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Abstract—Joint estimation is crucial in the industrial
Internet of Things (lloT) by integrating data from diverse
devices to improve monitoring accuracy. Network slicing
can meet the heterogeneous needs of devices through
logical isolation. However, existing methods often over-
look the interaction of multiple slices on estimation perfor-
mance, leading to potential estimation bias and ineffective
resource costs. To address this, we propose an Age of Task
(AoT)-driven associated network slicing method tailored
for joint estimation scenarios. Specifically, we design an
association-oriented slicing architecture for joint estima-
tion that considers both the heterogeneous requirements
of individual slices and the interactive effects of multiple
slices. We define slice association based on the AoT to
quantify the coupling relationship between slicing strate-
gies and estimated performances. Moreover, we develop a
dynamic-fithess multivariable particle swarm optimization
algorithm to achieve associated slicing. Simulation results
show that the associated slicing scheme achieves a flexible
balance between timeliness and accuracy.

Index Terms—Age of task (AoT), industrial Internet of
Things (lloT) system, joint estimation, network slicing.

[. INTRODUCTION

ECENT advancements in industrial Internet of Things
(IToT) technology have paved the way for various indus-
trial services, including intelligent manufacturing and produc-
tion monitoring [1], [2]. To effectively monitor the states of
these industrial services, joint estimation integrates observations
from different devices, enabling a more comprehensive and
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accurate understanding of the physical system. For example, the
measurement of rotation angles of movable surfaces is crucial
in flight control system functional testing (FCSFT) [3]. Contact
sensors (such as inclinometers or gyroscopes) and noncontact
sensors (such as cameras or laser trackers) are commonly used
for this purpose. The former method uses sensors fixed on
the wing surface for intensive sampling, which can achieve
real-time tracking of angles, but the measurement accuracy is
relatively low, with an indicative error of approximately £0.2°
[4]. The latter method involves installing calibration points on
the wings and collecting angle variations through images. This
approach can achieve high-precision estimation with an error
not exceeding 0.04° [5]. However, due to its resource-intensive
nature, it results in poor real-time performance. Therefore, joint
estimation emerges as an effective approach for timely and
reliable estimation of aircraft movable surface angles. In this
context, a primary challenge arises in achieving the reason-
able allocation of limited resources to improve the real-time
performance and reliability of joint estimation while ensuring
heterogeneous quality of service (QoS) requirements.

Network slicing, as a promising technique, can satisfy dif-
ferent QoS requirements by building multiple logically isolated
slices on the existing network infrastructure [6], [7]. In addition,
given that IIoT services often have more stringent QoS re-
quirements, a comprehensive industrial network slicing strategy
should consider transmission and computing resource alloca-
tion. That makes network slicing particularly attractive when
combined with edge computing [8], as it enables low-latency
access to customized computing resources at the edge [9],
effectively addressing the heterogeneous needs of sensors in
joint estimation scenarios. In a joint estimation system, where
multiple slices contribute to the same observation task, the sys-
tem performance is influenced by all slice measurements. This
interaction, which we define as the interslice association, plays
a crucial role in enhancing system performance and guiding the
design of effective slice strategies. However, existing slicing
methods mainly consider the demand guarantee of a single
slice. Even if a few studies consider the interslice influence, this
consideration typically remains at the network level, making it
difficult to meet the sensing requirements of joint estimation
scenarios.

In this case, developing optimal network slicing strategies un-
der joint estimation scenarios presents several challenges. First,
most existing slicing architectures overlook the requirements
of system sensing performance to allocation strategies, which
cannot be directly applied in joint estimation scenarios. Second,
the effects of multiple slices on system performance have not
been well investigated, and appropriate metrics to characterize
their association are lacking. Third, network slicing strategies
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are influenced by various constraints, including resource limi-
tations, slice association, and estimation convergence. Conse-
quently, an optimal network slicing strategy must encompass all
these factors to ensure effective joint estimation across multiple
types of devices.

As is well-known, estimation accuracy is greatly influenced
by the timeliness of the measurement states. Therefore, the age of
information (Aol) [10] has been extensively studied as a metric
to measure the freshness of available state information. It is
particularly suitable for time-sensitive and high-reliability data
in IIoT applications [11], [12]. However, most existing works
primarily focus on single-source tasks and may not be directly
applicable to the joint estimation scenario involving multiple
sources. Fortunately, Wen et al. introduced the concept of age
of task (AoT) [13] to quantify the freshness of multielement
and compute-intensive tasks, which aligns well with the re-
quirements of our specific application scenarios. Recognizing
the strengths of AoT in capturing the impact of transmission
and computing delays in IIoT applications, we aim to incor-
porate AoT metrics into the representation of slice association
metrics for joint estimation. The contributions of this article are
summarized as follows.

1) To address the diverse QoS requirements of different
sensors and their collective impact on the system perfor-
mance in joint estimation scenarios, a novel association-
oriented network slicing architecture is proposed, consid-
ering the heterogeneous requirements of individual slices
and the associated impact of multiple slices.

2) We define the slice association metric from the sensing
perspective and utilize the AoT to reveal the coupling rela-
tionship between slicing strategies and system estimation
performance. The process of associated network slicing
is then formulated as a resource reservation optimization
problem, aiming to minimize the overall estimation error
under coupling constraints.

3) Recognizing the tight coupling relationship between esti-
mation weight factors and slice reservation ratios, we first
provide the optimal resource reservation ratio under the
fixed weight factors. We then develop a dynamic-fitness
multivariable particle swarm optimization (DMPSO) al-
gorithm to achieve their dynamic optimization, thereby
achieving the associated network slicing.

