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Preference-Aware Fault-Tolerant Function
Embedding in Energy-Harvesting
Serverless Edge Computing

Kun Cao"”, Member, IEEE, Chaohong Tan

Abstract—Serverless edge computing (SEC) that integrates
serverless and edge computing paradigms has facilitated the de-
ployment of intelligent Internet-of-Things (IoT) applications. In
SEC systems, energy efficiency and serverless pricing are essential
to maintain operational sustainability. Nevertheless, most existing
energy-saving techniques focus only on stable energy scenarios and
are therefore inapplicable to energy-harvesting SEC systems pow-
ered by intermittent renewable sources. On the other hand, server-
less pricing policies generally neglect the personalized perceptions
of user quality-of-experience (QoE) preferences, thereby resulting
in holistic user QoE degradation from a system perspective. More-
over, these approaches cannot guarantee functional correctness
of serverless applications due to the appearance of computation
and communication errors in practical SEC systems. To tackle
these challenges, we investigate the preference-aware fault-tolerant
function embedding problem for enhancing the holistic user QoE
in energy-harvesting SEC systems. We first design a personal-
ized QoE preference predictor to characterize trade-offs between
service completion time and resultant service fees of individual
users. Subsequently, we develop a reinforcement learning method
to decide static function embedding decisions at the offline phase.
Considering the intermittency of renewable sources, we further
provide an energy-adaptive function replica freezing strategy at the
online phase. Evaluations demonstrate that our approach boosts
the holistic user QoE by 32.2% over state-of-the-art algorithms.

Index Terms—Serverless edge computing, energy-harvesting,
fault-tolerance, function embedding, serverless pricing.
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1. INTRODUCTION

VER the past decade, edge computing [1], [2] has prolifer-

ated numerous latency-sensitive Internet-of-things (IoT)
applications, such as smart healthcare, autonomous driving, and
intelligent industrial automation. Recent advances in the edge
computing community energetically advocate the integration of
serverless paradigm (also known as function-as-a-service, FaaS)
into edge infrastructures. This alliance thus gives rise to a new
concept of serverless edge computing (SEC) [3]. It is envisioned
that SEC will not only inherit the fast response advantages of
edge computing, but also enjoy FaaS superiorities in seamless
scalability, fine-grained resource management, and pay-per-use
service billing.

One distinct characteristic of SEC systems is that an IoT
application is generally organized as a service function chain
(SFC) comprising a sequence of dependent functions, or as
a directed acyclic graph (DAG) in which the nodes denote
individual dependent functions [3]. Accordingly, a fundamental
challenge in SEC systems is the function embedding, that is,
determining the placement of serverless functions onto dis-
tributed edge servers. In this regard, several works [4], [5], [6],
[71, [8], [9] have explored energy-efficient function embedding
for SEC systems. However, most techniques [4], [5], [6], [7]
are customized for SEC systems with stable energy sources.
As a promising direction, the adoption of energy-harvesting
technologies is attracting increasing attention in SEC studies [8],
[9]. Nevertheless, the inherent uncertainty in harvested energy
supply of edge servers incurs an increased risk of function
interruption. Therefore, traditional function embedding strate-
gies designed for stable energy supply environments are of-
ten ineffective or even infeasible in energy-harvesting SEC
contexts.

The second characteristic of SEC systems lies in the diversity
of user-centric quality-of-experience (QoE) preferences. In the
service mode of SEC systems, individual users submit their re-
quests to edge servers and then pay for service fees incurred upon
service completion. Most of existing pricing models [10], [11],
[12], [13], [14], [15] are commonly inspired by AWS Lambda
and Lambda@Edge pricing schemes, where the total user cost
is jointly determined by: (i) the number of function invocations,
(ii) the overall memory size allocated for all functions, and (iii)
the execution duration of the function. However, such native
pricing models overlook the personalized perceptions of user
QoE preferences in service completion time and resultant service
fees. Due to the diverseness of serverless deployment purposes,
the QoE of individual users could vary significantly even when
provided with identical SEC resource configurations. Therefore,

1939-1374 © 2026 IEEE. All rights reserved, including rights for text and data mining, and training of artificial intelligence and similar technologies.
Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Jinan University. Downloaded on April 29,2026 at 17:04:01 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0003-4872-4908
https://orcid.org/0009-0003-1218-7474
https://orcid.org/0009-0008-0411-6461
https://orcid.org/0000-0001-5224-4048
mailto:kuncao@jnu.edu.cn
mailto:tanch@gxi.gov.cn
mailto:ygcui@shu.edu.cn
mailto:lik@newpaltz.edu

CAO et al.: PREFERENCE-AWARE FAULT-TOLERANT FUNCTION EMBEDDING IN ENERGY-HARVESTING SERVERLESS EDGE COMPUTING

personalized pricing is urgently needed to accommodate indi-
vidual QoE preferences.

More importantly, the third characteristic that distinguishes
SEC from conventional cloud platforms is its vulnerability to
both communication and computation failures. Yet most of ex-
isting works [4], [5], [6], [7], [81, [9], [10], [11], [12], [13], [14],
[15] cannot guarantee dependable function accomplishment due
to a lack of fault-tolerant mechanisms. In practice, SEC systems
are suffering from two dominant error types [16], [17], [18]:
(1) bit errors during inter-function communication, and (ii) soft
errors during function execution on edge servers. Specifically, bit
errors are primarily induced by channel noise, electromagnetic
interference, or synchronization anomalies across communica-
tion links. Soft errors typically result from the transient faults due
to ever-increasing processor integration density and shrinking
transistor feature sizes in addition to harsh operating environ-
ments. Both bit errors and soft errors pose significant threats to
function reliability that is defined as the probability of successful
function completion. Unfortunately, few works have focused on
the design of fault-tolerant function embedding solutions for
SEC systems.

In summary, the majority of existing works have focused on
the energy optimization and serverless pricing for conventional
SEC systems with stable energy supply. However, the critical
challenges of personalized pricing and function fault-tolerance
remain largely unexplored, especially for energy-harvesting
SEC systems characterized by intermittent power supply. On
one hand, the interplay between user-centric QoE requirements
and the stochastic nature of renewable energy is likely to result
in a holistic user QoE degradation from a system perspective. On
the other hand, the absence of fault-tolerant mechanisms could
compromise the functional correctness of serverless applications
in practical SEC deployments. In this paper, we conduct the first
study of preference-aware fault-tolerant function embedding in
energy-harvesting SEC systems. Our major contributions are as
follows.

e We formulate the problem of serverless function em-
bedding for holistic user QoE maximization subject to
precedence, reliability, provider profitability, and energy
constraints in energy-harvesting SEC systems.

® We incorporate a personalized QoE preference predictor
into serverless pricing for accurately characterizing indi-
vidual user trade-offs between service completion time and
resultant service fees.

® We develop a hybrid function embedding approach com-
posed of offline learning and online adaptation phases. At
the offline phase, a reinforcement learning (RL) method
is devised to conduct static function embedding. At the
online phase, an energy-adaptive function replica freezing
method is designed to accommodate the energy-harvesting
intermittency.

® We perform extensive evaluations on a simulation platform
to validate our approach. Experimental results confirm that
our approach enhances the holistic user QoE by 32.2%
compared with benchmarking algorithms.

The organization of this paper is as follows. Section II re-
views related works. Section III describes system architecture
and models. Section IV formulates our problem and outlines
the proposed approach. Section V presents our personalized
QoE preference predictor. Section VI and Section VII detail
our function embedding policies. Finally, we exhibit evaluation
results in Section VIII and conclude the paper in Section IX. For
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TABLE I

DEFINITION OF MAIN NOTATIONS USED IN PAPER

Fn =A{fn,ili € [1,05]}
En ={eni,j>dn,ijli, 3}
T {I»Lh,ivw’/h_,i}
{fhalbell, breptical }
2(f1 ) .
RC“m(q)(Fpa;Znt)ﬁ CI:'(}fll;,i))
Rexe(B(fr )+ ®(Tpirent))
m m
‘IIZ‘QE[.’ N Prower
duﬁand
out, .
Semap”

out,m
demand

price
5h7»rmax,h
o, B, {mu|l < h < H}
Q,Qn .
\Pembed(fh,ia Sm)

[ Notation [ Definition
g =(S,£L) An undirected connected graph for SEC systems
S={S1,---,Su} A collection of total M edge servers
Sm €S The m-th edge server in server set S
Chp, The computational capacity of edge server S,,,
L ={lyn|VSm,Sn} A set of virtual communication links
b .n The bandwidth for inter-server data transfer
A={A, -+, A} A set of H serverless applications or users
An € The hth serverless application in set A
Mo The application attribute matrix of A
Ay €1, E] The index of deployment purpose for Ap,
Tyires R The desirable finish time, reliability goal of Ay,
Dy, 9n The completion deadline, scheduling priority
Gn = (Fn,E&n) The DAG structure of application Ay,

A vertex set containing total O}, functions

A set of directed edges with data stream sizes
The activity factor, instruction count of f}, ;
A set containing b:;p]im replications of f, ;

The identifier of the server holding replica f,l; i
The communication reliability of replica f}iz
The execution reliability of replica f7 ;

The renewable energy supply, harvestiflg power
The computation energy demand of server S,
The data receiving and delivering energy demands
The resultant service price for finishing A,

The price decaying factor, maximal service fee
The common and unique preference parameters
The holistic user QoE, the QoE of A;,

The embedding energy metric for f ; on Sy,

clarity, we summarize the main notations used in this paper in
Table L.

