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Abstract—Compared with traditional latency, age of informa-
tion (Aol) is regarded as a more sufficient metric to measure
the freshness of information. In this paper, we investigate the
Aol-aware unmanned aerial vehicle (UAV) aided multi-access
edge computing (MEC) system, where the UAVs, equipped with
MEC servers, provide computing service to the ground IoT
devices, which have heterogeneous average peak Aol (APAol)
requirements. According to the Poisson process model, the
probabilistic LoS channel model and the M/D/1 queue model, the
APAoI of each IoT device is derived, which involves the hovering
locations of the UAVs and the communication and computing
resources. Then, considering the APAol requirements of the
IoT devices, we formulate the energy consumption minimization
problem, in which the offloading strategy and the transmit
power of the devices, and the communication and computing
resources allocation as well as the hovering locations of the UAVs
are jointly optimized. The formulated optimization problem is
non-convex. To efficiently solve it, we decompose it into five
subproblems and propose an alternative algorithm based on the
traditional mathematical method, KKT conditions, and successive
convex approximation technique. Extensive simulation results
are provided to show the performance gain of the proposed
algorithm.

Index Terms—Age of information, unmanned aerial vehicle,
multi-access edge computing, resource allocation.

I. INTRODUCTION

HE unprecedented proliferation of Internet of Things
T (IoT) devices leads to the explosive growth in the num-
ber of computation-intensive and latency-sensitive applica-
tions, such as face recognition, automatic navigation, and
virtual/augmented reality [1]. However, IoT devices are nor-
mally equipped with limited battery capacity and computing
capability, which may not meet the requirements of these so-
phisticated applications. Although cloud computing can relieve
the workload of IoT devices, the massive offloading data raises
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the load of the core network, thereby increasing the computing
latency.

Multi-access edge computing (MEC) is regarded as a
promising technology to alleviate the network congestion
and improve the computation efficiency, through deploying
computing resource at the edges of networks in proximity to
IoT devices [2]. Usually, MEC servers are configured in the
base stations (BSs) and access points (APs). By offloading the
computing tasks to the nearby infrastructures, the round-trip
latency and the energy consumption of the IoT devices can be
effectively reduced [3]. However, the locations of these ter-
restrial infrastructures are fixed, and their coverage is limited.
The quality of computing service can not be guaranteed in
the scenarios with remote IoT devices or sparsely distributed
infrastructures.

Fortunately, due to the high flexibility and maneuverability,
unmanned aerial vehicles (UAVs) provide a solution to the
above issues. Carrying MEC servers, UAVs can act as aerial
computing platforms to provide resilient and reliable comput-
ing service for ground IoT devices [4]. The locations of UAVs
can be configured according to the requirements of network
applications. Through allocating the resource of UAVs reason-
ably, the system performance can be significantly improved.
Owing to these exclusive characteristics, UAVs have been
widely employed in various scenarios, such as environmental
monitoring, traffic surveillance, and aerial imaging [5].

So far, the research on MEC systems mainly focuses on the
latency caused by the communication, queuing, and comput-
ing. The latency of information refers to the time elapsed from
the start of transmission to the completion of execution, which
is not a sufficient measurement of freshness [6]. However, the
freshness of the computing tasks’ information is also crucial
for the systems where the status updates must be disseminated
timely, such as intelligent transportation and remote surgery
systems [7]. To characterize the freshness of information,
a new metric, called age of information (Aol), has been
proposed [8], which is defined as the time elapsed since the
generation of the latest processed computing task in MEC
systems.

A. Related Work

As a key technology to provide efficient computing service
for IoT devices, MEC has been extensively investigated. The
main focuses are the energy efficiency [9] [10] and the
latency [11] [12]. The research fields include vehicular edge
computing systems [13] [14], wireless power transfer (WPT)
enabled MEC systems [15] [16], and non-orthogonal multiple



access based MEC systems [17], etc. Given the paramount
significance o f c ommunication a nd c omputing r esources in
MEC systems, prior literature has predominantly focused on
the joint allocation of these resources.