The rest of this article is organized as follows. In Section II, re-
lated works are introduced. Section III presents the system model
and problem formulation, followed by the joint optimization
of interslice transmission and computing resource reservation
in Section IV. Section V shows the simulation results. Finally,
Section VI concludes this article.

Il. RELATED WORKS

A. Multisensor Joint Estimation

In recent years, joint estimation has emerged as an important
approach to enhance sensing accuracy. Some studies focus on
information fusion strategies [14], [15]. For example, Guo et
al. [14] proposed a visual and dynamic information fusion strat-
egy to acquire parameter information accurately. Senel et al. [15]
developed a modular real-time multisensor fusion framework
to achieve environment awareness in challenging time-critical
applications. Other studies focus on multidevice collaborative

IEEE TRANSACTIONS ON INDUSTRIAL INFORMATICS, VOL. 21, NO. 3, MARCH 2025

computing models [16], [17], [18]. Chen et al. [16] proposed
a new intelligent game anti-interference collaborative com-
puting model to enhance cross-dimensional anti-interference
performance in multidevice collaborative computing environ-
ments. Li et al. [17] introduced a task-driven activity model
to capture activity probabilities in multidevice collaboration
scenarios, thereby improving activity detection and channel
estimation accuracy. However, these studies primarily focus
on fusion strategies after obtaining information from multiple
sources, neglecting the need to ensure QoS requirements for
individual sensors during the information acquisition process.
Furthermore, limited transmission and computing resources in
IIoT systems pose significant challenges in allocating resources
effectively while ensuring heterogeneous QoS requirements and
joint estimation reliability.

B. Network Slicing in lloT Systems

Network slicing has become the basic framework of industrial
IoT systems [6], which enables multiple isolated logical net-
works (i.e., slices) to coexist on a shared physical network infras-
tructure, has attracted great attention from academia and indus-
try. There are two specific goals: minimizing energy consump-
tion or system cost while satisfying QoS demands [19], [20] and
maximizing service capacity or profit under physical network
resource constraints [21], [22]. For example, Jovsilo et al. [19]
proposed a joint slice selection and edge resource management
problem to minimize computational task completion time. Feng
et al. [21] developed a framework that optimizes dynamic slice
request admission, user association, CPU-cycle frequency, sub-
carrier allocation, and power allocation while considering spatial
and temporal traffic variations. However, these studies primarily
focus on ensuring heterogeneous requirements and overlook the
impact of slice interactions on the system performance, which
prevents them from maximizing their contribution in the joint
estimation.

C. Interslices Interactions

Several scholars have investigated interslice interference or
effects, conducting relevant research in this area. On the one
hand, they have proposed interslice allocation strategies to
mitigate interslice interference or interruptions [23], [24]. For
instance, Zhou et al. [23] developed a slicing-based resource
management framework, which focused on interference for
multiple slices to balance adaptivity and overhead of resource
management. On the other hand, they have considered interslice
resource orchestration or multiplexing to enhance throughput
or service rate [25], [26]. For example, Zhang et al. [25] in-
troduced a service-oriented hierarchical soft-slicing framework
that improved throughput through opportunistic resource reuse
at both intra- and interslice levels. While these studies examine
slice interactions, they primarily focus on network performance
interference or network resource constraints. The unique aspect
of the joint estimation scenario lies in network resource allo-
cation strategies from the perspective of sensing performance.
Therefore, a crucial challenge arises in defining slice association
metrics that are suitable for joint estimation scenarios and effec-
tively capturing the coupling impact between multiple slices on
system performance.
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Fig. 1. Association-oriented network slicing architecture.

1. SYSTEM MODELS AND PROBLEM FORMULATION

This article aims to address the challenges of heterogeneous
demand guarantee and improvement of estimation performance
in the joint estimation scenario involving multiple types of
devices. To tackle this, this article proposes an association-
oriented network slicing architecture that considers both in-
terslice association and intraslice QoS requirements. Based
on existing research and actual industrial production needs,
the sensors considered in this article are divided into two
types: delay-critical sensors (DCSs) and bandwidth-consuming
sensors (BCSs). Each type of sensor is divided into multi-
ple slices based on performance requirements. Resources are
collaboratively reserved between slices to ensure the timeliness
and reliability of observation tasks.

A. Association-Oriented Network Slicing Architecture

The proposed association-oriented network slicing architec-
ture depicted in Fig. 1 consists of Sp DCSs, S BCSs, and
one edge device, which are divided into M delay-critical slices
and NV bandwidth-consuming slices collaborating on the same
observation task. To effectively capture the system dynamics,
this article employs dual time scales. Scheduling and estimation
processes are performed at a smaller time scale, corresponding
to time slots (discussed in Section III-B), and at the larger time
scale, known as slice windows (explained in Section III-C),
transmission and computing resource reservation occur. At the
start of each slice window, the edge device establishes two virtual
resource pools: one for transmission and another for comput-
ing resources. Resources are dynamically allocated based on
interassociation and intraresource constraints. The slice window
changes dynamically with the duration of each task. Within each
slice window, the measured values are uploaded and processed
by each slice, utilizing the reserved transmission and computing
resources. The fusion estimation is carried out by a Kalman filter
at the edge device, serving as the basis for subsequent control
actions. Without loss of generality, the resource reservation
policy is assumed to remain unchanged within a slice window.