II. RELATED WORKS

A. Energy Efficiency Optimization for SEC

Numerous approaches have focused on improving the energy
efficiency of SEC systems. For example, Righetti etal. [4] lever-
ages the mixed-integer-linear-programming to decide energy-
efficient function embedding decisions. Shang et al. [5] design
an online container deployment and data-flow routing algorithm.
Golec et al. [6] exhibit energy-aware RL schemes for SEC re-
source management. Kim et al. [7] develop a stochastic game to
alleviate the container cold-start occurrences under energy con-
straints. However, these methods are tailored for SEC systems
with stable energy sources. As a result, the challenge of energy
intermittency in renewable-powered SEC remains insufficiently
addressed. To bridge this gap, Cao et al. [9] develop a stochastic
function scheduling strategy under renewable energy supply.
More recently, Aslanpour et al. [8] explore energy-minimized
function-to-server embedding for energy-harvesting SEC
systems.

B. Serverless Pricing in SEC

For serverless pricing, some works [10], [11], [12], [13], [14],
[15] have been devoted to improving the revenue of service
providers or reducing the monetary costs of terminal users. For
example, Tutuncuoglu et al. [10] formulate a Stackelberg game
for the co-optimization of serverless pricing and resource alloca-
tion. Hu et al. [11] study the problem of service request schedul-
ing and price-aware container retention. Other works employ
auction-based methods [12], Q-network variants [13], [14], and
restricted Boltzmann machines [15] for serverless pricing. How-
ever, these pricing models in [10], [11], [12], [13], [14], [15]
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are commonly inspired by AWS Lambda and Lambda@Edge
pricing schemes that emphasize traditional resource-based met-
rics such as function invocation counts, memory allocation,
and execution time. Thus, they cannot handle the personalized
perceptions of user QoE preferences in service completion time
and resultant service fees for different serverless deployment
purposes.

C. Fault-Tolerance in SEC

Unlike energy efficiency and serverless pricing studies, the
topic of designing fault-tolerant function embedding solutions
for SEC systems is still an open research area. A pioneer-
ing work [16] quantifies the latency, throughput, and resource
overheads of guaranteeing varied reliability goals. Sreekanti
etal. [17] design a retry-based fault-tolerance method to ensure
atomic function-updating visibility of serverless applications.
Lately, Cao et al. [18] propose a decomposition-based function
placement method to accomplish function-to-server mapping
under bit errors and soft errors. However, a comprehensive
solution that jointly considers user QoE preferences in serverless
pricing, energy-harvesting fluctuations, and function reliability
requirements has yet to be developed.

III. SYSTEM ARCHITECTURE AND MODELS

A. System Architecture

We describe the architecture of SEC systems as an undi-
rected connected graph G = (S, £). Onone hand, S = {57, Sa,
, Snr} is a collection of heterogeneous edge servers that are
geographically distributed at the same locations of selected base
stations. In this regard, prior studies [19], [20] have comprehen-
sively investigated the latency-optimal mapping between edge
servers and base stations. On this basis, we assume that each
edge server .S, is pre-associated with its optimally chosen base
station. The heterogeneity among these edge servers is mainly
manifested in their distinct computation capacities. We denote
the m-th edge server in edge server set S by Sy, (1 < m < M)
and symbolize its computational capacity by C,,. On the other
hand, £ = {l,, »|m.,n € [1, M]} is a set of virtual communica-
tion links created to interconnect edge servers, where each link
I, offers bandwidth b, ,, for data stream transfer between
edge servers .S, and .S,,.

Further, we consider energy-harvesting SEC systems where
individual edge servers are powered by renewable generations.
As shown in Fig. 1, each edge server is constructed on three
fundamental units: an energy harvesting unit, an energy storage
unit, and an energy consumption unit. The energy harvesting
unit gathers ambient renewable sources such as solar or wind
energy. The energy storage unit, typically implemented with
capacity-limited supercapacitors or rechargeable batteries, is
used to mitigate the intermittency of harvested energy. That
is, if there exists idle harvesting energy during one harvesting
period, it will be automatically stored into the energy storage
unit. Conversely, when renewable energy is insufficient, the
energy storage module will discharge to maintain system op-
erations until its electric quantity is exhausted. Accordingly, the
energy consumption unit draws available power from either the
harvesting unit or the storage unit, or both, to support function
computation and communication.
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Fig. 1. Architecture of an energy-harvesting edge server. Power flow: (1)
harvested power, (2) idle harvesting power, (3) consumed harvesting power,
(@ consumed storage power.

B. Serverless Application Model

We assume that each user is uniquely bound with one server-
less application, and let A = {A;, Ay, ---, Ay} denote a
set of total H serverless applications or distinct users. Each
application or user Ay, (1 < h < H) is described by a tuple
A = {An, Tiger Diy Ritya, O, Gn }- Specifically, Ay, € [1, E]
takes an integral number that specifies the application deploy-
ment purpose [3], [21]. For example, 1" for video surveil-
lance, 2" for industrial data analysis, 3" for machine learning,
”4"” for smart healthcare, etc. In practice, the total number
of serverless applications may scale to several thousands. For
instance, Alibaba cluster traces contain 20365 DAG-structured
serverless applications [22]. Whereas, since structure-dissimilar
applications could have an identical deployment purpose, the
number of application deployment purposes E is generally
much less than H [3], [21]. Td}ésire is the desirable finish time.
Dy, is the completion deadline, Rgoal is the reliability goal,
and 9, is the scheduling priority. G, = (Fp, &) is utilized
to represent the DAG structure of application Ay. In such
an organization, Fj, = {f5|1 <i < O} denotes a vertex set
containing O}, dependent functions sorted in topological order.
En =A{en,ij,dnijlfni, fn; € Fn} represents a set of directed
edges capturing inter-function data-flow dependencies. If f}, ;
consumes the output produced by fy ;, we call f;; a direct
predecessor of f, ;, or call fj, ; a direct successor of f ;. At
this moment, a directed edge ey, ; ; pointing from f, ; to fj ;
and the data stream size dy, ; ; are both added to edge set &,. For
fn.i» its features are summarized by a tuple fr, ; : {th.i, Whi}-
pni € (0,1] refers to the activity factor. Wy, ; specifies the
number of instruction cycles.

C. Fault-Tolerance Model

To achieve fault-tolerance against bit and soft errors, replica-
tion technique is adopted in this paper. Let T';,; = {f} ;|1 <
b < brhepzhca} be a set containing total brhepZllca replications of
funct10n fn.i» and ®(f},) indicate the identifier of the edge
server allocated to replica f,’l’ ;- To alleviate communication link
congestion, we restrict each function fh to communicate only
with a single copy of each predecessor functlon throughout this

paper. Then, let Pharzegt = {fh,oi ) fh,piﬂ fh#lw LR fh,zz‘} repre-
sent a collection of all the direct predecessor replications that
omit specific replication indexes for function f? , for clarity. As
investigated in [23], the probability that all direct predecessor
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successfully deliver their outputs to function f,l;’ , 1s inferred by
hyi
RCDm((I)(derent)a (I)(ffl;,z)) - H €Xp {)‘ ((I)(fh-,m )7 (I)(filz,z))

% Yh,ki,i X dh,m,z

ba () 0(17)

where A(®(f5,0,) is the fault-arrival rate at link Loy o )02 )

on average, and vj, ,, ; measures the vulnerability of dj, ,, ; to

bit errors. When @(f3.0,) = ®(fn,;) holds, fh. ., and f};i are

dispatched to an identical edge server. In this special case, the
probability Reom(P(fr.0,), @(fﬁl)) is deemed to be 1.

