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Toward Online Reliability-Enhanced Microservice
Deployment With Layer Sharing
in Edge Computing

You Shi™, Yuye Yang™, Changyan Yi

Abstract—Container-based microservice provisioning, with its
elasticity in terms of the layered structure, enables the sharing
of common layers among different edge computing tasks, both
within and across edge servers (ESs). However, due to the
potential hardware breakdowns, each ES may prone to failures,
affecting its lifetime (i.e., the time-length that an ES works contin-
uously without interruptions), and in turn leading to the collapse
of their hosted/provided microservices or the other ESs’ microser-
vices requesting common layers from it. To address such an issue,
in this article, we study the microservice deployment optimization
with layer sharing for maximizing the system-wide reliabil-
ity while satisfying all tasks’ delay requirements. Considering
dynamic task generations and the asynchronization of various
decision variables with different triggers, we design an online
optimization algorithm by leveraging an improved Lyapunov
technique integrating randomized rounding, Lagrangian method
and convex optimization, which iteratively solves the problem
over different timescales. Theoretical analyses and simulations
evaluate the performance of the proposed solution, showing that
it can achieve an increase of 12.4% in reliability and a reduction
of 28.57% in total delay, compared to the counterparts.

Index Terms—Edge computing, layer sharing, microservice
deployment, online optimization, reliability enhancement.

I. INTRODUCTION

DGE computing has been proposed as a compelling alter-
Enative or supplement to cloud computing by providing
services at the vicinity of mobile users [1], [2]. To cope with
the sky-rocketing amount of computing services and extremely
high-quality while low-latency user demands, it is desirable to
have light-weight and easydeploying service provision at the
edge servers (ESs). This necessitates an emerging technique,
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called container-based microservice provisioning [3], [4]. Via
this approach, multiple containers can share the machine’s
operating system (OS) kernel and thereby do not require
an OS per container, driving higher efficiencies, suitable
for resource-limited edge nodes. Microservice deployment
optimization is one of the main issues in microservice orches-
tration, and has been widely studied toward various objectives,
e.g., resource utilization maximization [5], [6], system cost
minimization [7], [8] and startup time acceleration [9].

Each container-based microservice is in a layered structure,
which packages all required items, such as runtime tools,
system tools, libs, and system dependencies, in different
layers [9], while different container-based microservices may
share several common base layers. For example, Cassandra,
JAVA and Python are all based on the same nonlatest Linux
distribution layer of Debian [10]. By such a way, at a
minimum, only one copy of the shared common layer need
to be downloaded from the cloud repository to ESs. In
addition, recent studies have revealed that common layers of
microservices can be shared by computing tasks executed on
the same ES (i.e., intra-ES sharing) [9] or across different
ESs via distributed file systems (i.e., inter-ESs sharing) [11].
Specifically, for each ES, on the one hand, the common layer
only needs to place one copy that can be shared among the
tasks executing on the same ES. On the other hand, if an ES
lacks sufficient cache capacity to host certain common layers
locally, it can load the required common layers from other ESs
that have already deployed them using distributed file system.
All these indicate that the microservice deployment problem
is essentially equivalent to the layer placement and loading
problems, i.e., which layer should be placed directly on each
ES, and which layer should be loaded by each required ES
from which ESs having already placed this layer.

It is worth noting that each ES may suffer from a variety
of runtime failures caused by potential hardware breakdowns
and configuration errors [12], [13], [14]. This can signifi-
cantly affect ESs’ lifetime (i.e., the time-length that an ES
works continuously without interruptions), and consequently
reducing the reliability of their hosted/provided container-
based microservices in serving computing tasks [13]. To be
more specific, when each task arrives at its associated ES
requesting a certain microservice, it may be scheduled to any
ES (including its associated one) depending on the resource
capacities and layer placement and loading decisions. If an ES
crashes afterwards, not only its microservices for the assigned
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tasks collapse, but also the other ESs’ mircoservcies loading
common layers from it for serving all other tasks collapse.

Enhancing the system-wide reliability by utilizing the afore-
mentioned features is of great importance, while this has
received limited attention in the existing literature. Technically,
such an issue is challenged by the following aspects.

1) To maximize the system-wide reliability of edge com-
puting, it is necessary to jointly optimize the task
scheduling among ESs, layer placement and load-
ing of container-based microservices, along with the
computing resource allocation. Furthermore, since ESs
may encounter failures accidentally, meaning that their
lifetime is uncertain, and tasks may be generated
randomly requesting heterogeneous microservices, all
optimization decisions should be dynamically adjusted.
This results in an online optimization and its long-term
performance guarantee requires the statistics of future
network dynamics, which is difficult, if not impossible,
to be obtained [15].

2) For each ES, frequent layer placements may cause the
storage space fragmentation [16], while the layer load-
ing, task scheduling and computing resource allocation
are triggered by task generations and ESs’ runtime
failures, which need to be adapted in a much higher
frequency. These imply that decision variables in such
an online problem should be optimized asynchronously
in different timescales rather than a single one as those
in conventional studies [9], [17].

To fill the gap of the literature, in this article, we design a
novel two-timescale online management framework for edge
computing with container-based microservice provisioning,
including the optimization of 1) placing which layer on
each ES in the large timescale and 2) selecting which ES
to load which required layer for each ES and determining
the computing resource allocation and task scheduling in
the small timescale. Particularly, we aim to maximize the
long-term average reliability of all microservices in serv-
ing computing tasks while ensuring not only the system
stability but also the constrained delay requirements and
caching capacities. Besides, the uncertainty of ESs’ lifetime
and the randomness of task generations requesting different
microservices are taken into account. To this end, we propose
an online algorithm based on the Lyapunov optimization
method but has an improved structure for dealing with
two-timescale decision variables. On top of this, by further
decoupling decisions into different timescales, we develop an
iterative algorithm iterating randomized rounding, Lagrangian
method and convex optimization. Theoretical analyses show
that the proposed solution can well address the original
problem to the asymptotic optimum with a low-computational
complexity.

The main contributions of this article are summarized in the
following.

1) To the best of our knowledge, this is the first work
studying the reliability enhancement of container-based
microservices in edge computing with layer shar-
ing. Specifically, we formulate a two-timescale online
optimization problem for adaptively determining the task
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scheduling among ESs, the layer placement and loading
of different microservices along with the computing
resource allocation under network dynamics, for maxi-
mizing the long-term system-wide average reliability.