Let Sp,, represent the number of DCSs in Slice Dm,
Vm € M, where each DCS samples data at a period of Tp,.
Similarly, Sp, and T, represent the number of BCSs and
sampling period in Slice Bn,Vn € N, respectively. The data
packets generated by the DCSs and BCSs, which are trans-
mitted to the edge device via SG communication, are denoted
as Z/[Dm,i £ ()\Dm,h XDm’i),Vm S M,i S SDm and UBW £
(ABn,j>» XBn,j),Vn € N,j € Sp,, respectively. Here, Apm,
and Ap, ; represent the input-data size (in bits), while Xp,, ;
and Xp,, ; denote the computing intensity (in CPU cycles per
bit) of DCS i in Slice Dm and BCS j in Slice Bn, respectively.

This article assumes a homo_%eneous_ network, im lgin that
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all sensors in the same slice have the same packet size and
computing intensity. For ease of notation, this article drops the
subscript i or j and employs Up,, = (Apm, Xpm) or Up, =
(ABn, XpBn) to uniformly represent Slice Dm or Slice Bn. In
the following sections, we will provide detailed models for the
intraslice system and scheduling at the time slot scale, as well
as discuss the details of the interslice association model at the
slice window scale.

B. Intraslice System and Scheduling Model

Since all slices observe the same physical process in the
joint estimation scenario, they share the same state equation.
The dynamics of this hierarchical slicing architecture can be
represented by the following discrete-time system:

x(t+1) = Ax(t) + Bu(t) + w(t) (1)
where x(t) represents the system state at time slot ¢, u(t)
is the control command generated by the edge device. The
state-transition matrix is denoted as A, and the control input
matrix is represented by B. The system noise w(¢) follows a
Gaussian distribution with zero mean and covariance matrix
> > 0.Itis assumed that the control system is controllable but

1
unstable, indicated by p(A) > 1, and the control pair (A, X2))
is stabilized. The initial states 2(0) are randomly chosen from
an arbitrary finite-moment distribution with mean z(0) and
variance 3 (o) = 0.

As depicted in Fig. 1, each slice utilizes distinct measurement
devices, leading to different observation equations, which can
be expressed as follows:

Yom(t) = X(t) + vpom(t), yu(t) = x(t) + vpa(t) (2)
where the measurements obtained by Slice Dm and Slice
Bn at time slot t are denoted as ypm(t) = {ypm.i(t)}
and ygn(t) = {yBn,;(t)}, respectively. The observation noise
vpm(t) and v, (t) are assumed to follow mutually indepen-
dent and identically distributed Gaussian distributions, with re-
alizations v p,,, (t) ~ N(0,3y,,. ) and v, (t) ~ N (0, 2y, ),
where 3, and X, ,  are positive definite covariance matrices.
It is assumed in this article that the measurement accuracy of the
BCS is higher than that of the DCS, i.e., ¥y, > Xy, ,Vm €
M,n e N.

Next, the scheduling model of these slices is discussed in
detail. We use 7p,(t), T3 (), TS, (t) and 75, (t), TE, (1),
Tgn (t) to denote the sample time, transmission delay, and
computation delay of Slice Dm and Slice Bn, respectively.
Furthermore, the available bandwidth is evenly split to Mt inde-
pendent transmission resource blocks (RBs), and the bandwidth
of each RB is B. The transmission RB reservation ratio of Slice
Dm is denoted as Sp,, (t) € [0, 1], and the transmission rate of
each DCS in Slice Dm is denoted by

6Dm (t)MT ( EDmpo )
Rpp (1) = 22m N pyoo (1 4 POmPDm Y 5

where hp,, is the average channel gain of DCSs considering
dual-scale fading, pp,, is the transmission power of each DCS,
and Ny is the noise power spectral density. To this end, the
transmission delay of Slice Dm is expressed as

ADm —
T () = {[WL t mod Tpm =0

4
0, others @

where Ap,, is the packet size of DCSs in Slice Dm. Without
loss of generality, [-] here means rounding up to the occupied

integer time slots. o
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Upon the arrival of all measurements from Slice Dm, the edge
device performs fusion to extract useful information. To realize
the unified management of resources, the available CPU cycles
are also evenly divided into M¢ independent computing RBs,
with each RB having C' CPU cycles. Let the variable yp,, (t) €
[0, 1] denote the computing RB reservation ratio allocated to
Slice Dm. Refer to [27], [28], [29], the computing delay of
Slice Dm at time slot ¢ is defined as

ADmXDmSDm _
m

0, others.

&)

Similarly, the transmission and computing RB reservation ratios
for Slice Bn are given by Sp,(t) and vp,(t), respectively.
Consequently, we can derive the expressions for the transmission
rate, transmission delay, and computing delay of Slice Bn as
follows:

R n t) = ————DB1 1 BnPBn 6
pal) = O prog, (14 122002 ) )
[Z22=], t mod Tp, =0
TT t) = Rp,(t) 1’ ;
oot {03 others 0
ABnXpBnSBn o
TS, (1) = [WL t mod Tp, =0 ©
0, others

where hp,, is the average channel gain and pp,, is the transmis-
sion power of the BCS in Slice Bn.

C. Interslice Association Model

This article is concerned with the estimation performance of
the overall system, so the mean squared error (MSE) is used to
reveal the coupling relationship between all slices.