Besides, let A,, denote the arrival rate of transient faults at

edge server S, on average. Following the fault model in [24],

Am can be approximated by

Am = Xm,1 X eXp{Xm,2 X Cm}a (2)
where x,,,1 and X, 2 are constants. Since exponential distribu-

tion can model transient faults, the probability that function f }z ;
completes its execution on a designated server Sg( ) without

experiencing a soft error is expressed as [24]

} ) v(I)(fh,lii,) 7£ (I)(fil;,z)v (D

p Chyi X Wi
Rexe (@(fﬁ,i), (I)(Fgérent)> =exp {—Mb(fz,i) S

Casy )

X Rexe(fh0is @(fh,0:)) X Rexe(frpis ®(fhpi)| fros)

X Rexe(fhgss ®(frg) [ frsois fupi) X o+ X Rexe (fhzis
D(frz ) fross Frper Frsgis - -+ fros)- 3)

Ch,i quantifies the vulnerability of function fj; to transient
faults. The term Rexe(fh, 2 @(fr2: )| fhoois Fhopis -+ s fhoy,) in-
dicates the conditional probability of correct accomplishment of
function f, ., provided that all other direct predecessors prior
to fp, -, have performed correctly.

Generally, the reliability of a function is defined as the
probability of successful finish subject to bit and soft errors.
Accordingly, the reliability of function f3 ; is the probability
that at least one of its replicas finishes correctly in the presence
of both error sources. Thus, the reliability of function fj, ; with

replication set I', ; = {f27i|1 <b<p¥
bt h.i
! (1 - Rcom (q)(rpa{rent)a ¢ (f}?z)) X

replica ) 15 calculated as
R(®(Tp,)) =1- Hb:1
Rexe (q) (f}bl,,z) ,(I) (FSArient)) . (4)

D. Energy Harvesting Model

Let Py (t) denote the renewable power generated by the

energy harvesting unit of edge server S,,, at time ¢. Besides, let
\11232;;'; (t) represent the buffered energy in the storage unit at the
same time instant. Accordingly, the total available energy over

a given period [t, ¢ + T'] can be modeled as

t+T
iy (8 T) = Uhbm (£) + /t Pr(B)dt. (5

In practice, an accurate estimation of the renewable power
Piower(t) is inherently difficult due to environmental variability.
In literatures, extensive attempts have been made to enhance

the prediction accuracy of renewable power and one commonly
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used solar trace curve is given by [25]

m ey = o s
Plower(t) = [tm x Gau(t) x cos (219) X cos (314> (6)

where 1, € (0,1] is a scaling coefficient that captures the
variability in harvesting power output of individual edge servers.
Gau(t) is a Gaussian random process with mean zero and unit
variance. In this paper, the study of improving the prediction
accuracy of renewable power is not our focus, and we thus
follow [9], [26], [27] to select the solar trace curve in [25] as
our renewable power model. We should emphasize that our
proposed technique in Section IV-B is not restricted to any
specific renewable power model and can be readily replaced
with other empirical energy traces in practical scenarios.

From the energy demand side, both the energy required
for function computation and the energy consumed by inter-
function data delivery should be considered. On the side of
function execution on edge servers, the computation energy
demand of edge server S, is expressed as [8], [9]

h,i

H Oh breplica
exe,m __ ) 2
\Ildemand - Z Z Z f’m X Hhh,i X Cm
h=1i=1 b=1

XWh,i X A'@(fﬁ,,i)—m) + Psg\?j’e?l x T. (7)

&m is the effective switching capacitance and Pyowar i the static

power dissipation. Aq)( £ )=m is an indicator that equals 1 if

replica f}ii is executed on edge server S,,, and O otherwise.
On the side of inter-function data delivery, the receiving energy
demand of edge server .9,, is given by

. H Oh bl‘élsllica Z4
mn,m  __ pin;m
\I/demand - Ppower X Z Z Z AcI)(f}Z,i):m X Z

h=1i=1 b=1 =
dh )
N e 0 N |A‘I>(fl,~):m_A<I>(fb _)_m|>> ,
(bé(fh,m)xb(fgﬂ ' hi

®)

where Pli‘;*v?gr is the receiving power. Similarly, the delivering
energy demand incurred by inter-function communication on
edge server S, is given by

bh 2
H Op, Oreplica €i.b

out,;m. out,m
\Ildemand - Ppower X Z Z Z A<I>(f,bw):m X Z

h=11i=1 b=1 o= 1

dh,i,
X b@(f,z'?i),;(.fh,g) X |Ag(sp y=m — A<1>(fh,g)_m|> ;
©))
where w; ;, and €;;, are orderly the minimal and maximal suc-
cessor identifiers of fﬁﬂ-. Pf,)(;";g? is the data delivering power. By
summing (7)—(9), the total energy demand for edge server S,,
over a time period [t, ¢ + T is thus derived by

m __\yexe,m in,m out,m
\deemand - \Ildemand + \Ildemand + \I/demand'

(10)

E. Pricing and QoE Model

Following the pay-per-use concept in serverless computing,
we borrow a flexible pricing policy from [28] to balance the

Authorized licensed use limited to: Jinan University. Downloaded on April 29,2026 at 17:04:01 UTC from IEEE Xplore. Restrictions apply.



1468

completion time of serverless applications and their service fees.
Specifically, let T}, be the finish time of application Ay, and

T{}me denote the resultant service price, then we have

max,h
A price 0 < Thmsh < Tdeﬂre7
— max,h h
Tpnce - Tprlce 6’1 x Tgap’ Tdemre < Thmsh < Dh7
0’ D h < Tﬁnish'
(11
where T;‘fé‘eh is the maximal service fee. Ty is calculated as the

difference between T, and T . ., and dy, is the price decaying
factor. To accommodate personalized user QoE preferences, we
first introduce a latent variable ¢}, as

Ch =Mh X Tﬁf;ish + (1 - TIh) X T{)Lricev (12)

where 1, € [0, 1] is the preference factor. Leveraging this latent
variable, we then calculate the user QoE @)}, as

Qh = (a + 6 X (77h X Tf{;ish + (1 - 77h) X T:)lrice)) /ﬂha
13)

where a and /3 are preference parameters. 9, is the scheduling
priority that is determined in advance. Note that the preference
parameters 7),, o, and /3 are treated as variables rather than fixed
constants. We will lately detail the derivation of their values in
Section V.

IV. PROBLEM FORMULATION AND OUR APPROACH

A. Problem Description

In this paper, we focus on designing an optimal function em-
bedding solution that optimizes the holistic user QoE in energy-
harvesting SEC systems. Formally, given the target SEC system
G = (S, £) andapplication set A = {A|1 < h < H},ourgoal

is to find the replica number brethLd of function fj, ;, start time

of function f} ;, embedding location ®(f} ;) of function f} ;
for h=1,2,...,H,i=1,2,...,0p, and b=1,2,..., 0"

lica
that maximize the holistic user QoE. Our function embeddﬁng

problem is formulated below.

H
1
max @Q = Vi Z Qn (14)
h=1
h,ki,b h,ki, h,i,b
s.t. (Tﬁnish + ,Ttransfer) < Tbegin (15)
Z Tprlce > Tgoal (16)

R(®(T1.)) = Rl (17)

\I/demand(t T) < \Ijﬁupply(ta T)
Vh7i7m7b7 f}lyy,,/{ F[}JLarlesl (18)

Equation (15) ensures a proper function execution order accord-
ing to the data-flow dependencies within each application. Here,

f} .. € T is the #;-th direct predecessor of function f} .
Ti%b denotes the completion time of function TP, theg'mb

Th Kiyb

transter indicates the

represents the start time of function f7 ;.

communication delay between functions fh,m and fh,i' (16)
enforces that the total profit from user payments reaches a
target revenue threshold. (17) is the reliability constraint on
individual functions within each application. (18) restricts the
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energy consumption of each edge server within its energy budget
during the scheduling horizon [¢,¢ + 7.

B. Our Approach

As shown in Fig. 2, we propose a hybrid approach consist-
ing of offline learning and online adaptation phases. At the
offline phase, user QoE preferences are inferred by establishing
QoE-preference mapping and preference-attribute mapping in
Section V. This user QoE predictor quantitatively captures the
personalized perceptions of service completion time and service
costs across various application deployment purposes. Then,
QoE preference profiles are leveraged by an RL-based function
embedding scheme to derive static embedding decisions (see
Section VI). At runtime, the intermittency of renewable energy
sources may incur significant fluctuations in the available energy
for SEC systems. To address this challenge, the online phase
develops a lightweight function replica freezing scheme (see
Section VII) that adaptively manages renewable energy varia-
tions. In our online scheme, we first conduct an energy-state
analysis and design a novel embedding energy metric to guide
dynamic function replica freezing. Accordingly, individual edge
servers are classified into a high-energy or low-energy state
based on their energy availability. For edge servers in the low-
energy state, their deployed functions are then selectively frozen
based on embedding energy metrics. For edge servers in the
high-energy state, they adhere to static decisions while ensur-
ing global data-flow consistency of serverless applications. By
integrating online adaptation, our scheme can accommodate the
renewable energy variations while incurring minimum system
performance degradation.