2) Taking an equivalent problem reformulation, we pro-
pose a low-complexity online algorithm based on
the improved Lyapunov optimization method, which
decomposes the long-term problem into a series of
deterministic ones. Then, we further decouple decisions
into two different timescales, and develop an iterative
algorithm to reach a near-optimum.

3) Extensive theoretical analyses and numerical simulations
are conducted to examine the feasibility of the proposed
solution, and demonstrate its superiority compared to the
counterparts.

The remainder of this article is organized as follows. We
discuss related works in Section II. In Section III, we introduce
the system model with the definition of system-wide relia-
bility. Section IV shows the considered problem formulation.
Section V presents the detail of the proposed solution along
with comprehensive analyses. Simulation results are given in
Section VI, followed by conclusions in Section VII.

II. RELATED WORK

Container-based microservice provisioning has emerged
as a promising way in promoting edge computing elastic-
ity. Recently, container-based microservice deployment has
been widely studied targeting for different objectives. For
instance, Guo and Yao [18] introduced a novel container-
based microservice scheduling strategy to provide faster
microservice response by considering edge load balancing and
response time. Lv et al. [19] proposed a graph-reinforcement
learning-based microservice deployment framework, which
utilized graph convolutional networks to deal with differ-
entiated container dependencies and scheduling conflicts in
edge computing. Shi et al. [20] investigated a deep learning
algorithm for automatic scaling of container-based microser-
vice deployments to fit high-state spaces in distributed cloud
environments. In [21], the starting time of container-based
microservices and the interference of resource contention
among multiple microservices were jointly considered, and a
low-complexity heuristic algorithm was proposed to minimize
the number of servers, thereby reducing the system overhead.
However, most of the existing researches on container-based
microservice deployment treats the containers as a whole, and
rarely considers the hierarchical structure of container images.

Considering the intrinsic layered structure of containers,
layer placement and loading are envisioned as a promising way
to provide flexible microservice deployment. Zhou et al. [17]
formulated the layer placement of microservices requested
by cellular users as an optimization problem, aiming for
minimizing the energy cost. Tang et al. [22] proposed
a novel online container migration algorithm for reducing
task delay in edge-assisted vehicular networks by leverag-
ing multiuser layer-sharing information. Gu et al. [9], [23]
proposed an iterative greedy-based intra-ES layer shar-
ing microservice deployment solution to improve the edge
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TABLE I
TABLE COMPARING OUR WORK WITH THE EXISTING STUDIES
Reference Objective Method Reliability Layer placement Layer loading
[7] Networlf throgghp ut Randomized rounding approach X v v
maximization
[18] Optimization of load balancing Ne1ghborhood d1\{1s1on-based X X v
container scheduling strategy
[19] Requegl response time Graph remforcefnent learning X v X
minimization approach
20] Optimization 'of container Reinforcement learning X v/ X
scaling approach
[21] Network utility maximization Low-complexity heuristic X v X
approach
[17] Optimization ,Of average energy Pa.ftlclle‘ swar}n—bas;ed X v X
consumption optimization approach
[22] Contame_r migration delay Gradlem-b'ased remforcemem X v/ X
minimization learning algorithm
Microservice deployment cost Accelerated distributed
[23] service deploy ) augmented Lagrangian X v X
minimization .
algorithm
[24] Instant service rfehab111ty MAB-based approximation v v X
maximization method
Equilibrium between reliability Successive convex
(2] and bandwidth cost approximation 4 x X
[14] System lifetime maximization Hybrid Ofﬂm? and online v X X
algorithm
Proposed work System—wldg r;hablhly Two—t'lme'scale online v/ v/ v/
maximization optimization approach
. . . TABLE II
throughput. Gu et al. [7] applied a linear programming method IMPORTANT NOTATIONS IN THIS ARTICLE
to maximize the service capacity of ESs by enabling both
intra-ES and inter-ES layer sharing. However, all these papers Symbol Meaning
assumed that ESs were able to work permanently without M set of ESs
facing any breakdowns or errors. S set of all kinds of microservices
. . . Vs unit task size of microservice s
Some recent works have been dedicated in studying the v the size of layer I
impacts of ESs’ failures on their service reliability. For exam- A8, (1) microservice manu variable of ES m in time frame ¢
ple’ Ma et al. [24] proposed a reliability_aware scheme for ngfl’m(’r) transmission rate between ES m/ and m in time frame 7
. . . . loa H [
edge computing by leveraging both online feedback and offline Trume (t) | loading rate between ES m and m’ in time frame ¢

data to maximize both the accuracy and reliability of DNN a:fmm, () task scheduling variable for microservice s in time slot 7

. . . . 9t layer loadi iable for ES m in time slot
inference tasks. Liu et al. [12] investigated the equilibrium of e (7) dyer foading vartable for 5 1 i ume S0t T

e .. . - .. db, (1) layer placement variable for ES m in time frame ¢
minimizing the bandwidth consumption of IoT applications ps (1) computing resource allocation for ES m in time slot T
while maximizing the reliability of IoT users with uncertain D27 (r) | transmission delay for microservice s’s task scheduling
lifetime of ESs. Cao et al. [14] jointly optimized the execution Do (7) computing delay for microservice s’s task processing
delay and lifetime of an edge-intelligent system subject to the D?a(t) layer placement delay for ES m in time frame ¢
constraints of reliability and energy. However, all of them did D ;gfe(T) layer loading delay for ES m in time slot 7

. . . P Dy (1) the life time of ES m in time slot T
not focus on the container-based microservice provisioning, ot i . . -
. ) . o ) DpYs(7) the uptime of microservice s on ES m in time slot 7
ignoring the potential reliability issues caused by layer sharing. v Lyapunov control parameter

In summary, this work differs from the existing literature RELS,(T) | reliability in serving microservice s’s tasks in time slot T
(as demonstrated in Table I) by the following aspects: 1) dif-
ferent from the existing works that only consider the service
reliability of microservices deployed within a single ES, this task scheduling for resource-constrained edge computing is
article quantifies the service reliability of the whole system described. For convenience, Table Il lists some important
of edge computing by jointly considering the microservice notations used in this article.
deployment under intra-ES sharing and inter-ESs sharing;
2) a novel reliability-enhanced dynamic microservice deploy- A Oyerview of the System
ment framework is investigated, where key issues, such as
layer placement and loading, task scheduling, and computing
resource allocation across multiple ESs, are jointly optimized;
and 3) aiming at addressing the asynchronization of the
decision variables, a two-timescale online algorithm based on
the modified Lyapunov technique is proposed achieving the
near-optimum.