We denote the state estimation at the edge device of Slice Dm
at time slot ¢ by X p.,, (¢) and define the corresponding estimation
erTor as € p,, (t), which is defined as

epm(t) = x(t) — Xpm(t). C))
As mentioned earlier, the timeliness of Slice Dm is better,
while the measurement accuracy of Slice Bn is higher. In order
to improve the estimation performance, we can perform joint
estimation by fusing the state information of all Slice Dm and
Slice Bn, which can be represented as

M N
X(t) =Y EpmXpm(t)+ Y Epakpa(t)  (10)
m=1 n=1

where x(¢) is the estimation of task calculated from all estima-
tions X p., (t) of Slice Dm and X g,,(t) of Slice Bn at the time
slot ¢. In addition, the weight factor { py,, pn € [0, 1] indicates
the trust degree of the edge device to the estimation of Slice
Dm and Slice Bn, and Z%:l Epm + Zﬁf:l En =1,Ym €
M,n € N. If the system pays more attention to DCSs, the
value of {p,, is larger than {p,,. Otherwise, {p,, is less than
&pn, when the system is more concerned with BCSs. Especially
Epm =0,Ym € M or £g,, = 0,Vn € N for the case that the
system uses only one type of measurement for observation.
Then, the estimation error of the whole system can be expressed
as

M N
e(t) = Z gDmeDm(t) + Z aneBn(t)-

n=I

an

m=1
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From the perspective of state estimation, the MSE is employed
to evaluate the estimation performance and given by

gty =E{lle)3}

< f: EpmE {||eDm(t)H§} + iv:anE {HeBn(t)H%}
n=l

m=1

M N
= omTpm(t) + Y EnTn(t). 12)

m=1 n=1

D. Problem Formulation

To improve the adaptability of monitoring tasks to system
dynamics and resource constraints, a joint design of trans-
mission and computing RB reservation ratio under associated
slice constraints is necessary. The objective is to minimize the
estimation distortion of the overall task. Within the duration
of T time slots in a slicing window, we formulate the following
optimization problem, considering network resource limitations
and estimation convergence constraints:

T M N
: B(rtI)u’)’n(f) T < TnZ:lé-DmJDm(t) + ;anjBn(t)
(13a)
s.t. 0 < BDm(t) <1,0< ﬁBn(t) <1 VmeMmneN
(13b)
0 < o) 1,0 < ypa(t) <1 Ym e Myn € N
(13¢)
M N
> Bom()+ Y Bealt) =1 (13d)
m=1 n=1
M N
D> m(t) + > ymalt) =1 (13¢)
m=1 n=1
N N 1
P n(t )] =0, < ——
(13g)

where ﬁ(t) = {{5DT?L}7 {BBTL}}U A/(t) = {{VDM}’ {ran}}’

VYm € M,n € N, and the sum of the logarithmic function In(-)
in the objective function guarantees both the overall performance
and the fairness. Constraints (13b)—(13e) are the resource reser-
vation constraints to ensure that transmission and computing
resources allocated to all slices should not exceed the resource
capacity. Constraints (13f) and (13g) are the delay conditions
and resource conditions to ensure the convergence of Slices Dm
and Bn, respectively.! Note that P is a nonlinear programming

To ensure the convergence of the state estimation, the probability of suc-
cessful state updates should be greater than or equal to 1 — P 2)2 . Specifically,
for Slice Dm, this implies that the probability of the total delay is less than or

equal to the maximum allowable delay Tgm should be greater than or equal
to1l— ﬁ. Similarly, for all Slices Bn, it is necessary to ensure that the
probability of nonscheduling is less than or equal to > (114>2 .
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problem that cannot be explicitly expressed in terms of deci-
sion variables. Therefore, effective shrinkage and decomposition
methods are employed to solve P.

IV. INTERSLICE OPTIMAL TRANSMISSION AND COMPUTING
RESOURCE RESERVATION

Due to the significant impact of measurement freshness on
estimation performance, it is crucial to characterize the timeli-
ness of the measurements. The traditional Aol, which describes
the timeliness of individual devices, is no longer applicable as
multiple devices serve the same process in this article. Instead,
we adopt the AoT concept proposed in [30], which captures
the freshness of a task until the receiving end obtains the status
information from all observing devices and completes the cor-
responding processing. According to the definition of AoT, its
value can be obtained by subtracting the generation time slot of
the last received states in the latest observation from the current
time slot

Agee(t) £t — G(T),t = argmaxg {a(f) <t} (14)

where G(t) and a(t) represent the generation and arrival time
slots of the most recent measurements in the latest observation,
respectively. Specifically, the AoT for Slice Dm and Slice Bn
can be expressed as follows:

AD’m(t) é t— TDm(E)v

t = arg maxg {ap,(t) <t,Tp,,(f) # 0} (15)
ABn(t) £ t— TBn(%v)a
t= arg max;{aBn ) <t TBn O} (16)

where 7p,,, (t) and 75, (t) are the generation time slot of the
last received measurements of Slice Dm and Slice Bn, re-
spectively. The corresponding arrive time slot of these slices
are aDm(t) = TDm (t) + Tgm(t) + T(Dj’m(t) and aBn (t) =

Assuming the latest received state information of Slice Dm
at the edge device is x(t — Ap,,(t)), we can compute the state
estimation performance as

Apm(t

Z A (t — )

. AADm(t)KDm(t — ADm(t))VDm(t - ADm(t)) (17

where K p,,(t) is the Kalman gain of Slice Dm, which can
be computed using the observation noise covariance matrix of
DCS ¥ ., and the covariance matrix between the predicted and
true values

eDm

E [(x(t) = %pm () (<(t) = %pm ()]

Kpm (t) =

Similarly, we can obtain the estimation error of Slice Bn

Bn(t)
-5

— AABn t)KBn(t

eBn t — Z)

— AB"(t))VBn(t — ABn(t))

(18)

B[ (x(t) = %o (8) (x(t) = %0m (D) | + Zvr

2017

Dot CPU Cycle
|~ T30

Computing =
delays Ty 5(6) [
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— 0 Spm
e D=t O Z
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o) = 25

Fig. 2.
slicing.