V. PERSONALIZED QOE PREFERENCE PREDICTOR

To address the diversity of user preferences, our QoE model in
Section III-E incorporates unknown preference coefficients «,
B, and ny,. This section presents a two-stage estimation scheme
for inferring these preference parameters. Fig. 3 presents our
personalized QoE preference predictor.

A. Establish QoE-Preference Mapping

1) Preference Estimation Across Application Deployment
Purposes: To capture user preference diversity across various
service scenarios, we customize a QoE questionnaire comprising
representative time-fee levels that present feasible combinations
of application finish time and resultant monetary costs. Each
time-fee level is crafted to reflect realistic trade-offs that all users
might encounter during function execution in SEC systems.
Suppose that a total of H' ToT applications covering all service
deployment purposes, i.e.,

Asurvey - {Ah’ll S h/ S H/ A | Ug,:l Ah/| = E}v (19)

is picked from the application pool A = {A,|1 <h < H}.
Each selected application in Ay serves as a deputy instance
for its corresponding service deployment purpose and is used to
evaluate all constructed time-fee levels on a quantitative scale.
For application Ay and level [ (1 <[ < li,y), the offered finish
time, the paid service fee, the latent utility, and the reported QoE

WL R
score are recorded by Tg, 2, T, G 1, and Qp g, respectively.

Then, the latent utility is expressed as

I h',l
Ch'J =N X Tﬁmsh + (1 - 77h’) Tpnce (20)

Authorized licensed use limited to: Jinan University. Downloaded on April 29,2026 at 17:04:01 UTC from IEEE Xplore. Restrictions apply.



CAO et al.: PREFERENCE-AWARE FAULT-TOLERANT FUNCTION EMBEDDING IN ENERGY-HARVESTING SERVERLESS EDGE COMPUTING

1469

Offline Phase: Personalized QoE Preference Predictor
(Section 5) + Static Function Embedding (Section 6)

Online Phase: Energy-Adaptive Function Replica Freezing
(Section 7)

Personalized QoE Preference
Predictor (Alg. 1, Section 5)

input | @ Step 1: Establish QoE-Preference Mapping

B #1: preference parameter estimation

1
1
across serverless applications 1

B #2: fast parameter search via Latin- :
1

1

1

SEC System

hypercube sampling
® Step 2: Establish Preference-Attribute
Mapping for Applications

Static Function
Embedding Solution

1

,m} RL-Empowered Static Function
&5k Embedding (Alg. 2, Section 6)

Application Set

le Objective: max Eq. (15) under (16)--(19) 1

mput. ® Step 1: build RL interaction elements 1
1 ® Step 2: static function embedding 1
B #1: state and action encoding :
B #2: dueling Q-network architecture |
1

1

B #3: double Q-learning update
B #4: greedy action selection

_/\/\¢ Detect Fluctuating Energy Supply of

I[II]IU Renewable Generations at Runtime

i

Lightweight Design of Online Scheme
(Alg. 3, Section 7.3)

1 ® Objective: accommodate fluctuating energy supply of serverless

| ® Method: energy-state analysis for dynamic function embedding
® Main Steps:

at runtime

lications for QoE maximi:

P

£ Identify Energy States of Edge Servers

»>Case #1: If energy supply satisfies energy demand, the edge server is
deemed to be in High-Energy State

> Case #2: If energy supply cannot satisfy energy demand, the edge
server is deemed to be in Low-Energy State

£x Dynamic Scheme for SEC Systems in High-Energy State

£¥ Dynamic Scheme for SEC Systems in Low-Energy State

> Step 1: reserve energy of critical functions

> Step 2: derive embedding energy metrics of noncritical functions

> Step 3: freeze noncritical functions in a step-by-step manner

_ﬂ®[]_ Dynamic Function Embedding Solution

Fig. 2.

Output

Preference Parameters

Latent Variable

Fig. 3. Our personalized QoE preference predictor.

Intuitively, preference parameters «, 3, and [y |1 < h' < H']
could be estimated by minimizing the total squared error be-
tween the predicted and the observed QoE scores [29], i.e.,

H' lnax

arg min Z Z (Quy—a—px Ch',l)2

a,B{nw} p—1 1=

2n

2) Fast Parameter Search Via Latin-Hypercube Sampling:
In practice, directly solving (21) is computationally prohibitive
because the search space expands rapidly with H' and ..
To overcome this challenge, we devise a fast parameter search
scheme that leverages the powerful Latin-hypercube sampling
(LHS) technique [30]. The procedure is as follows.

e LHS Samples Generation: We use the LHS technique to

generate a candidate preference matrix Pgample = {nw|l <
K < H'}. The LHS is exploited here since it could yield
a more representative set of preference weight samples
compared with random sampling strategies.

® Decomposition Fitting: Given a fixed Pgumpie, the prefer-

ence coefficients o and * can be readily estimated by
minimizing the sum of squared errors between the observed
and predicted QOoE scores, that is,

H’ lmax
argr;nnzz Qh«lxﬂh«—a—ﬁxch« ) (22)
k) hlfl lf

Overview of our hybrid approach composed of offline learning and online adaptation phases.

On the other hand, when holding o* and 8%, an inferred
preference weight matrix Pj, is in return obtained by
solving another least-squares problem. In this step, we
minimize the deviation between the normalized observed
scores and the latent utility, as formulated by

Imax (Qh’l % 7.9h’ _Oé

Iy
arg min Z Z L
1i=1

Mo sMH

e Convergence Check: The convergence of our search pro-
cedure is evaluated by the difference between the sam-
pled preference matrix Pgymple and the inferred preference
matrix P, If their difference is less than a tolerance
threshold p, the estimated parameters o*, 8%, and Pjyy,, at
this iteration are thus accepted as the desuable solution.
Otherwise, a new preference matrix Pgymple i regenerated
by invoking the LHS method again, and the iterative pro-
cess continues until convergence criteria are satisfied.

2
Ch/,z) . (23)

B. Establish Preference-Attribute Mapping

We now seek to quantitatively establish a relationship be-
tween application-level serverless attributes and user-specific
QoE preferences. In this regard, a prior study [31] identifies
a set of program-level attributes that can describe behavioral
distinctions across OpenCL applications. Building upon this
foundation and considering the unique features of serverless
workloads, we select nine attributes that are particularly suited
for capturing serverless application diversity in SEC systems.
Fig. 4 plots the relative importance of these nine attributes.

Specifically, we choose nine attributes comprise both general
and serverless-specific elements. General attributes contain #1)
the number of instruction cycles quantifying the total computa-
tion workload, #2) total volume of inter-function communication
data within the application, 3) the number of execution blocks
that indicates the function partitioning degree, #4) the number
of control operations that measures the degree of branching,
synchronization and conditional logic within an application,
and #5) the number of mathematical operations that captures
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Fig. 4. The relative importance of application attributes.

arithmetic intensity. On the other hand, four serverless-specific
attributes include #6) the depth of application DAG that deter-
mines the critical path length, #7) application deployment pur-
poses impacting domain-specific latency and cost expectations
for varied service scenarios, #8) ratio of DAG breadth to depth
that characterizes a potential for parallel speedup, and #9) over-
all function count that reflects the inter-function orchestration
complexity. For a single application, its nine attributes can be
extracted through compiler-based profiling tools, such as the
Clang suite [32].

Building on these insights, we develop a linear fitting ap-
proach to quantify the impact of serverless application attributes
on user QoE preferences. In this approach, we first construct
an application attribute matrix, denoted as M g9, where each
row corresponds to a single application in Agey, and each
column represents a weighted program-level attribute. Then,
the relationship between application attributes and user QoE
preferences is modeled as

— Mg X Xou1|?, (24)

where Xy, is the mapping matrix. Because (24) is a standard
linear least-squares problem, it can be efficiently solved using
numerical optimization solvers. At this moment, preference
parameters for the remaining applications can be inferred ac-
cordingly. That is, given the comprehensive attribute matrix
M j1 9 corresponding to all applications, the complete set Pgqp
with size H x 1 is derived by

welght = Mpxg X X9><1 (25)

Putting together the procedures of building QoE-preference
mapping in Section V-A and constructing preference-attribute
mapping in Section V-B, Algorithm 1 presents our implementa-
tion details for user QoE preference estimation.

x . *
X9><1 = arg mlnngl ||Pinfer

VI. RL-EMPOWERED STATIC FUNCTION EMBEDDING

A. Build RL Interaction Elements

‘We now describe our static function embedding problem as a
Markov decision process (MDP). To this end, we first define the
following essential elements of RL interaction.