Consider an edge computing system, as depicted in Fig. 1,
consisting of multiple geographically distributed ESs, repre-
sented by set M with a cardinality of (M| = M, and a
container repository, which is deployed on a remotely located
cloud center, that stores a set £ of container layers for
supporting different microservices. Each ES can host several
microservices, and the set of all kinds of microservices can
be denoted by S = {1,2,...,S}, where each of them aims

III. SYSTEM MODEL to handle a specific type of tasks. If an ES intends to serve

In this section, the system model of microservice a certain type of tasks, it has to prepare all layers of the

deployment decision, layer placement, layer loading and microservice requested by such type of tasks. This can be
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Fig. 2. Two-timescale network optimization for MEC.

done by either placing the required layers downloaded from
the cloud repository or load them from other peer ESs having
already placed these layers. Let of,(t) € NT be the amount
of tasks that arrive on ES m and request microservice s € S,
and their unit task size (measured by bits) be v,. Furthermore,
whenever a task is generated and transmitted to the connected
ES, it may be flexibly scheduled to any ES for execution,
depending on the resource capacities, layer placement and
loading decisions, and most importantly the risk of ESs’
failures.

Note that, in practice, layer placement may not be able
to vary frequently in real-time because of the storage space
fragmentation [25]. In contrast, the layer loading, task schedul-
ing and computing resource allocation require immediate
and frequent responses to accommodate time-varying task
generations and uncertain ESs’ runtime failures. To this end,
we propose an online optimization framework, where the layer
placement is operated at the large timescale, while the layer
loading, task scheduling and computing resource allocation
are operated at the small timescale, as shown in Fig. 2.
Specifically, the timeline is divided into T € NT coarse-
grained time frames, and each frame can be further regarded
as a combination of K € N7 fine-grained time slots, where the
length of each slot is y. Define t = {0, 1,...,T — 1} be the
index of the rth time frame, and the index of the tth time slot
in the rth time frame as 7 € 7, = {tK,tK+1, ..., tK+K—1}.
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In summary, we aim to enhance the system-wide long-term
reliability of edge computing by determining 1) which layers
of microservices should be placed on each ES in each time
frame and 2) which layer should be loaded by each required
ES from which ESs and the corresponding computing resource
allocation and task scheduling in each time slot, in an online
manner.

B. Task Scheduling and Computation

Container-based microservices are often managed by apply-
ing container orchestration tool (e.g., Kubernetes [26]), which
can adjust the microservice menu of ESs based on the requests
of tasks, facilitating a better organization of layer placement
and loading [9]. Since the preparation of such miroservice
menus may be complicated and costly for ESs [27], we
introduce a large-timescale variable AJ (f) € {0, 1} to denote
whether microservice s should be added to the microservice
menu of ES m (A;,(t) = 1) or not (A},(#) = 0) in each
time frame 7. This implies that each ES’s microservice menu
changes over time frames rather than time slots, resulting in
a relatively small overhead. We represent the task scheduling
decision as variables xfn ,m,(r) € N7 indicating the amount
of tasks requesting microservice s scheduled from ES m
to another ES m’ € M. Obviously, the tasks requesting
microservice s from ES m can be scheduled to ES ' if and
only if m’ has included s in this manu, and thus

X (T) = Ay (Dt (T) Vs € S. (1)

Here, we do not rule out the possibility that m = m’, so that
we have

X (@ =ap(1) VseS. )
meM
Furthermore, the transmission delay for the tasks requesting

microservice s € S scheduled from ES m’ to m in time slot
T € 7/ can be calculated as

S
X, (T)vs
s.tra _ Tm'm
Dm’,m(f) - rtra (‘L’) (3)
m',m
where r:’r;‘m(r) is the transmission rate between m’ and m.

Then the maximum delay for ES m to collect all tasks
requesting microservice s from all ESs can be given by

Dfﬂ(r) = max{Ds’tra (t)} Vm' € M. 4)

m',m

For each ES m, denote p;,(7) € [0, 1] as a small-timescale
decision variable indicating the proportion of edge computing
resource allocated to tasks requesting microservice s € S in
time slot t € 77, which should meet the following conditions:

D () <1 VseS. (5)
seS

Then, for each type of tasks requesting microservice s in
ES m, the edge processing delay for executing all of them in
time slot T € 7; can be given by

[0, + Lot (5w =55, @) ]384
O

DN (T) =

(6)
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where £ represents CPU computation speed (measured by
cycles/s) of each ES m € M, and B; is the number of CPU
cycles required to complete each bit of these tasks.

C. Layer Placement and Loading

Let the large-timescale decision variable dfn(t) e {0, 1}
denote whether layer / € £ should be placed from the cloud
repository to ES m € M (d.,(t) = 1) or not (d’,(1) = 0). It is
worth noting that the total amount of layers that can be cached
on each ES m € M is limited by ES m’s caching capacity,
denoted by 25¢. Therefore, we have

> d (v < Q Vme M (7)
lel

where v; is the size (measured by bits) of layer [ € L.
Besides, for each ES m € M, the layer placement delay
DE?(:) can be calculated as

D) =) d, (v /(1) ®)
lel

where r,ﬂ’l]i.(t) is the transmission rate from cloud to ES m.

Let the small-timescale variable 19,; ’m,(r) € {0,1} be
the layer loading decision of ES m in time slot r, where
ﬂfn’m,(r) = 1 indicates that layer [ will be loaded from ES
m € M, and 19’51 ’m,(‘L') = 0 otherwise. Specifically, a layer
[ can be loaded from ES m only if ES m’ has placed the
intended layer [, i.e.,

O () <db, () Ve L Ymm e M. 9)

Note that there may coexist multiple replicas of the same layer
placed on different ESs. Each ES m € M can select at most
one ES m' € M (including itself, i.e., m = m') to load a
certain layer, i.e.,

Y 9, (D) <1 Vel Vmm' e M.
m'eM

(10)

For each ES m € M, the corresponding layer loading delay
is introduced in all time slots, calculated as the maximum
delay of loading all required layers from all ESs, i.e.,

) (O

1
rn(;,am/ ®

D‘,ga(z)zmax{ ] Vie L Vm' e M (11)

where rir‘l’f‘m, (t) denotes the loading rate between ES m and ES
m’ on a wired communication link (which is assumed to be
invariant within ¢ [28], [29]).