Block diagram of the estimation under the associated network

where K p,,(t) is the Kalman gain of Slice Bn, which can be
calculated by

B[ (x(t) = & (1)) (x(1) ~ % ()|

T B[ — %600) (<(0) %80 (0) ] + v

The whole estimation process, considering transmission and
computing delays, is illustrated in Fig. 2 within the context of
associated network slicing. It is important to highlight that the
quantities Jp,, (t) and Jp,(t) are influenced by Ap,,(t) and
Ap,(t). This observation further motivates our exploration of
the relationship between AoT and estimation performance when
resources are limited. Let 7 = Tr(AT AXy,), then Jp,, (t) can
be expressed as

ADmr(t)71

; Tr ((A74)' 54

(Ew)’Evp,
Cw +Zvp,,)?

Hpm

—_—~
(Ew)Zvp,,
(Bw +Zvp,,)?

+ T (AT 4) 20

. (T)]E{ADNL(t)} — 1
T-1

TI' (ATA)]E{ADm(t)}

Gpm

]E{ADm (t)}
= % +Gpm £ Fpm.

Based on the important properties of the spectral radius, we
know that the spectral radius of a matrix is not greater than any
of its induced norms, i.e., p(A) < || A||. In this case, since T can
be represented as the Frobenius norm of matrix 4, i.e., ||Al|r =

Tr(AT A), we can conclude that (7)E{A0m (D} > p(A) > 1.
Therefore, the third step naturally follows from this inequality.
Similarly, the MSE of Slice Bn is

T E{ABn(t)}
jBn(t) < ()7.7_1 + an £ ]:Bn
HBn
Sw)2E
Ty (AT AR} (Bw) D, 1
Gon = Tr (474) R R R
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The objective function P can be rewritten as

72 ZEDmln]:Dm'i_ngnln]:Bn
m=1

where time accumulated objective funct10n makes it challenging
to solve this problem effectively. For the convenience of tackling
this problem, we focus on the subproblem at each time slot with
the objective function

P1 ZgDmln-FDm+Z£BnlnFBn

n=1

) ﬁ(t),'v(t)

s.t. (13b) — (13g) (20a)

where Ap,,(t) and Apg,(t) are the only time-dependent vari-
able. Note that Fp,, and Fp, are increasing with respect to
E{Apn(t)} and E{Ap,(t)} when the spectral radius of plant
A is larger than one.

Then, we further analyze the relationship between estimation
performance and AoT, obtaining

M N
Z fDm In -/T"D’m + Z an In ]:Bn

m=1 n=1

IN

> EomE{Apm(t)} (InT + I ATA+ InHp,,)

m=1

N
+) B {Ap,(t)} (InT + I ATA+ InHp,)

n=1
M N

= omE{ADn()} Kpm + D E8aE{ARu (1)} Kaa-

m=1 n=I

2D

Furthermore, the original problem is upper bounded by the linear
function of the average AoT. This reveals the impact of the
coupling relationship between different slices on the system
performance. Based on this observation, we provide Definition 1
to formally define the association coupling relationship between
slices and its influence on the system.

Definition 1: For the case where time-sensitive and
bandwidth-consuming slices serve the same task, the slice asso-
ciation metric is a linear function related to the slice AoT

M
> EomE{ADpm(t)} Kpm + ZanE {Apn(t)} Kpn
m=1 n=1

(22)

which reveals the coupling effect of network resource allocation
strategies on the system performance and is conducive to better
support for heterogeneous sensing services.

Therefore, we will pay an effort to reduce the average
AoT with limited resources to enhance the estimation perfor-
mance. We consider the zero-wait periodic sampling strategy
(Tpw =T5,, +TS,,,Tpn = T3, +T5,) and the AoT dia-
gram is shown in Fig. 3. The A (¢) curve can be divided into
a parallelogram of area (T} (t) + 75 (t))* and a triangle of
area (T} (t) + T (t))?/2. This area, averaged over time slots,
captures the average AoT associated with Slice U. Hence, the
average AoT of each slice can be expressed as

E{Au(t)} = *( U () +T5 (1)) (23)
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which makes it possible for us to decouple optimization problem
P1 into two subproblems of transmission RB reservation and
computing RB reservation.

In particular, the optimization subproblem of transmission RB
reservation at the ¢th time slot is given by

P2 mln Z EpmTh (DK Dm + Z EpnTh, (t)Kp, (24a)

n=I

s.t. (13b), (13d), (13f) — (13g). (24b)

Obviously, the problem P2 is convex, which can be eas-
ily proved by deriving the second derivative of the objective
function (24a) greater than or equal to zero. To tackle this
problem, we utilize Karush-Kuhn-Tucker (KKT) conditions
and the corresponding Lagrangian dual problem to obtain its
optimal closed-form solution.

Theorem 1: Given the system described by (1) and (2) with
the state-transition matrix A, the AoT of Slice Dm Ap,, and
Slice Bn A g, defined in (15) and (16), the optimal transmission
RB reservation ratio 5* can be expressed as follows:

(i+1)S,
W e

where 5u is the theoretically optimal ratio, i.e.,

5" . \/ é.u)\uSuICu/(bu
Y Y ciomusny VERSiK /2

_ s ,i=ar ﬁ<5~ <
MT - gMT_u_

Vu € {DM U BN}
(26)

and in which ®; = log(1 + ’“"f ’5),¥j € {DM U BN}.