1) State: To enable fine-grained scheduling decisions, the
entire scheduling horizon [t,¢ + T is discretized into a series
of consecutive time slots, denoted as T = {¢,|1 < u < U}. At
each time slot t,,, the system state is represented by

Su = (Attady> Vinaitables Wikad) - (26)
Specifically, Al = {Ay|l <w < A,} includes a set of

serverless applications ready for scheduling at the current time
slot ¢,,. The vector Wayaitante = [Vreaianie| 1 < m < M| captures

IEEE TRANSACTIONS ON SERVICES COMPUTING, VOL. 19, NO. 2, MARCH/APRIL 2026

Algorithm 1: User-Centric QoE Preference Predictor.

Input: application set A = {A,|1 < h < H}.
select total H’ ToT applications covering all service types in A to
construct Asurvey = {Ap/[1 < < H' AU Ay =T} CA;

-

h’l

2 generate total Imax QOE-payment levels;

3 initialize convergence indicators: ¢ = [¢;/|1 < B/ < H'] + 1;

4 initialize preference weight matrix: Pemple = 71,72, , 77| < 1
5 while outer stopping conditions are not met do

6 while [¢;,/|1 < A < H'] # 0 do

7 derive preference coefficient a* and 8* using (22);

8 for ¥’ =1 to H' do

9 obtain preference weight 7, using (23);

10 if |7, —n},| > p then

1 |_ break;

12 else

13 |_ modify convergence indicator for Ays: g <= 0;
14 use LHS to re-generate [, 7o, , T ];

15 obtain regression coefficient matrix Xy, ; using (24);

16 for h =1 to H in parallel do

17 extract attribute vector M, Ui x10 of application Ay,;

18 infer preference weight ) € Py cight Using (25);

ok * *
19 return preference parameters: a*, 8%, Pl = ={ni,n3, - it

the remaining energy of each edge server at the beginning of
time slot ¢,,, i.e.,

u—1
\IJ:\}z;iqfable = supply Z \I/demand t tv)' (27)
Additionally, a workload vector Wload = W' 11 <m < M]

is introduced to capture the accumulated computation workload
on each edge server up to time slot ¢,,. For a single edge server
Sm. its cumulative workload is inferred by

brepiica

u
VVI:)rle;iu Z Z Z Z (Aé(fb ;)=m X sz) .
v=1w=11i=1 b=1
2) Action: At each time slot ¢,,, the RL agent determines a se-
quence of function embedding actions for pending applications
in the ready queue. Each function embedding action specifies the
destination edge server ®(f ) for the b-th replica of function

(28)

fuw,i» the total number of rephcas be>%. ., and the starting time

repllca’
Toes fnb for each'repllca within ¢,,. Accordingly, the full action set
at time slot ¢,, is given by

ay = {((I)( w z)? bigpqlca’ ggg?nb) | vw7i7 b}

where A, € Al q0,0 € [1,0,],and b € [1, b, i, .]. The action
trajectory a, thus encapsulates all embeddmg decisions for
the current set of ready applications at time slot ¢,,. After an

action a(®(f} ;), byes i TR s executed, the ready appli-

» Vreplica?® begm
cation set Aready is thus modified by removing the scheduled

functions. Meanwhile, the energy vector ¥, > for each edge
server S, is decremented by the energy consumed for ex-
ecuting the assigned functions and data transfers during ¢,.
Similarly, the workload vector W, , is updated to include the
computational workload incurred by the scheduled function
replicas on the selected servers. As a result, at the onset of
the next time slot ¢, 1, the system state is updated to s,.+1 =
(Aetys Yantitavter Wioaa')
y availaole oa

3) Reward: After executing all embedding actions at time slot

t., the RL agent should receive an immediate reward r,,. Our

(29)
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reward function is defined to jointly capture the user QoE and
operational constraints, i.e.,

Ay Oy
=) (Q” — Alrs <Tya/H] T ZA[R@(M,»KR;M)])

w=1 i=1

M M
m,u
= > A <o = D Wi /O
m=1 m=1

M M
. (z Wﬁlﬁa“)/zcm).

Here, ), denotes the QoE for application A, at time slot ,,.
The three indicator functions impose penalties for violations
of the revenue, reliability, and energy constraints, respectively.
The final term penalizes the reward function in proportion to the
degree of workload imbalance among edge servers.

(30)

B. Design of RainbowDQN-Based Static Function Embedding

We leverage the Rainbow deep Q-Network (Rain-
bowDQN) [33] technique to solve our MDP problem.
RainbowDQN is employed here because it integrates several
advanced RL mechanisms. For example, the dueling architecture
could independently capture the state value and the advantage of
each action in a large discrete-continuous embedding decision
space. Besides, the adoption of multi-step return estimation
facilitates the promising propagation of delayed rewards, which
is particularly beneficial for capturing long-term QoE impacts.
In addition, prioritized replay is able to sample beneficial
transitions to improve the entire training efficiency.

1) Dueling Q-Network Architecture with Noisy Layers: Rain-
bowDQN adopts a double Q-learning framework that decouples
action selection and action evaluation by using an evaluation
network with parameters 67 and a target network with param-
eters @5. In the evaluation network, a value stream estimates
the state-value function V'(s,,; 61) for quantifying an expected
return of being in state s,. An advantage stream derives the
superiority A(s,,a,;01) of each action in a given state. The
Q-value for a state-action pair is then aggregated as

Q(Su7 Qs 91) = V(Su§ 01) + A(3u7 Q. 01)

: Z A(8y,ay;604),

a, €A,

31
A, G

where A, denotes all the possible actions at time slot ¢, and
| A, is the size of this action set. Furthermore, RainbowDQN
enhances both value and advantage streams with learnable noisy
layers instead of using traditional greedy strategies. The noise
parameters will be co-optimized with the evaluation network
weights, thus resulting in state-dependent and more efficient
exploration throughout network training.

2) Double Q-Learning Update With Multi-Step Returns: At
each learning iteration for time slot ¢,,, a mini-batch of historical
transitions is sampled from a prioritized experience replay buffer
Dpgrp. Transitions are drawn with probability proportional to
their temporal-difference error magnitude for revisiting infor-
mative experiences. Each sampled transition is indexed by ¢ and
denoted as (s, @, ¢, Sc+1). Rather than using an immediate
reward in Q-value targets, our scheme aggregates the discounted
rewards over GG successive steps for long-term embedding action
benefits. In this context, the target Q-value for transition c is

1471

given by
G-1
tharget = Z 79 X Tepg + ’YG X Q (sc—&-Gva;—G; 02) , (32)
g=0

where G is the multi-step return length and -y the discount factor.
The op.timal action a,  at state sy is identified from the
evaluation network as

a;, g =argmaxg,, ccA.,c @ (Scrq,@era;01). (33)
Subsequently, a loss function for the evaluation network can be
defined as the weighted mean squared error (MSE) between the
target Q-values and the Q-values predicted by the evaluation
network over the sampled mini-batch

Z(al) = EDPERB [yc X (Q&rget - Q (SC’ QAc; 91))2:| ) (34)

where ¥, is the importance-sampling weight. Generally, stochas-
tic gradient descent is employed to minimize Z(61) such that
the evaluation network parameters 6, are renewed accordingly.
Meanwhile, the target network parameters 0 are updated via
soft synchronization

02(—TX01—|-(1—7')><92,
where 7 € (0, 1] is the soft-update rate.

3) Action Selection with Noisy Networks: As aforementioned,
RainbowDQN enhances the exploration process by inducing
noise stochasticity in the Q-network architecture. In particular,
the weights and biases of the noisy layers within the evaluation
network are adaptively perturbed as follows.

w=y +o10€, b=ys+0o20e. (36)
w and b denote the weight and bias vectors of the noisy linear
layers, respectively. y; and y» are the mean parameters. o and
09 are the standard deviations. €; and €9 are zero-mean noise
variables. The element-wise multiplication ® allows indepen-
dent modulation of stochasticity for each parameter. During
action selection, the Q-value estimation becomes stochastic due
to these noisy parameters. The policy for selecting an action at
time slot ¢,, is thus defined as

a, = argmaxa,ca, @ (Su, au;01). (37

Algorithm 2 presents our static function embedding scheme.