For each container-based microservice s € S provided
by each ES m, it can be successfully initiated only if all
required layers are completely prepared via layer placement
and loading. That is

ol <d,@w+ Y ol .1
meM

12)

where binary variable wsl € {0, 1} indicates whether microser-
vice s € S requires layer [ € L (wsl = 1) or not (wsl = 0).
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Taking into account all above, the total delay for tasks
requesting microservice s € S at ES m in each time frame ¢
can be derived as

tol 1:
Dl (1) = DD + ) Di&()
eT;

13)

1 . L
where DY, (1) is the layer placement delay in time frame f,
and D;f(7) is the edge execution delay for executing tasks
requesting microservice s € S in time slot T € Ty, i.e.,

loz sch
D2 (1) = DI%(v) + D™ (v) + Dt ()

m,s m,s

(14)

consisting of layer loading delay D},‘;a(t), edge processing
delay D™ (7) and the delay to collect all tasks requesting

m,s

miroservice s, i.e., Df,fhs(t).

IV. PROBLEM FORMULATION

The lifetime of an ES refers to the time-length from the
point of starting the operation to that of occurring malfunc-
tions [14]. Following the conventions in [12] and [30], in each
time slot T € 7;, the lifetime Dlrilfe(r) of ESm € M is
defined to be an exponentially distributed random variable with

parameter c¢,,(t) € [cﬁin, ], meaning that

Pr(D};f"(r) < y) =1 — e n®y (15)

where y is the length of each time slot.

Due to the layer sharing, lifetime of an ES affects not only
its own hosted microservices for the assigned tasks, but also
the other ESs’ microservices loading common layers from it.
In other words, if a certain ES collapses, it can potentially
disrupt the availability and the normal operation time-length
(i.e., uptime) of all microservices supported by any of its
shared layers. Additionally, since the lifetime of different ESs
are independent, the uptime of a microservice on each ES’s
menu actually corresponds to the minimum lifetime of all ESs
that provide common layers to this ES (i.e., all ESs loaded
by this ES for acquiring common layers). Accordingly, the
uptime of microservice s € S on ES m € M in time slot t
can be expressed as

D (7) = min{D!(2)}, m' € M'(2)

m,s

(16)

where M'(t) = {m’|z?rln’m,(t) =1,m' € M, € L} represents
the set of ESs loaded by ES m for acquiring common layers
in serving tasks requesting microservice s in time slot t. Note
that, if the edge execution delay Dy (7) exceeds D,L;E ;(r), the
microservice for this type of tasks will collapse. Consequently,
the probability that microservice s on ES m collapses in time
slot 7, denoted by Fﬁi‘f}(Dem’i‘}(r)), can be calculated as

FEMDRS®) = PrADIR) < Do)
=1—Pr{D)P\(1) > DS (1)}

m,s
=1- [] ploliE@>om)
m'e M’ (1)

— 1 — e~ ZwlemM/@ Cw (DDRSE) (17)

Then, the reliability in serving tasks requesting microservice
s at ES m in time slot t € 7; can be computed by

RELS (1) = 1 — FR(D9%(7)) VseS Vme M. (18)
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Taking the average reliability of all microservices over all
time frames as the performance measurement, the system-wide
reliability of edge computing can be defined as

KT—-1

= Z Z ZREL (7).

=0 meM seS

19)

For maximizing R, we are required to optimize 1) microser-
vice manu decision in any time frame #; 2) layer placement
decision for each ES m in any time frame f; 3) layer
loading decision for each ES m in any time slot t € 7Tr;
4) task scheduling decision in any time slot T € 7;; and
5) the computing resource allocation in any time slot t €
T;, denoted in short by J4(f) 8,0, d (1)}, Tp(r)
P (.50, (D} Vs € S VYm e M.
Mathematlcally, such a two-timescale long-term reliability
maximization problem can be formulated as

Po:  max lim R
Ja),Jp(r) T—o0

s.t. (D), (2) (5) (N—(12)

Jim Z D (<D, (20)
where besides the aforementioned (1), 2), (5), (7)—(12), and
(20) is the long-term average delay constraint, in which D,, sth
denotes a predetermined delay threshold of all tasks requesting
microservice s.

Remark 1: Tt is obvious that problem Py is a two-timescale
stochastic optimization problem, in which the microservice
menu decision and layer placement are operated at the large
timescale, and the layer loading, task scheduling and comput-
ing resource allocation are operated at the small timescale,
with the objective of maximizing the long-term reliability.
Solving problem Py is very challenging because of the
following reasons.

1) With the rapid proliferation of MDs and microservice
requests, the vast action and state space pose significant
computational complexity, as well as uncertain data
noise, making the amount of historical information
extremely large. Consequently, the reinforcement learn-
ing methods [31] that rely on large-scale trial and error
and extensive training to discover optimal solutions face
potential issues, such as slow convergence speed and
substantial fluctuations in the obtained solutions.

2) Furthermore, (2) and (5) indicate the inclusion of dis-
crete decision variables, while (7)—-(12) are nonlinear,
and moreover J4(t) and Jp(t) are operated at different
timescales, making Py become a two-timescale mixed
integer nonlinear programming problem (two-timescale
MINLP).

This indicates that the traditional Lyapunov method [32] based
on single timescale optimization is no longer applicable. To
address this issue, in the following sections, we develop
a novel solution by constructing a two-timescale Lyapunov
optimization framework. Specifically, using the deterministic
upper bound on the Lyapunov drift-plus-penalty, we first
decompose the long-term stochastic optimization problem
into a series of deterministic instant problems, each of
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which is further decoupled into two subproblems in different
timescales. After that, we propose an iterative algorithm inte-
grating randomized rounding, Lagrangian method and convex
optimization to solve these subproblems, respectively.

V. TWO-TIMESCALE ONLINE ALGORITHM

To address this issue, in the following sections, we
develop a two-timescale online optimization algorithm for
joint microservice deployment, layer placement and loading,
computing resource management and task scheduling (called
OMLRC) to solve Py.