Proof: First, constraints (13d) and (13e) can be omitted
since we assumed the computing RB reservation ratio v could
satisfy those. From the above, we have that P2 is convex,
and thus, its optimal solution must satisfy the KKT condi-
tions. In order to formulate the corresponding Lagrangian dual
problem, we assume nonnegative Lagrange multiplier vectors
ap,ap,Np,np for constraints in (24b), respectively. Next,
we define the Lagrangian dual problem corresponding to P2
a8 MaXe p ap.np.ns Mg L(B, ap, ap,Np, NB), where the
Lagrangian dual problem is given by

E(@ ap, OtBJIDﬂ?B)

M N
= Z fDngm (t)]CDm + ZanTgn (t)ICBn

m=1 n=1
M N

+ Z aDm(ﬂDm, - 1) + Z O‘Bn(ﬂBn - 1)
m=1 n=1

- Z anﬂDm ZanﬂBn

n=1
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Then, we express the KKT conditions as follows:

M N M N
stationarity: Z ODm +Z apn — Z NDm 72 NBn
m=1 n=1 m=1 n=1

_ Z%:l EpmADmK DmSDm 25:1 EBnABnKBnSBn
B%,,Mrlog (1 + ‘hDﬁfBjm) B%,, Mrlog (1 + hB}\;LUpBBn>
27

pr.feasibility: (24b)

du.feasibility: ap,ap,np,ng =0
co.slackness: ap,(Bpm — 1) =0,ap,(Ben — 1) =0

— NpmBom = 0, —NBnfpn =0 VYm e M,n € N.
(28)

We proceed with finding 3. First, from the KKT dual feasibility
condition ap, ap,Np,np = 0 and the complementary slack-
ness condition (28), we obtainthataap = ap =np =1 =0
must hold as otherwise 3 = 0 would lead to infinite value of the
objective function. Then, we obtain the expression (26) for ratio
(3 from the KKT stationarity condition (27) and complementary
slackness condition (28). Since this article considers a homoge-
neous environment and a transmission RB can only be allocated
to one sensor in a time slot, the slice AoT can only be changed if
the number of RBs allocated to Slice Dm is an integer multiple
of Sp,,. Furthermore, the resource reservation ratio needs to be
quantified by Sp,, /M, which proves the Theorem 1. |

Similarly, the subproblem of computing resource reservation
can be expressed as

M N
P3: r'lya(ltr)l Z EpmTHm (K Dm + ZﬁBnTgn (t)KBn
m=1 n=1

(28a)

s.t. (13¢c), (13e) — (13g). (28b)

Theorem 2: Consider system (1) and (2) with the state-
transition matrix A, the AoT of Slice Dm Ap,, and Slice
Bn Ap, defined in (15) and (16), the optimal computing RB
reservation ratio v* can be expressed as

1S, . S, . (1 +1)S,
gy — <A, < 2
T = Nt arg{MC_v S ML } 29)
where the theoretically optimal reservation ratio is
A = ¢ Yu e {DMUBN}.
Zje{DMuBN}

(30)

Proof: Using the same approach presented in the proof of
Theorem 1, Theorem 2 can be proven. Due to the limitation of
length, there is no more tautology here. |

So far, we have demonstrated that the original problem can
be decomposed into two interconnected resource reservation
problems that can be solved sequentially. The next step involves
optimizing &,,Vs € {Dm U Bn},m € M,n € N to minimize
the overall MSE for all slices. It is important to note that
the weight factors influence the slice reservation ratio as per
Theorems 1 and 2, and the resource reservation policy impacts
the slice estimation performance and, consequently, the weight
factor allocation. This interdependent relationship leads to a
dynamically changing objective function, making it challenging
to solve this problem using traditional centralized exhaustive

2019

Algorithm 1: Dynamic-Fitness Multi-Variable PSO Algo-
rithm for Associated Network Slicing (ANS).

Input: The data packs and the available network RBs;

Output: The inter-slice transmission and computing
RB reservation ratio 3* and v* and the slice
weight factor £ for all slices;

-

Set population parameters and randomly generate the
initial population, where the historical best fitness of
the group is F .3

2 Initialize iterative number ¢ = 1;

3 repeat

4 for The population number j =1 : Ny, do

5 Update the velocity pop? (:,j) and position
pop’.(:,j) and perform boundary processing;

6 Substitute the updated position F,,,(j) into

Theorems 1 and 2 to judge constraints and

calculate the individual fitness;

7 if ‘FZ (]) < 'Fiibest(j) then

. pop . .

8 ibest(:, j) = pops(:, §);

9 Zbest(]) = ‘F;Z)op(]);

10 end

1 it Flpesi(J) < Fovest then

12 gbest = ibest(:, j);

13 ‘ng&"'t = ‘Filbest (])?

14 end

15 Update iterative number ¢ = ¢ + 1;
16 end

17 until i > ger|1 Z?:l ‘f;best — f;b_elst‘ <eg
18 Plug & = gbest into (25) and (30) to get the optimal
resource allocation ratio;

19 Return reservation ratios 3%, v* and weight factors &.

methods. To address this, we develop a DMPSO algorithm to
solve this problem efficiently.