Initially, Algorithm 1 is called to estimate user QoE preference

parameters (line 1). Then, lines 2-17 conduct the training process

of evaluation and target networks. After completing all training

episodes, the optimized static embedding decisions are derived
from the evaluation network outputs in line 18.

(35)

VII. ENERGY-ADAPTIVE FUNCTION REPLICA FREEZING

A. Energy-State Analysis for Dynamic Function Embedding

In practice, the intermittency of renewable energy sources
often incurs fluctuations in the SEC available energy at run-
time [34]. To facilitate fine-grained analyses, we categorize the
online operational state of each edge server with respect to
energy supply into two states. Specifically, an edge server is
considered to be in a high-energy state if its available energy at
the online stage is sufficient to accomplish all functions arranged
by the static function embedding decisions. Otherwise, it is
designated as being in a low-energy state.

1) Edge Servers in the High-Energy State: For edge servers in
the high-energy state, their available energy is sufficient to finish
all statically embedded functions within the scheduling horizon.
In this situation, these edge servers are likely to follow the static
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Algorithm 2: Static Function Embedding Scheme.

Algorithm 3: Energy-Adaptive Function Replica Freezing.

Input: SEC system G = (S, £), application set A.

1 call Algorithm 1 to estimate user preference parameters;

2 initialize evaluation network parameters with noisy layers: 01;

3 initialize target network parameters: 82 <— 01;

4 initialize a prioritized experience replay buffer Dpgrp;

5 for each training episode do

6 construct an initial state s; = (.Aready7 Wl e Wik

7 for each time slot u = 1,2,...,U do

8 encode state s, as input for the evaluation network;

9 select action a., using noisy exploration in (37);

10 execute action a,, and observe reward 7, and next state
Su+1:

11 store transition (Sy, @, Tu, Su+1) into Dpprp;

12 sample a mini-batch of prioritized transitions from Dpgrp;

13 for each sampled transition (S¢, @c,Tc, Sc+G) do

14 infer multi-step optimal action a7,  via (33);

15 derive multi-step Q-value Q¢ via (32);

16 update evaluation network parameters 01 in (34) via
stochastic gradient descent;

17 renew target network parameters O via soft-update rule (35);

. . . b hi phiib
18 return static embedding decisions (®(f, ;). boriicar Thenin |h €1, H],

i€ (1,0, be[1,b"0

 Orepica d]) from the evaluation network.

Input: online energy supply {\Ijsupplylm € [1, M|}, statically embedded
function sets {I'y,|m € [1, M]} generated by Algorithm 2.
1 for each edge server Sy, € S do

2 it < \I!m ol then
3 retain current embedded functions I'y, on Sy,; // Edge
servers in the high-energy state;
4 else
// Edge servers in the low-energy state;
5 identify all noncritical functions in I"y, to construct
I, = {fm,u‘l <u< Um} 5
6 for each function fm . € T}, do
7 L derive embedding energy metric lI’embed using (39);
s sort all functions in I'};, in descending order of embedding
energy metric;
9 reset function counter: u — 1;
m m
10 while U nand > \I/supply do
u discard fm,u: I =T — {fm,u};
12 'Erelmand — ‘I’S'Jmand - ‘I’demand(fm,u’ Sm);
13 discard all downstream dependent functions of fin, v

from {I'y,|m € [1, M]} and update energy demand of
corresponding edge servers;
14 renew function counter: v <— u + 1;

embedding decisions. Nevertheless, the data-flow consistency
within each application DAG across all distributed edge servers
must still be enforced. That is, if a function has been discarded
on an edge server due to local energy limitations, then all of
its downstream dependent functions must also be removed from
other edge servers.

2) Edge Servers in the Low-Energy State: For edge servers
in the low-energy state, their available energy is insufficient to
accomplish all embedded functions at runtime. To guide function
retention effectively, we below present an energy profile analysis
of dynamic function embedding on individual edge servers.
Specifically, according to (7)—(9), the energy consumption of
a single function f,ll’)i when embedded on edge server S, is
readily derived by

dhﬁ,i
ba (g0 0(r2.,)

K=0;

\I]demand(f}};,m Sm) Pm er

power

X|Dp(f )=m = Ba(p y=ml | | Hni X Cy X Wh i+ Bper!

Pi,b dp ><|A b —A -~ |
Ly, 0 P( f .):m D(fh,o)=m
<) . (38)
ba(f1m,),0(fn.,)

O0=Wi,b
We then introduce an embedding energy metric defined as the
energy consumption per instruction cycle of a function, i.e.,

\Ildemand(fb 2 Sm)
\I/embed(f}?}iv Sm) = T}L’

Essentially, this embedding energy metric quantifies the energy
efficiency of executing each function on individual edge servers.
On this basis, we design a greedy function replica freezing
mechanism. Specifically, it gives top retain-priority to preserve
the critical functions that are located on the critical-path of each
application DAG or only have a single replica (i.e., the function
itself). After reserving energy for all critical functions, edge
servers will examine the remaining noncritical functions. These
noncritical functions are sorted in descending order according
to their embedding energy metric. The edge servers then discard

(39)

less energy-efficient functions in a step-by-step manner until the
reduced energy demand of retained functions matches the avail-
able energy budget. Similarly, when a function is discarded due
to energy limitations, all of its downstream dependent functions
within the application DAG, must also be eliminated regardless
of their embedding locations on individual edge servers.

We should emphasize that the dynamic function embedding
may require real-time energy supply measurements to sup-
port online adaptation. In practical SEC systems, each edge
server can be equipped with an energy monitoring module that
records energy-harvesting power by using built-in sensors or
microcontroller-based measurement circuits. These measure-
ments are typically sampled at some fixed intervals, such as
every few seconds or minutes. Following prior works [8],
[9], [34], we neglect the overhead of continuous energy-
harvesting power monitoring, as it is much smaller compared
to the costs of function execution and communication. As
part of future work, we will quantify the impact of different
measurement intervals and monitoring strategies on system
performance.

B. Error Check for Low-Energy and High-Energy States

As discussed earlier, our SEC system is subject to both bit er-
rors and soft errors. To detect such hybrid errors, an acceptance-
rejection test [24], [35] is conducted after the completion of
each function. Only those functions whose outputs satisfy the
acceptance criteria are allowed to commit their results. Other-
wise, any function failing the test is directly discarded, and all
its downstream dependent functions in the application DAG are
recursively removed to prohibit the cascading propagation of
erroneous outputs. Since the time cost of acceptance-rejection
test has been validated to be negligible compared with func-
tion execution time [24], [35], we hereby assume that such
error detection does not prolong the overall function execution
duration.

Authorized licensed use limited to: Jinan University. Downloaded on April 29,2026 at 17:04:01 UTC from IEEE Xplore. Restrictions apply.



CAO et al.: PREFERENCE-AWARE FAULT-TOLERANT FUNCTION EMBEDDING IN ENERGY-HARVESTING SERVERLESS EDGE COMPUTING

1473

T =y r
= e @ SR
% MESLAAD L i Vo AN
o L Q X
E T o 7%
& Courtyard,By Mgaiott o * 2 9 % o
b e 9 9 Sha nqh..\ Buxi 9 e Ao &
A Q e QQ RS N/ 4
u ROAD: Q DisTRICT % %,
ROAD wzsmmv 9 L v \ ®
SuBDISTRICT DisTRIN Q %
2t o
Carrefour @) 9 ° O 9 9 % o
g o Nar W Road %
\FHRRTE Q & RES\DENTIAL\ () ﬂpgq S Street
0 U | LI 9 -
¥ M = A %
\ ] mﬂxr ) Pegples Park ¢! HuaQPy N
\ £ 4, 9 > >,
\ % %, S 9 9970
\/ 9 % Foisric QL 55| w b Sho 9 °
=0 2 &
\ 9 9 Mifﬁ“f F
\ pAEE
\_ Qi 0 \ 5 9 Q ..
N\ Qe Q- wa
N\ 9 P & X
. ]
CHANGNING | —_— g Xxﬁo
DISTRICT Sfhgiraes” , 2
= 5 LasE
L e 39 L @ mn, it &

Fig. 5.
deployment location (i.e., longitude and latitude) of a base station.