A. Problem Reformulation

It can be observed from Py that the delay caused by the
layer placement are on the large timescale, while those caused
by task execution (including task computing and layer loading)
are on the small timescale. To facilitate analysis, we evenly
distribute the layer placement delay in each time frame ¢ into
all time slots within this frame. Then, the total delay of ES
m € M in serving tasks requesting microservice s € S in time
slot T € T, can be converted to

1
Dys(x) = DI (1) + Di(r) e2))
where DY, (1) = (Df,}a(t) /K) represents the layer placement
delay in each time frame ¢ evenly distributed into all |7;| = K
time slots, respectively. Substituting (21) to Py, we have

2P min lim F

: Ja(),Ip(r) T—00
st (1), (2), (5),(NH—-(12)

TK—1 Dth
lim — D) ==+ (22
700 TK 2(:) (D=7 @2
=

where F = (1/TK) Y X1 S0 Ffil (D2 (1)). Note that the
reformulated problem P; is equivalent to the original problem
Po with exactly the same optimization variables remaining
in two different timescales, while all long-term metrics have
been unified into a single timescale but will not affect the
optimization performance.

Obviously, P; is still a long-term stochastic optimization
problem. The major challenges in solving problem P; are
1) how the long-term average total delay constraint can be
handled and and 2) how the two-timescale decision variables
can be optimized simultaneously. To this end, in the next
section, we employ the idea of Lyapunov optimization method
[32] and modify it to accommodate the features of problem P;.

B. Problem Decomposition and Decoupling

First, we define a delay overflow queue to describe the devi-
ation between the total delay for tasks requesting microservice
s at ES m in time slot T and the long-term delay budget. The
dynamic evolution of such an overflow queue is as follows:

th

+
O, +1) = [Diﬁ,ls(r) - D?} + O, (7) (23)

with initial state Q5 (0) = 0.
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Then, we introduce the quadratic Lyapunov function [32]

L(®(r)) £ %[Z > Q;L(r)z}

s€S meM

(24)

where ©(t) = [Ql(7),...,Q},(1)]. The Lyapunov func-
tion serves as a quantitative indicator of the congestion
in all queues, and it is crucial to consistently strive for
its minimization to ensure the stability of the queues. In
accordance with [33], the conditional Lyapunov drift can be
written as

A(O(7)) = E[L(O(t +K)) — L(O(1))|O(1)]  (25)

which measures the difference of the Lyapunov function
between K consecutive time slots. Intuitively, by minimizing
the Lyapunov drift in (25), we can prevent the queue backlogs
from unbounded growth, and thus preserve Q@ (r) to not
violating the desirable constraints.

Accordingly, the Lyapunov drift-plus-penalty function can
be expressed as

Ay(O(1)) = A(O(1)) + V- E[F]O(7)] (26)

where V e (0,4o00) is a control parameter. The following
theorem gives an analytical upper bound of such drift-plus-
penalty in each time slot 7.

Theorem 1: Let V€ (0,+00). For an arbitrary
Ja@®,Tp(tr) Vs € § Vm € M, the drift-plus-penalty is
bounded under any possible decisions in any time slot t

Ay<B+) > E

s€S meM
— DY/K]|1©®(1)} + V - E[F]

{05, [DYE(1)(O(1))

27)

where B = (1/2)[D¥ (max) — (Dsth)/K]* is a positive
constant that adjusts the reliability and the satisfaction degree
of the long-term total delay constraints.

Proof: By squaring both sides of the delay overflow queue
in (23), we have

0,,(t + 1)?
=[50 — Dtk + 0|
th 2 th
= [Diﬁfs(f) - D?S} +05,(0)° + 2Q3n(r)[D§3}s(r) - DYS}
(28)

By subtracting an(r)2 from both sides, and summing up all
inequalities for m € M, s € S, we have

2 Y Yo+ 02— ger]

meM seS
D[h 2 D[h
l 1
<- Z Z{ [D‘O ?S} + Qi(T)I:D}Z’S(T) - ?S} .
me./\/l seS

(29)

Since p;, (1) cannot exceed their upper bounds, combining (29)
yields
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LO( +1)) — L(O(1))

=2 Y Yo+ -]

meM seS
l S 1 :
= » sl -2 oo 2]
meM seS

(30)

Finally, by adding V - [F] to both sides of (30) and taking the
expectation of both sides of @(t), (27) can be derived. |

Theorem 1 shows that the drift-plus-penalty is determin-
istically upper bounded in each time slot t (i.e., the small
timescale). Then, with slight mathematical manipulations, the
upper bound of the drift-plus-penalty in each time frame ¢ (i.e.,
the large timescale) can also be derived as

Av(@®) <BK+ Y > ) E{Q), (DD (1)
meM seS teT;
—D"/K1|®(x)} + V- > E[FI.
€T

&1V

Following the convention of the Lyapunov optimization
method [32], [34], problem P; can be transformed to oppor-
tunistically minimize the right-hand side of (31) subject
to (1), (2), (5), and (7)—(12). In other words, the long-term
stochastic optimization problem P; can be decomposed into a
series of deterministic instant problem 7, which is given by

: i = s tol
Pa JA(gl,?B(r) Gm.s (1) = meZ/\/l g;ﬂ {Qm(t)[Dm,s(T)
_Dgh/K]} +V. Z[]:]
teT;

st. (1), 2), (5), (H—(12).

Note that decisions Jx(r) = {A%,(1),d. (1)} and Jp(r) =
{z?rln’m,(t), P (T), x:n’m/(t)} remain unchanged, and thus
problem P53 is still a two-timescale MINLP. Different from
the traditional MINLP problem with single timescale, decision
variables of P, are required to be iterated at two timescales. In
Section VI, simulation results are provided to show that such
a two-timescale iteration process can indeed converge, so that
a near-optimal solution can be produced.

C. Algorithm Design for Large-Timescale Decisions

In order to obtain a near-optimal solution to P, at the begin-
ning of each time frame ¢, we propose an online algorithm
that iteratively optimizes subproblems P; and P;—sx.

1) Joint Microservice Manu Decision and Layer Placement
Optimization in Time Frame t: Given the current backlogs
of delay overflow queues for all type of tasks requesting
different microservices at ES m, as well as the instantaneous
reliability performance, the problem of making joint microser-
vice manu decision and layer placement in each time frame ¢
becomes
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Algorithm 1: Procedure of JMLO

1 Initialize: At the beginning of time frame ¢, collect the state
information of all microservice s € S and ES m € M;

2 Linear relaxation: A, (1) € {0, 1} — A5, (1) € [0, 1],
dL,(0) € {0,1}) — d\y(r) €10, 11;

3 Obtain {X;‘,l(t)} and {Zz’fn (#)} through linear programming while
satisfying the constraints (7) and (12);

4 for s € S do

L Set X;n () = 1 with the probability )1;” (GR

wn

6 for m e M do

7 Define £ as the set of potential layers to be placed;
8 if £ = then

9 | Setd,(r) =1 with the probability &;(1);

10 else

11 L Set d! (t) =1 with the probability &/ HUH

Output: Solution of P;: Asm (f) and din ).

min
A3,(0),dL, (1)

>3 Y 0no[pie + D |

€Ty meM seS
+V.F

st. (D), (7), (12).