In the following, we elaborate on the DMPSO in detail,
presented in Algorithm 1. In the initialization phase, relevant
parameters such as population number N, spatial dimension
dim, and maximum iteration number ger are initialized, where
the number of slices determines dim = M + N. Next, the
initial population position and velocity are randomly generated,
and then the historical best position and fitness of individuals
and groups are initialized, as shown in Step 1. Then, the
particle swarm iterates by updating the velocities and positions
while performing boundary processing, as depicted in Step 5.
Following this, the constraints are evaluated, and the individual
fitness of updated positions is calculated in Step 6. By comparing
the fitness values, the historical best fitness of individuals and
groups is updated, as outlined in Steps 7 to 14. The error

; ; 132 i i—1
function is defined as 5> 7 |Fagpest — Fapest| < & Where

Favest = Xt E0m (T () + T, (0)pm + 0,
Epn(TH, (1) + TS, (#))Kp, changes dynamically with the
population position, and ]—';besl and Fi;.! are the estimation cost
of iteration ¢ and ¢ — 1, respectively. gThe termination condition
is satisfied when the error function is smaller than a predefined
tolerance £ = 10~*. Moreover, the computational complexity
of Algorithm 1 is O(ger - dim - Npop).
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Fig. 4. Resource reservation under associated slices in the FCFST.

V. SIMULATION STUDIES

In this section, we assess the performance of the proposed
ANS scheme and its DMPSO algorithm by analyzing simulation
results in the context of the aileron angle control process in
FCSFT. This scenario serves as a typical example of the co-
existence of heterogeneous monitoring devices. As shown in
Fig. 4, the wing angle is simultaneously monitored by mul-
tiple contact angle measuring sensors (inclinometer) and one
noncontact angle measuring sensor (camera). Considering the
joint constraints of resource availability and slice association,
the edge device utilizes association-oriented network slicing to
establish virtual resource pools for reserving transmission and
computing resources. Specifically, the inclinometers and camera
transmit their monitored numerical and image data through the
reserved resources to obtain angle information. Subsequently,
fusion estimation techniques are employed at the edge de-
vices to reduce angle deviations and improve overall estimation
accuracy. The estimated values are used for visualization and
updating control decisions.

We consider a network topology covering a rectangular area
[0,30] x [0, 100]. One edge device, one camera, and ten incli-
nometers (SAT100T-D02, 5 V dc power) are placed within this
region. We adopt an empirical industrial wireless channel model
consisting of large-scale path loss, shadow fading, and small-
scale fading. Let PL(d) = PLy + 10nlog,y(d) + k denote the
large-scale fading in dB [31], [36], where PLy is the path loss
at the reference distance 1 m, and n is the path loss exponent.
The shadowing coefficient x is a zero-mean Gaussian random
variable. The small-scale fading distribution between sensors
and the edge device is N'(0, 1). The key simulation parameters
are listed in Table I, and their values are based on existing
experimental results.

A. Performance Evaluations

In the simulation, we consider the pitch angle flight control
system for a case study. The system model parameters are shown
as follows [37]:

—(7K) —(21K)
K09 “EO 118 —0.68

A= 11 0 0
0 1 0

where K is an adjustable parameter that represents different
surfaces. In this study, we focus on the ailerons as the sur-
face of interest and set XL = 1.2. The control input matrix is
denoted as B = [1,0,0]", and the pitch angle flight control
system is utilized to control aileron deflection within the range of
—60° to 60°. For the inclinometer, the simulated voltage change
is converted into the inclination angle using a single pendulum’s
force in the gravitational field. The covariance matrix of the mea-
surement noise related to sensor linearity is setto X, ,, = 0.2 [4].

In the case of noncontact measurement, the covariance matrix of
Authorized licensed use limited to: University of Waterloo. Downloaded on
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TABLE |

MAIN PARAMETERS
Parameters [ Values
The number of transmission or computing RBs || 30
Bandwidth of each channel B 900 kHz
Capacity of each computing unit C' 6 x 10% CPU cycles [31]
Size of each sensor package Ap 12.1 Kb
Size of a frame of 1920 by 1080 Ap 1.97 Mb

computing intensity of inclinometer X p
computing intensity of camera X p
Noise power spectral density Ng

500 CPU cycles/bit
1000 CPU cycles/bit
—174 dBm/Hz [32]

Path loss exponent in industrial environment 4 dB [33]
Path loss at the reference distance PLg 56.7 dB [34]
Path loss exponent in industrial environment n 4.31 [35]
Maximum transmit power of sensor 10 dBm
Duration of one time slot 10 ms
Number of time slots 200

Fig. 5. Optimization performance evaluation of DMPSO algorithm.
(a) Initial distribution of particle. (b) Final iteration of particle.

the measurement noise is set to 3, = 0.04 [5], in accordance
with the inclination calculation principles mentioned earlier.

To assess the optimization performance of our proposed
DMPSO algorithm, we employ the Monte Carlo simulation
as a benchmark and analyze the trend of estimation perfor-
mance variations under different weight factors and slice reser-
vation ratios. As illustrated in Fig. 5, for both scenarios, the
optimization performance indicators initially decrease and then
increase as the transmission and computing reservation ratios of
Slice D (denoted by 5p and yp, respectively) rise. This pattern
indicates the presence of an optimal value for the interslice
transmission and computing RB reservation ratios that minimize
the overall estimation error. The optimal value is highlighted
with a red star in Fig. 5(a).

To determine the theoretical optimal value, we utilize the
DMPSO algorithm to perform particle swarm iterations, yield-
ing optimal weight factors, which are then substituted into (26)
and (31), resulting in Sp = 0.3117 and 7p = 0.1789. After
quantization, the optimal transmission and computing RB reser-
vation ratios of Slice D are 8}, = 0.33333 and v}, = 0.16667,
respectively. These values align closely with the red star obtained
experimentally. As shown in Fig. 5(b), the particle swarm con-
verges around the red star, further validating the optimality of
our proposed theorem. The convergence of the DMPSO algo-
rithm is effectively demonstrated in Fig. 6(a), where it reaches
convergence in about 35 iterations, a rate that is both efficient
and satisfactory.