Spatial deployment distribution of a portion of the 3223 base stations in Shanghai Telecom [20]. Each red-colored marker in this map indicates an exact

TABLE II
HARDWARE SPECIFICATIONS OF COMMERCIAL EDGE SERVERS IN OUR SEC PLATFORM

Manufacturer HUAWEI [36], [37] ASUSTeK Computer Inc. [38] Dell Technologies Inc. [39]
Product AtlasPro-3000  TaiShan 2280E ESC-NB8 ESC-A8A RS720A-E13 RS720-E12 XR11 XR7620
CPU T Kunpeng Kunpeng Intel Xeon AMD EPYC AMD EPYC Intel Xeon Intel Xeon Intel Xeon

ype 320-9210 920-5520 Gold 6548Y 9135 9334 Gold 5512U | Platinum 835IN  Platinum 8580
#Cores 24 32 16 32 28 36 60
lg:fuce:fey 2.6 GHz 2.6 GHz 3.5 GHz 43 GHz 2.7 GHz 2.1 GHz 2.4 GHz 2.0 GHz
Total Capacity 62.4 GHz 83.2 GHz 56.0 GHz 68.8 GHz 86.4 GHz 58.8 GHz 86.4 GHz 120.0 GHz
#Servers 40 60 70 120 130 80 120

C. Algorithm of Dynamic Function Replica Freezing

Our dynamic function replica freezing procedure is pre-
sented in Algorithm 3. For easy presentation, let I, =
{fma,fma2s--s fmus - fm.u,, } denote a collection of func-
tions statically embedded on edge server S,,,, where the explicit
application and replica indices are omitted. The embedding
energy metric associated with function f,,, is denoted by

oo o+ Initially, each edge server .S,,, is assessed by comparing
its energy demand with current energy supply (lines 1-2). If
the available energy of edge server S, is sufficient, it remains
in the high-energy state, and all statically embedded functions
in I'y, are temporarily retained (line 3). In contrast, a greedy
function freezing mechanism is activated (lines 4-14). The al-
gorithm first constructs a set of noncritical functions I';, (line
5). Subsequently, the embedding energy metric ¥} for each
noncritical function f,, ,, € I';, is inferred (lines 6-7). Next,
noncritical functions are sorted in descending order according
to their embedding energy metrics (line 8). Starting from the
function with the highest embedding energy metric, functions
are sequentially discarded until the energy demand matches
the available supply (lines 9-12). Notably, when a function is
discarded due to energy limitations, the algorithm recursively
discards all downstream dependent functions embedded on other
edge servers (line 13).

VIII. NUMERICAL RESULTS

A. SEC Platform

We build an SEC simulation platform upon the real-world
base station dataset from Shanghai Telecom [20]. Fig. 5 illus-
trates the spatial deployment distribution of a portion of the
total 3223 base stations. Besides, our SEC platform incorpo-
rates a variety of commercial edge servers, including HUAWEI
AtlasPro [36] and TaiShan [37], ASUS ESC NBS8-E11, ESC
A8A-E12U,RS720A-E13-RS24 U and RS720-E12-RS8G [38],
as well as Dell PowerEdge XR11 and XR7620 [39]. The

hardware specifications of these edge servers are summarized
in Table II. The inter-server communication bandwidth is ran-
domly assigned values within [20, 200] x 102 MB/s. Fault rates
of edge servers and communication links are sampled from
[2x1079,8 x 1079 and [3 x 1078,9 x 10~°], respectively.

B. Serverless Applications

For serverless applications, we select 2000 DAG-structured
tasks from the Alibaba 8-day open cluster traces in realistic pro-
duction environments [22]. To ensure a broad coverage of practi-
cal scenarios, these applications are evenly distributed across 10
distinct deployment purposes. For individual functions within a
single application, the number of their instruction cycles and the
amount of their output data are scaled into [2 x 10%,7 x 10'3]
and [10, 200] x 102 MB, respectively. Application deadlines are
assigned within [20, 500] seconds, while target completion time
is 0.5 to 0.8 of their corresponding deadlines. The maximal
service fees and price decaying factors of individual applications
are set to [5, 100] dollars and [1, 10], respectively. In addition,
every application receives a priority between 1 (lowest) and 10
(highest).

C. Comparative Algorithms

1) Basic Idea of Comparative Algorithms: In the comparative
investigations, we evaluate our hybrid approach against the
following state-of-the-art baseline algorithms.

e CoRE [10] is developed on the utility density of serverless
applications to enhance the revenue of service providers
and energy savings of wireless devices.

e AUCT [12] is an auction-based serverless pricing scheme
to balance the monetary costs of serverless users and the
profit of serverless providers in SEC systems.

e MOSEC [14] is a double deep Q-network (DDQN)-
based function offloading algorithm that aims at jointly
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optimizing the three objectives of application finish time,
energy consumption, and user monetary costs.

® ORel [18] is a decomposition-based function placement
method to accomplish function-to-server mapping under
bit errors and soft errors in SEC systems.

e faasHouse [8] is an energy-aware scheduling scheme that
leverages the house allocation theory to decide function
placements in energy-harvesting SEC systems.

e Retry [17] is an online function embedding scheme that
uses random function replica freezing method and retry-
based fault-tolerance mechanisms to ensure atomic visi-
bility of function updates.

2) Parameter Settings of Comparative Algorithms: For peer
methods [8], [10], [12], [14], [17], [18], we adopt their default
parameter configurations provided in original studies. For our
RainbowDQN method, the evaluation and target networks both
have three hidden layers, and each hidden layer has 512 units.
Referring to [14], [33], the target network is updated via soft
synchronization with a rate of 0.3. The length of multi-step
returns is 5, and the discount factor is 0.99. We employ the Adam
optimizer at a learning rate of 6.25 x 10~° and set a mini-batch
size of 64. All comparative algorithms are evaluated on a Dell
P5820x machine configured with an Intel i9 10900X processor
and two GeForce RTX3080 GPUs.

D. Evaluation on QoE Preference Prediction

In this set of experiments, a total of 1000 applications are
sampled from the application pool to train our QoE preference
predictor. Specifically, 900 applications are served as the training
set while the remaining 100 applications are divided between
validation and test cases. To capture user preferences, each
application is configured with five completion time options:
80%, 85%, 90%, 95%, and 100% of its baseline value. Mean-
while, the service fees charging for that application are set to
140%, 130%, 120%, 110%, and 100% of a baseline service
fee, respectively. By pairing these options, a total of 25 distinct
time-fee combinations are formed for every application. Then,
we evenly assign 1000 applications to 30 invited experts, so
that each expert is bounded with about 350 applications. The
30 participants include students, university faculty, software
developers, scientific researchers and financial analysts, and are
currently aged between 20 and 45 years. Their educational back-
grounds are distributed as 20% bachelor degrees, 40% master
degrees, and 40% doctoral degrees. All participants need to rate
their QoE for time-fee combinations on a scale from 1 (lowest)
to 10 (highest).

Fig. 6 shows the confusion matrix of prediction results. The
diagonal values represent successful estimations that range from
77.2% to 90.3%. Whereas the off-diagonal elements indicate
underestimation or overestimation results. These results confirm
that the superiority of our predictor in capturing user QoE
preferences across diverse application scenarios.

E. Evaluation on Static Algorithms

1) Hyperparameter Study on RainbowDQN: We first gener-
ate baseline configurations of application deadlines, reliability
goals, and revenue targets as specified in Section VIII-B. To
investigate the effect of key hyperparameters on RainbowDQN,
we conduct ablation experiments on the soft-update rate for
the target network and the length of multi-step returns. As
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illustrated in Fig. 7, setting the soft-update rate to 0.3 achieves
consistently higher average rewards compared to other values.
Similarly, a multi-step return length of 5 leads to the best learning
performance among the tested options. Thus, we adopt these
values as default settings in all experiments.

2) Baseline Comparison Results: Under baseline configu-
rations, Fig. 8 demonstrates the corresponding holistic QoE
achieved by our RainbowDQN-based offline method and four
static peer schemes CoRE [10], AUCT [12], MOSEC [14] as
well as ORel [18]. As shown in Fig. 8, our method attains
the highest holistic QoE values among all competitors. The
holistic QoE improvements over the four representative peer
schemes are 27.3%, 13.8%, 23.9%, and 32.2%, respectively.
These striking gains are attributed to the joint use of personalized
QoE preference estimation and RainbowDQN-based function
embedding mechanisms.