In order to solve this integer programming problem 7Pj,
we adopt randomized rounding technique [35] and design a
corresponding solution algorithm for joint microservice manu
decision and layer placement optimization, called JMLO,
which is summarized in Algorithm 1.

First, we relax the constraints of decision variables A (1)
and dfn (1) as

A (1) € 10,1} — A%, () € [0, 1]
d (1) € {0,1} — d (1) €0, 1].

(32)
(33)

Then, P; can be solved in a polynomial time by using the
linear programming solver [36], and we denote {):fn(t)} and
{Eil ()} as the corresponding optimal solutions.

Our remaining issue is to round {)f (1)} and {dl (n} to
obtain 1nteger solutions, denoted by {)f (t)} and {dl (1)}. First,
we round {A (D} to 1 with probability {)\A (0}. Then, each ES
can obtain the information about which microservices should
be added in its microservice menu in time frame ¢. Based on
{/):fn(t)}, {Efn(t)} can be determined as follows. For each ES
m € M, denote £ by the set of potential layers need to be
placed. If L = @, ES m will load the required layers with a
probability 5,lnys(t)/ given by

1, if 35 (1) > 1‘[165(1 —Ei,ln(t))
R0
H/e[i(l_a

Om, ns(®) = else.

Ll(t)) ’

Otherwise, ES m will place the layer [ € L downloaded
from the cloud repository with the probability S,IWYS(t)/ =
(L35, 01/}, (1))).

Lemma 1: The gap between the solution returned by
JMLO, denoted by 7’5,, and the optimal solution, denoted by
P/, is bounded by

P—Pr <A (34)
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where A = ZreT Zme./\/t ZSES an(t){Zleﬁ ZmeM i/
[Fhie(®]) + DI (D)} + V.

Proof: Taking subtraction between P, and PF, and by
some simple mathematical manipulation, we have

P, —Pr
=3 3 Y 00D + D) | + VF
€T, meM seS
N { 2 ) Zan(t)[DSF(t)* +D£2a(r)] - V-]—'*}
teT meM seS
=22 ZQW{Z Lo — o]
€T, meM seS lel Tm.e

+ Do) + D?a@)} +V(F =), G

Since AS, (%), dfn(t) and F all belong to [0, 1], we have

P —P;
<> ¥ Yool oo
€T meM seS
+ D?a(r)]} +V=A(36)
and A is known at the beginning of time frame t. |

Lemma 1 specifies that JMLO can reach asymptotically
optimal solutions for microservice manu and layer placement
decision for all microservices and ESs in each time frame
t. These solutions will be used in the following Section to
further determine the optimal layer loading, task scheduling
and resource allocation in time slot T = 7K.

2) Layer Loading Optimization in Time Slot t = tK: In
this section, we fixed microservice manu decision )& (1) and
layer placement decision d’ (t), and then the subproblem to
decide layer loading z‘/‘rln o (tK) at the first time slot in frame
t, 1.e., T = tK, as shown below

koo min YN O GK)DK) + VF
m m’(tK) meM seS
s.t. (9)—(12). (37)

By relaxing the integer decision variable z?l oK) € 10, 1],
problem P/, becomes a linear program (LP) problem First,
we define its partial Lagrangian function as

£}, (KO 11 (KD, w2 (tK). 13(K)
= Y Y OL(K)DRK) + VF + w1 (tK)d, (1)

meM seS
>

— 01, (K] + p12(tK) [1 —
m'eM

Dt (ﬂo] + u3 (k)

|:dfn(t) + ) 0 (K) — Afn(t)w;} (38)
meM
where w1 (tK), u2(tK), u3(tK) > 0 is the

Lagrangian multipliers. Set Gu(tK), u>(tK), u3(tK)) =
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Algorithm 2: Iterative Algorithm OMLRC

1 Initialize: Observe the instantaneous queue set ©(r), task generation
ay,(t) and ESs’ lifetime D},llte(r);
2 for each time frame t do
Set the initial iteration index j = 1;
. j —1 /
while |Gl (1) = Gy (] > ¢/ do
for s€ S, me M do
Obtain A5, (7) and d., () by Algorithm 1;
for time slot T = tK do
th fixed 23,(1) and db, (1), obtain B! (1K),

m, (tK) and pj,(tK) by solving problem PzK and

w

® N A

"

K respectively;

9 Update the value of delay overflow queue Q5 (1);

10 | Update the iteration index j =j+1;

Output: 25,07, d\, (1T, v!

m,n

K)o KT ply KD

(DLW, (K, 11 (1K), 2 (K, paGK))/199!, (D)),
which can be derived as

G(u1(K), ua (1K), p3(1K))

N o DB (K) OF
= QiK)x; (t)aﬁjn LK) 9l (K)
— w1 (tK) — 2 (1K) + u3 (tK). (39)

Note that, ([9G(1 (1K), 2 (tK), i3 (K))/[99, , (tK)]) = 0,
Hence, problem Pj; is a convex linear optimization problem,
which can be solved by Gradient Descent method [37]. Finally,
set the obtained solution {77" o (tK) to {0, 1} by a rounding
manner.

Lemma 2: Similar to the Lemma 1, the gap between the
solution returned by solving [K, denoted by [’K, and the
optimal solution, denoted by Pt , is bounded by

e — P < A (40)
where A’ = ZmeM ZSGS Q;Yn(t)(vl/[rm,m’ ®n+V.

3) Task Scheduling and Resource Allocation Optimization
in Time Slot T = tK: Similar to problem P/, the optimal

computing resource allocation for each MD i at time slot T =
tK can be obtained by solving the following problem:

min

"o
Pk v
B (0),05(0)

> 0L K)IDYT (K)
meM seS

+ Dyt (tK)] + VF

s.t. (2), (1), (5). (41)
It is not difficult to verify that 73;}( is a convex problem, and
thus standard convex algorithms can be used.