Due to the advantage of flexibility and mobility, the configu-
ration of UAVs is more on-demand and diverse compared with
the fixed infrastructures. S ince U AVs c an e fficiently improve
IoT devices’ quality of the experience, the UAV-aided MEC
systems have attracted much attention. However, restricted by
the battery capacity of UAVs and IoT devices, the energy
efficiency i s s till a ¢ hallenge f or U AV-aided M EC systems.
In [18], Pervez et al. proposed an optimization framework to
minimize the energy consumption and latency in a multi-UAV
aided MEC system under time-varying channel. Considering
the channel uncertainty, Mao et al. investigated the robust
and secure task transmission and computation scheme in
multi-antenna UAV-assisted MEC networks, where the UAV is
empowered with MEC and relay functions [19]. In [20], Dai
et al. studied the energy-efficient s chedulingina UAV-and-
BS hybrid enabled MEC system where the computing tasks
can be executed locally, offloaded to the UAVs directly or the
BS indirectly. By integrating WPT into traditional systems,
Hu et al. proposed a wireless-powered UAV-assisted MEC
architecture to support the energy consumption of MEC, in
which the UAV functions as a MEC server and an information
and energy relay [21].

In the field of UAV-aided systems, the latency is commonly
regarded as the metric [22]-[25]. However, traditional latency
methods are insufficient t o m easure t he r ecency o f d ata re-
ceived. As a more precise metric, the concept of Aol is pro-
posed to characterize the freshness of information. It has been
exploited in many fields, such as vehicular networks [26] [27],
WPT enabled networks [28] [29], and UAV-assisted networks
[30] [31], etc. In MEC networks, Aol has also raised a lot of
attention. In [32], Ning et al. designed a MEC-enabled health
monitoring system and minimized the system cost which relies
on the medical criticality, Aol and energy consumption. Con-
sidering the random energy arrivals, heterogeneous harvesting
modes, and the stochastic transmission and computing process,
Liu et al. investigated an Aol minimization problem in MEC-
assisted WPT-enabled networks and proposed an online age-
aware status update scheme [33]. To guarantee the fair access
and low Aol, Wu et al. proposed a multi-objective optimization
scheme for MEC-assisted vehicle-to-infrastructure networks
[34]. However, there are few researches on the Aol-aware
UAV-aided MEC networks at present. In [35], Qin et al
investigated the Aol-aware scheduling for air-ground collabo-
rative MEC networks to minimize the weighted Aol of users,
considering the computing resource and the UAV’s energy
constraints. To address the security issues in UAV-aided MEC
networks, Wang et al. studied an channel access-based Aol
optimization problem under channel access attacks with a
game theory viewpoint [36]. In [37], Han et al. developed
a UAV-aided intelligent transportation system and minimized
the average peak Aol by optimizing the deployment of UAVs.

In summary, there exists extensive researches on the latency-
oriented UAV-aided MEC networks, but few on the Aol-aware
ones. The rare literature predominantly aims at minimizing

Aol, often overlooking the fact that Aol merely requires stay-
ing below an acceptable threshold. Excessive reduction in Aol
may increase the burden on systems. Additionally, the majority
of the existing works regard the computing resource as a fixed
entity. Only the authors in [35] considered the impact of the
computing resource allocation on Aol. However, they ignored
the influence of the communication resource. In practical
systems, Aol relies on both the communication and computing
resources. To the best of our knowledge, there is still no work
studying the jointly optimization of the hovering locations of
UAVs, the communication and computing resources in the
Aol-aware UAV-aided MEC system.

B. Our Contribution

Different from the above work, we regard the Aol metric
as a requirement of the IoT device. The average peak Aol
(APAO0I) of the devices can not exceed their requirements. In
this paper, we aim to minimize the total energy consumption
of the UAVs and the IoT devices for processing the tasks gen-
erated in unit time by jointly optimizing the offloading strategy
and the transmit power of the devices, and the bandwidth and
computing resource allocation as well as the hovering locations
of the UAVs, subject to the APAol, the communication and
computing constraints. The main contributions of this paper
are summarized as follows.