Table III further lists the solution feasibility of five com-
parative algorithms. The metric RevGoal denotes the ratio of
an aggregated provider revenue collected from all users to the
predefined revenue target. TimeRatio measures the fraction of
applications meeting deadline constraints, and RelRatio captures
the fraction of applications satisfying reliability requirements.
A combined metric TimeRelRatio reveals the proportion of
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TABLE III
SOLUTION FEASIBILITY UNDER BASELINE CONFIGURATIONS
RevGoal | TimeRatio | RelRatio | TimeRelRatio
CoRE 100% 86.3% 70.7% 67.9%
AUCT 100% 79.8% 77.8% 74.8%
MOSEC 100% 88.5% 84.2% 83.3%
ORel 70.5% 92.7% 90.5% 87.7%
Ours 100% 94.4% 100% 94.4%
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Fig. 10.  Holistic QoE under varying provider revenue targets.

applications that simultaneously meet both deadline and relia-
bility constraints. Note that all algorithms enforce inter-function
precedence and energy constraints, so these metrics are omitted.
Overall, only our approach is capable of meeting both revenue
targets and reliability requirements.

3) Impact of Scaling Application Deadlines: We then inves-
tigate the impact of scaling application deadlines on holistic QoE
degradation. To this end, we introduce a set of deadline scaling
factors ¢yime € {0.95,0.90,0.85,0.80}, where the deadline for
each application is proportionally reduced to 0.95, 0.90, 0.85,
and 0.80 times the baseline value. Throughout this evaluation,
both reliability goals and revenue configurations are maintained
at default settings. We observe from Fig. 9 that all methods
present an expected QoE decrease as deadlines tighten due to
a reduced feasible space for function placement. However, our
method degrades more slowly as the deadline budget shrinks
and maintains consistent advantages across the entire range of
deadline scaling factors.

4) Impact of Scaling Revenue Targets: To evaluate the sen-
sitivity of holistic QoE to varying revenue targets, we introduce
a revenue scaling factor ¢, € {1.05,1.10,1.15,1.20}, which
proportionally increases the provider revenue requirement to
1.05, 1.10, 1.15, and 1.20 times the baseline value. Fig. 10
shows that the holistic QoE decreases as provider revenue targets
become stricter for all comparative algorithms. This is because a
higher revenue target enforces the resultant function embedding
decisions to favor serverless applications that can tolerate higher
user payments. Accordingly, the fee-sensitive applications are
more likely to experience a degradation in QoE due to longer
completion time. On the other hand, we observe that our method
remains the best across all revenue scaling factors. For instance,
when ¢, is set to 1.20, our method surpasses CoRE [10],
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AUCT [12], MOSEC [14] and ORel [18] by 39.3%, 22.9%,
30.8%, and 50.2%, respectively.

5) Impact of Scaling Reliability Goals: To assess the sen-
sitivity of holistic QoE to reliability requirements, we se-
lect a group of reliability scaling factors ¢, € {1.05,1.10,
1.15,1.20}. Fig. 11 shows that a stricter reliability target results
in a sharper QoE decline than either tighter application deadlines
or higher provider revenue targets. Across all reliability scaling
factors, our method consistently achieves the highest QoE val-
ues and exhibits a smaller relative drop of 18.6%, compared
with 34.3% for CoRE [10], 27.8% for AUCT [12], 26.0% for
MOSEC [14], and 20.2% for ORel [18]. At the strictest reliabil-
ity scaling factor of 1.20, our method still exceeds CoRE [10],
AUCT [12], MOSEC [14] and ORel [18] by 72.6%, 68.7%,
63.8%, and 35.3%, respectively.

6) Solution Feasibility Under Scaled Conditions: Table IV
compares the feasibility of five algorithms. For each scaling
factor (i.e., ¢ime = 0.9), the four columns in this table orderly
record the RevGoal, TimeRatio, RelRatio, and TimeRelRatio
values. We see that our method is the only one that maintains
RevGoal = 100% and RelRatio = 100% for all scaling factors.
The infeasibility of CoRE [10], AUCT [12], and MOSEC [14]
mainly stems from their complete disregard of soft and bit errors
during function embedding. By contrast, ORel [18] attempts to
mitigate faults by preferentially mapping fault-sensitive appli-
cations to the edge servers with lower error arrival rates. How-
ever, the absence of function redundancy or other fault-masking
techniques prevents ORel [ 18] from satisfying stricter reliability
requirements.

F. Evaluation on Dynamic Algorithms

1) Holistic QoE Under Fluctuating Energy Supply: To sim-
ulate online fluctuating energy scenarios, we scale the available
energy on a subset of edge servers by an energy scaling factor
Genergy € 10.9,0.8} and vary the affected share of edge servers
by {10%, 20%, 30%}. Fig. 12 plots the holistic QoE achieved
by our dynamic scheme, faasHouse [8], and Retry [17]. We
observe that our dynamic scheme improves the holistic QoE
by 27.9% and 34.2% on average compared with faasHouse [8]
and Retry [17], respectively.
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TABLE IV
SOLUTION FEASIBILITY UNDER SCALED CONDITIONS OF APPLICATION DEADLINES, REVENUE TARGETS, AND RELIABILITY GOALS
b Scaling Application Deadlines: ¢ime € {0.95,0.90, 0.85,0.80}, {RevGoal, TimeRatio, RelRatio, TimeRelRatio}
Hme Piime = 0.95, (%) $ime = 0.90, (%) Piime = 0.85, (%) $ime = 0.80, (%)
CoRE 100 | 80.4 | 642 | 60.2 100 | 71.8 | 53.4 | 51.8 100 | 58.0 | 439 | 46.2 100 | 51.5 | 37.8 | 385
AUCT 100 | 74.8 | 68.3 | 66.5 100 | 64.4 | 58.0 | 58.3 100 | 51.7 | 50.6 | 51.2 100 | 45.1 | 453 | 432
MOSEC 100 | 80.7 | 76.4 | 70.1 100 | 69.5 | 62.0 | 60.3 100 | 59.7 | 533 | 53.6 100 | 50.6 | 454 | 453
ORel 655 | 882 | 84.7 | 824 | 60.1 | 743 | 723 | 71.8 | 53.1 | 61.2 | 643 | 58.6 | 50.4 | 51.1 | 55.0 | 48.9
Ours 100 | 90.3 100 | 90.3 100 | 85.4 100 | 85.4 100 | 80.2 100 | 80.2 100 | 74.2 100 | 74.2
A Scaling Revenue Targets: ¢rey € {1.05,1.10, 1.15, 1.20}, {RevGoal, TimeRatio, RelRatio, TimeRelRatio }
o Giime = 1.05, (%) Piime = 1.10, (%) Piime = 1.15, (%) Piime = 1.20, (%)
CoRE 100 | 81.3 | 642 | 61.2 100 | 73.1 | 52.5 | 51.8 100 | 63.7 | 438 | 454 100 | 55.1 | 36.0 | 37.3
AUCT 100 | 70.2 | 65.6 | 63.4 100 | 62.7 | 57.2 | 55.7 100 | 549 | 47.6 | 455 100 | 44.6 | 41.8 | 40.7
MOSEC 100 | 77.8 | 754 | 72.2 100 | 67.1 | 62.8 | 57.9 100 | 59.5 | 519 | 49.1 100 | 51.7 | 43.7 | 40.2
ORel 65.5 | 81.7 | 82.1 | 794 | 582 | 67.8 | 70.7 | 65.0 | 50.7 | 57.7 | 61.7 | 56.8 | 453 | 48.5 | 52.3 | 459
Ours 100 85.8 100 85.8 100 82.1 100 82.1 100 | 77.3 100 | 77.3 100 70.2 100 70.2
& Scaling Reliability Goals: ¢ € {1.05,1.10,1.15,1.20}, {RevGoal, TimeRatio, RelRatio, TimeRelRatio}
el Piime = 1.05, (%) Siime = 1.10, (%) Piime = 1.15, (%) Piime = 1.20, (%)
CoRE 100 | 77.4 | 60.3 | 54.7 100 | 65.7 | 51.2 | 48.0 100 | 56.2 | 41.6 | 409 100 | 489 | 37.2 | 344
AUCT 100 | 68.4 | 61.7 | 53.2 100 59.0 | 53.5 | 448 100 | 51.0 | 44.8 | 389 100 | 44.7 | 39.6 | 32.2
MOSEC 100 | 729 | 704 | 65.3 100 642 | 63.0 | 544 100 | 544 | 554 | 46.0 100 | 463 | 46.2 | 39.6
ORel 60.1 | 80.3 | 80.2 | 77.2 | 60.1 | 71.3 | 65.1 | 67.4 | 53.1 | 583 | 55.6 | 60.6 | 47.7 | 492 | 457 | 52.8
Ours 100 | 83.2 100 | 83.2 100 | 80.5 100 | 80.5 100 | 74.7 100 | 74.7 100 | 70.4 100 | 70.4
100 H Ours ©faasHouse ® Retry min. Ratio: 90.1% IX CONCLUSION
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g proach for SEC systems powered by renewable energy. Our pro-
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