4) Overall Iterative Optimization-Based Algorithm: The
overall iterative optimization-based algorithm OMLRC is
described in Algorithm 2. The key idea is to iteratively
optimize microservice manu decision kfn(t)T, layer placement
d,ln(t)T, layer loading 19rln m,(tK)J’, task scheduling xfn m,(tK)T
and resource allocation ,ofn (1K)T, respectively. ’
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D. Algorithm Design for Small-Timescale Decisions

In this section, the subproblem to decide layer loading
m m,(r) task scheduling xA v (T) and computing resource
allocation (), teT,t ;é tK as shown below

i S tK)D¥¢(t)+V - F
T 1K) 2 2 0, 0KID )
meM seS
s.t. (1), (2), (5), 9—(12).
For time slot T € T;, T # tK, the microservice manu decision

A$,(H) and layer placement d! (f) are deterministic, and the
algorithm for solving P is similar to Py, and ”PINK

Prsik :

(42)

E. Summary of OMLRC

In summary, the proposed OMLRC consists of the problem
reformulation, problem decomposition, joint microservice
manu and layer placement optimization and joint layer load-
ing, task scheduling and resource allocation optimization,
as described in Sections V-A-V-D. The implementation of
OMLRC is detailedly illustrated in Algorithm 2. Unlike the
performance analysis of single timescale algorithms, we con-
sider a more comprehensive performance analysis of OMLRC
on two different timescales.

Theorem 2 (Computational Complexity): The computa-
tional complexity of the proposed OMLRC is O[T -[(LS)>%° +
3jK1], where T is the number of time frames, K is the number
of time slots within each frame, and j is the average number
of iterations.

Proof: The complexity of OMLRC depends on the
alternate iterations of JMLO and Lagrangian method in each
time frame. As stated in [35], applying the linear relaxation
and linear programming solver for JMLO has an asymptotic
computation time complexity of 0((LS)2'055), where S and L
represent the number of candidate choices of A}, () and dfn(t),
respectively. Furthermore, according to [37], the complexity
of Lagrangian and convex method is in the linear order with
the number of decision variables and iterations. Then, the
computational complexity of the proposed OALLC in each
frame can be expressed as O[T - [(LS)*05 + 3jK]]. [ |

Theorem 3 (Optimality): Given Lyapunov control parame-
ter V, the optimality gap between the solution obtained by the
proposed OMLRC and the theoretically optimal solution to
problem Py can be expressed as

1 ! A+ N
—ZZE[]—'<8+ +
KT €T, 1=0 |4 vr

(43)

where ¢ represents the theoretically optimal solution, and B is
defined in (27). Obviously, when the control parameter V is
large enough, the solution obtained by OMLRC can approach
the optimal solution ¢ infinitely.

Proof: Based on Theorem 1 and Lemmas 1 and 2, (26)
can be scaled as

Ay(OQ))
= AO®)) + V- E[F]

<BK+ Y Y > E{an(f)[Dfﬁ,ls(f)*

meM seS teT;

= %}\@(r)}
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+V Y E[F]
T,

<BK+V-Ke+ A+ A (44)

where ¢ is the theoretically optimal solution.
Then, summing up (44) over T time frames, we can get

(B+V-e+(A+A)/K) KT
T-1
> Y E[Ay(O(1)|0(1)]
=0
t T-1
= E[L(®(KT)) — LOO)]+V Y Y E[F]
€T, t=0
T-1
= E[LO(KT)1+V Y _ > E[F] - E[LO(0))]. (45)

teT; t=0

Finally, by moving E[L(®(0))] to the left-hand side of (45),
and dividing both sides by V and T, Theorem 3 can be
obtained. |

VI. SIMULATION RESULTS
A. Evaluation Setup

Consider a MATLAB-based simulation environment for an
edge computing system with M = 10 ESs and S = 15
types of microservices. Each frame can be further regarded
as a combination of K = 10 fine-grained time slots, where
the length of each slot is y = 10s. Each ES has a maxi-
mum caching capacity of Q¢¢ = 50Gb, as well as a CPU
computing frequency of f° = 20 GHz. Table II lists the
values of main simulation parameters. Similar settings have
also been employed in [9], [15], [23], [29], [38], [39], and [40].
Furthermore, to show the superiority of the proposed OMLRC,
the performances of the following schemes are also evaluated
as benchmarks.

1) JMDLS [7]: The layer placement, layer loading and
computing resource allocation are jointly optimized to
improve the edge throughput. However, this scheme is
executed synchronously in a single timescale, and the
dynamic task generations and uncertain lifetime of ESs
are ignored.

2) O2TL [41]: The layer placement is decided in the
large timescale, and computing resource allocation are
decided in the small timescale. However, this scheme
ignores the layer sharing and task scheduling.

3) EGO [14]: The dynamic task generations and uncer-
tain lifetime of ESs are modeled, and computing
resource allocation is optimized to improve the reli-
ability. However, this scheme is executed in a single
timescale and does not enable layer sharing.

B. Performance Evaluations

In Fig. 3, we evaluate the convergence property of the
proposed OMLRC in solving problem Py while varying the
value of parameter V from 10° to 8 x 10°. With time elapses,
OMLRC demonstrates quick convergence for each value of V,
leading to a stable average service reliability. This verifies the
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TABLE III
SIMULATION PARAMETERS
Parameter | Value | Parameter | Value
as, (1) [20, 50] rlea (1) (10, 20] Mb/s
v [1,3] Gb Bs 300 cycles/bit
A 0) 5 Mb/s Con () [0.01,0.5]
vs [0.5,2] Mb S 10
1
0.95

g AP WA\t

o
©
:

Reliability

o
o3
s

0.751
0.7 Il Il Il
0 50 100 150 200
Time Frame
Fig. 3. Convergence of solving problem Py.

stability of the proposed algorithm. The control parameter V
is used to adjust the influence of the Lyapunov function on
the system state, balancing the importance between the long-
term constraint (i.e., total delay) and the optimization objective
(i.e., the average reliability). An increase in V indicates higher
reliability requirements for the whole system, resulting in
a higher reliability value under the control of the proposed
algorithm and faster convergence to the optimal solution. As
shown in this figure, there is a gap in the convergent optimal
solution of the proposed algorithm under the three different V.
This gap occurs because the values of V differ significantly,
guiding the network operator to choose the appropriate V
according to their personalized requirements in the practical
implementation.

