pE&) =
G mk (bmk’pm)kP
Next, we apply the following inequality [9, eq. (75)]
VI < £ T+ (55)
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with £ = by, T = bgfl)k to approximate Wy,x, (bmi) as
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which is a linear function in b,,.
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