Furthermore, to verify the advantage of using dynamic weight
factors in the DMPSO algorithm, we compare it with the ran-
dom weight factor and average weight factor algorithms. As
depicted in Fig. 6(b), although the estimation error variance of
all algorithms increases with the number of slices, our proposed
algorithm consistently outperforms the others. This superior

erformance is attributed to the dynamic adt]'ustment of slice
arch 07,2025 at 14:16:59 UTC from IEEE Xp¥ore. Restrictions apply.
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Fig. 6. (a) Convergence performance evaluation of DMPSO algorithm.
(b) Performance evaluation with varying numbers of slices.
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Fig. 7. Real-time performance evaluation with different estimation
schemes. (a) Estimation error variance trend. (b) AoT trend.

weights during resource reservation, which maintains the het-
erogeneous QoS requirements of each slice and meets estimation
convergence criteria, even as the number of slices changes.

B. Performance Comparisons Among Different Schemes

The DMPSO algorithm enhances traditional particle swarm
optimization to simultaneously achieve optimal solutions for
multidimensional variables for the ASN scheme. To emphasize
slice association features rather than the technical specifics of
the DMPSO algorithm, we refer to our proposed approach as
the “ASN scheme” in the following discussion. We then provide
a comprehensive evaluation of its performance across various
dimensions. First, we assess the effectiveness of joint estimation
within the ANS scheme. We compare it against the contact
angle measurement (CAM) scheme [4] and the noncontact angle
measurement (NAM) scheme [5], both of which rely exclusively
on inclinometers and cameras for angle measurement, utilizing
all available resources.

The real-time performance evaluation with different schemes
is illustrated in Fig. 7. Comparing with Fig. 7(a) and (b), we
can see that although the AoT performance of the ANS scheme
is between the CAM and NAM schemes, its estimation perfor-
mance outperforms the remaining two schemes. This demon-
strates that the ANS scheme balances the advantages of high-
precision observations from the camera and dense sampling of
the inclinometer, mitigating the impact of observation noise and
temporal effects on the estimation error, as described by (17) and
(18). These observations are further supported by the average
performance shown in Fig. 8(a) and (b) over 200 time slots.

To accomplish the estimation task, the two slices must allocate
RBs effectively while adhering to the nonsharing principle of
network resources. The effectiveness of associated reservations
in the proposed ANS scheme is also evaluated. Refer to related
research [23], [24], [25], [26], the following benchmark algo-
rithms that ignore slice association are considered for perfor-
mance comparison.

2021

cAM NAM ANS, CAM NAM ANS

(a) (b)

Fig. 8. Average performance evaluation with different estimation
schemes. (a) Average estimation error. (b) Average AoT.

Fig. 9. Real-time performance estimation with different slicing
schemes. (a) Estimation error variance trend. (b) AoT trend.
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Fig. 10. Average performance evaluation with different slicing
schemes. (a) Average estimation error. (b) Average AoT.

1) Best AoT reservation (BAR) scheme: The network re-
sources are assigned to the slice with high AoT after
meeting the heterogeneous QoS requirements.

2) Equal resource reservation (ERR) scheme: The network
resources are equally assigned to all slices after meeting
the heterogeneous QoS requirements.

3) Random resource reservation (RRR) scheme: The net-
work resources are randomly assigned to all slices after
meeting the heterogeneous QoS requirements.

Fig. 9 illustrates the real-time performance, including the
estimation error variance and AoT, at different time slots with
different estimation algorithms. As shown in Fig. 9(b), the
proposed ANS scheme significantly outperforms the ERR and
RRR algorithms, but performs slightly lower than the BAR
solution. This can be attributed to the ANS scheme considering
not only the QoS requirements and resource constraints but
also the potential interaction among slices to guarantee bal-
anced resource reservation with good estimation performance.
Although the BAR algorithm can achieve good cost performance
at some time slots in Fig. 9(a), the proposed ANS scheme
consistently outperforms the benchmark algorithms with
the lowest cost. This performance improvement is attributed to
the consideration of interslice association in resource allocation,

Authorized licensed use limited to: University of Waterloo. Downloaded on March 07,2025 at 14:16:59 UTC from IEEE Xplore. Restrictions apply.



2022

which optimally balances the tradeoff between estimation accu-
racy and timeliness. To further demonstrate the performance of
different algorithms, the average performance of the estimation
error variance and AoT is also provided, as shown in Fig. 10.

VI. CONCLUSION

In this article, we introduced a novel association-oriented
network slicing architecture to address the coupling effect of
different QoS devices on overall performance in joint estimation
systems. By analyzing the influence of AoT on slice estimation
performance, we demonstrated that the slicing problem, aiming
to minimize the system estimation cost, can be optimized using
a linear function of the average AoT. To achieve this, we pro-
posed a DMPSO algorithm to determine the optimal estimation
weights and reservation decisions. This approach has led to im-
proved system performance and resource utilization, enhancing
the efficiency and effectiveness of industrial monitoring, smart
manufacturing, and production control processes. Despite these
advancements, the current approach primarily considers ho-
mogeneous intraslice resources. However, real-world industrial
scenarios often involve varying resource demands due to factors
such as geographical locations or environmental conditions.
To better align with these complexities, future research will
focus on optimizing resource orchestration in heterogeneous
network environments and addressing the challenges of work-
load management across multiedge devices.
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