Figs. 4 and 5 show the performance comparison of execu-
tion delay with respect to the transmission rate of cloud-ES
and ES-ES. In Fig. 4, as the transmission rate of ES-cloud
increases, the execution delay under all algorithms decrease,
indirectly improving reliability. This is because ESs can
download the required layers from the cloud repository at
a faster rate, which greatly decreases the layer placement
delay Df’,,la(t). In Fig. 5, as the transmission rate of ES-ES
increases, the execution delay under JMDLS and OMLRC
decrease and remains under EGO and O2TL. This is because
each ES can loading the required layers from other ESs
at a faster rate, which greatly increases the layer loading
delay Difl’a(t). EGO and O2TL are independent of layer
loading, and thus remain constant. Furthermore, these figures
demonstrate that EGO and O2TL have limited control over
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Fig. 5. Execution delay w.r.t. rm!m,(r).

execution delay, primarily due to their neglect of container
layer sharing, resulting in frequent preparation of common
layers in a single ES and consequently increasing the delay
in layer placement and loading. In contrast, the proposed
OMLRC effectively reduces execution delay by employing
a two-timescale control mechanism for layer placement and
layer loading. This approach proves to be efficient in achieving
a substantial decrease in execution delay by about 28.57%.
Fig. 6 shows the performance comparison of reliability with
respect to the amount of tasks «;,(7). In this figure, as the
amount of tasks o, () increases, the reliability decreases cor-
respondingly. This trend can be attributed to the fact that with
a larger amount of tasks «;, (7), tasks requesting microservices
may be more difficult executed within the ESs’ lifetime range.
In addition, we can see from these figures that EGO and
O2TL have a poor control effect on reliability, which is due
to its neglect of layer loading among ESs. Although JMDLS
considers layer loading, but its single timescale strategy also
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Fig. 6. Comparison on service reliability with amount of tasks o, (7).
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Fig. 7. Comparison on service reliability with ¢;;(7) of ESs.

fails to show advantages in the dynamic system. Compared
with the three benchmarks, the proposed OMLRC increases
the reliability by about 12.4% due to its two-timescale control
over layer placement and layer loading for each ES along
with the joint management of task scheduling and resource
allocation, in an online manner.

Fig. 7 shows the performance comparison of service relia-
bility with respect to ¢,,(t). In this figure, as ¢,,(t) increase,
the service reliability increase correspondingly. This is because
the increase of c,,(r) means that the lifetime of ES m
increases, so that the microservices deployed on ES m can
handle more computation tasks, which improves the service
reliability. In addition, this figure illustrates that the reliability
of the proposed algorithm has the best control effect. This
is because although JMDLS, O2TL and EGO consider intra-
ES sharing by layer placement, they ignore the importance
of inter-ESS sharing by layer loading. When the lifetime of
ESs increases, the proposed scheme can deploy more diverse
microservices to handle more diverse and larger number of
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in the case of limited cache capacity, thereby improving the
system-wide service reliability.

In Fig. 8, we evaluate the impact of parameter K on the
average delay overflow queue backlog over time. We set V =
4x10° and K = 10, 20, 30. As shown in Fig. 8, increasing the
value of K leads to larger backlogs in both the delay overflow
queues and longer convergence times. This is because, as
the time frame length K increases, the layer placement dfn(t)
and layer loading 19,2 (D hence cannot be updated in time,
and computing resource allocation is difficult to adapt the
computing requirement of tasks (which change dynamically in
each time slot T € 7;). Intuitively, the values of the average
delay overflow queue backlog also gradually become stable
over time and fluctuate slightly in a fixed value range. Note
that the value of K can be set according to the maximum
tolerant delay of the edge network. For example, we can see
from Fig. 8 that, when we set K = 20, the backlog of delay
overflow queue can be reduced by 60% compared with the
case when K = 10.
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TABLE IV
COMPUTATIONAL COMPLEXITY (IN MILLISECOND) WITH DIFFERENT
NUMBER OF TASKS a,(T)

o, (7)
Benchmarks i 30 40 . .
Proposed OMLRC 15.04 | 26.09 | 34.11 4421
JMDLS 7.12 12.33 | 16.56 18.39
02TL 4533 | 50.16 | 80.18 | 108.64
EGO 11.65 | 24.84 | 33.76 48.09

In Fig. 9, we evaluate the impact of parameter V on the
delay overflow queue backlog over time. The timeline is
divided into T = 200 time frames and each frame has K = 10
time slots, and the value of V ranges from 10° to 8 x 10°.
We can see from Fig. 9 that the average delay overflow queue
backlog values gradually stabilize over time as V increases.
With a higher value of V, the edge computing system aims
for increased reliability by placing more layers and utilizing
fewer ESs to process microservice requests. However, this can
result in an increase in the backlog of the delay overflow queue
Qi(7). In the initial 30 time frames, both queues experience
fluctuations because the system has just started cold, and
as time goes on, the system accumulates sufficient queue
information, gradually balancing the relationship between
system-wide reliability R and backlogs of Q;(t).

Table IV examines the computational complexity of the
proposed offloading scheme and the benchmark schemes in
terms of the average running time (in millisecond) on a PC
with 3.6-GHz Intel Core i7 CPU and 32-GB RAM with respect
to different amount of tasks «;, (). This table illustrates that
the running time of all schemes increase with the number of
tasks. JIMDLS and EGO have shorter running times because
they only consider synchronous execution of a single time
scale. JMDLS further ignores the dynamic nature of task
generation and ES lifetime, which reduces computational
complexity but results in less control over microservices’
reliability in asynchronous and dynamic environments, which
has also been shown in Figs. 6 and 7. The proposed scheme’s
running time is better than O2TL, despite also considering
dual time scale decisions. This is because O2TL only considers
layer sharing within the ES, causing resource-constrained ES
to incur high-layer placement and task execution overhead. It
is worth noting that this computation analysis indicates the
practicality of the proposed OMLRC, as it can not only achieve
the best performance but also work a in comparable time
complexity.

VII. CONCLUSION

This article delves into a novel reliability-enhanced
microservice deployment problem tailored for edge computing
with layer sharing. By establishing a quantifiable relationship
between system-wide edge computing service reliability and
the lifetime of ESs, we present a comprehensive investigation
of a two-timescale joint optimization encompassing crucial
aspects, such as layer placement and loading, task schedul-
ing, and computing resource allocations across multiple ESs.
To address this intricate problem, we propose an online
algorithm, which leverages an improved Lyapunov technique
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integrating randomized rounding, Lagrangian method and
convex optimization. Theoretical analyses reveal that the
proposed solution can converge to asymptotic optimum with
a low complexity. Extensive simulations demonstrate that our
proposed solution exhibits remarkable enhancements, with an
increase of 12.4% in reliability and a reduction of 28.57% in
latency, compared to state-of-the-art benchmarks.
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