1) Based on the Poisson process model of the task genera-
tion, the probabilistic LoS channel model of the ground-
UAV links and the M/D/1 queue model, we derive the
mathematical expression of the APAol for each IoT
device.

2) Considering the practical scenario, we treat the APAol of
each IoT device as a constraint rather than an objective. In
the constraint, the offloading strategy, the transmit power
and the channel bandwidth of the devices, as well as
the computing resource and the hovering locations of the
UAVs are all included.

3) With the heterogeneous APAol requirements of the IoT
devices, we formulate the energy consumption minimiza-
tion problem. This is a non-convex optimization problem,
which is difficult to solve directly. To efficiently obtain
the high-quality solution, we decompose the optimization
problem into five subproblems: the offloading strategy,
the transmit power, the frequency bandwidth, the com-
puting resource and the hovering location optimization
problems. The first and the last subproblems are still
non-convex. We solve them through successive convex
approximation (SCA) technique. For the second sub-
problem, it is solved by the traditional mathematical
method. The third and the fourth subproblems are convex
optimization problems, and thus we derive their solutions
through the interoir-point method and the KKT condi-
tions, respectively. Finally, by combining the solutions of
these subproblems, we propose an alternative algorithm.

The reminder of this paper is organized as follows. In

Section II, the Aol-aware UAV-aided MEC system model is
presented and the energy consumption minimization problem
is formulated. The proposed algorithm is presented in Section



Fig. 1. Aol-aware UAV-aided MEC system.

III. Section IV provides numerical results to analyze the
features of the system, and certify the performance of the
proposed algorithm. The conclusion is drawn in Section V.

II. SYSTEM MODEL AND PROBLEM FORMULATION

In this section, we first introduce the Aol-aware UAV-
aided MEC system model. Then, the energy consumption
minimization problem is formulated.

A. System Model

As shown in Fig. 1, consider a multi-UAV aided MEC
system with K UAVs and M ground IoT devices. Each UAV
carries a MEC server to provide computing service for the
IoT devices. The set of the UAVs and the devices are denoted
as KC and M, respectively, and thus the cardinalities of them
are || = K and |[M| = M. Without loss of generality,
the locations of the UAVs and the IoT devices are repre-
sented by the three-dimensional (3D) Cartesian coordinates
ar = [Trykz)” € R and wy, = [Zm, ym, 0] €
R3*1, respectively. We assume that different IoT devices have
different types of computing tasks, and the tasks generated
by one device are the same. Denote D,, as the data size
of each computing task generated by the m-th IoT device,
and F,,, = C,,D,, as the number of CPU cycles required
to execute the task, where C,, (in cycle/bit) represents the
number of CPU cycles for computing 1 bit data offloaded
from the m-th IoT device. The computing task generation of
each device can be modeled as a Poisson process with the
generation rate )\, independently. It is assumed that once the
tasks are generated, the devices transmit them to the UAV
immediately. Hence, the arrival of each device’s tasks at the
UAV is also a Poisson process with arrival rate \,,.

B. Communication Model

We adopt the probabilistic LoS channel model for the
ground-air links [38], where the channel is modeled as a com-
bination of LoS and NLoS links. The occurrence probability of
LoS link depends on the elevation angle and the propagation
environment. Assuming that the antennas on the UAVs and the
IoT devices are placed vertically, the LoS probability is given
by

1
PLOS _ 1
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where a and b are the constants determined by the en-
vironment, and 6, = 2 arcsin( 7=) is the elevation

™

angle between the m-th IoT device anrdn'the k-th UAV, with

dm,k = ||9x —Wm|| denoting the distance between them. Then,
the NLoS probability is obtained as P15 =1 — PL%7.

The LoS and NLoS channel power gain between the m-th
IoT device and the k-th UAV are respectively given by [39]

LoS __ - NLoS __ —a
Wk = P03 s Mapi” = Kpod, i )

where pg is the path loss at the reference distance dy = 1m,
K < 1 is the additional attenuation factor due to the NLoS
propagation, oy, and ap are the LoS and NLoS path loss
exponents respectively. Then, the achievable rate between the
m-th IoT device and k-th UAV under the LoS and NLoS states
can be respectively expressed as

P hLog
LoS mTm,
=Bl 1+ —
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where B,, i, is the channel bandwidth that k-th UAV allocates
to the m-th IoT device, p,, is the transmit power of the m-
th IoT device, and v = ]’ff—‘(') with Ny representing the power
spectral density of the additive white Gaussian noise (AWGN)
at the receiver. As a result, the expected rate between the m-th
IoT device and k-th UAV can be expressed as

Ry e = B[R k] = Prfi Rl + Pt Rplio®. (5)

m,

It is assumed that each computing task offloaded from
one IoT device can be partitioned into several smaller-size
tasks that can be separately offloaded to multiple UAVs, and
executed in parallel [40]. The offloading strategy of the m-th
IoT device is denoted as a,, x, which represents the proportion
of each task offloaded from the m-th IoT device to the k-th
UAV. Therefore, the duration for the m-th IoT device to offload
one computing task to the k-th UAV is
am,k-D m

R’m,k
Then, the energy consumed by the m-th IoT device to offload
a task to the k-th UAV can be obtained as

Qm kD m
EQ, = py—=rm 7
m,k p R ( )

m,k

o _
Tm,k -

(6)

C. Computing Model

The procedure of task execution consists of three parts:
offloading, queuing, and computing, as shown in Fig. 2. In
the offloading part, the IoT devices are assumed to transmit
data in non-overlapping frequency bands through frequency
division multiple access (FDMA). It is also assumed that the
UAV cache is divided into M sub-caches, each serving as a
queue for a type of task, i.e., an IoT device. Therefore, in
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Fig. 2. Workflow of task offloading.

A, (1)

Fig. 3. Aol of the m-th IoT device.

the queuing part, the tasks of each IoT device are temporarily
stored in its queue, then executed under first-come-first-served
(FCFS) discipline. Denoting fy,,  as the CPU frequency (in
Hz) used by the k-th UAV to execute the tasks offloaded from
the m-th IoT device, the computing duration can be expressed
as

am,kF m

fm,k ’

Then, the energy consumption of the k-th UAV for executing
a task of the m-th IoT device can be obtained as

c  _
Tm,k -

®)

ES . = nam i Fnfo i 9)

where 77 denotes the effective switched capacitance.

As for the computing part, the MEC server processes the
tasks received from different queues simultaneously. Under
this workflow, given the transmit rate and computing resource
allocation, the offloading and the computing duration of each
task are deterministic. Hence, this is an M/D/1 queue model,
in which the average waiting time of the tasks generated by
the m-th IoT device is given by

A

w m

k= —~ — . (10)
a,ik;m (ar,i,k’;m —Am)

D. Aol Model

Aol is a metric that measures the freshness of the informa-
tion generated by the IoT devices. The Aol of the m-th IoT

device at time ¢ can be given by

where d,,(t) denotes the time when the latest executed task
of the m-th IoT device is generated. As shown in Fig. 3, we

denote t,, , and t7,, ,, as the times that the n-th task of the m-
th IoT device is generated and executed, respectively'. Then,
the inter-generation time between two consecutive tasks of the
m-th IoT device can be expressed as

Xm,n = tm,n - tm,n—h (12)

and the processing duration for the n-th task of the m-th IoT
device can be expressed as

13)

Since the task generation of the m-th IoT device is mod-
eled as a Poisson process with rate A,,, its task generation
interval X,, , is an independent and identically distributed
(i.d.d.) exponential random variable with E[X,, ,,] = 1/An,.
Moreover, as mentioned in Section II-C, the execution duration
is composed of three parts. Therefore, the average execution
duration for the tasks of the m-th IoT device can be expressed
as E[T,,n] = max{Tf,fy,€ + T),/Kk + Tg,k,Vm € M,Vk € K}.

The peak Aol is the Aol when the execution of a task is
completed. Observing from Fig. 3, the peak Aol of the n-th
task from the m-th IoT device can be derived as

Am,n = Xm,n + Tm,n- (14)

Then, the APAol of the m-th IoT device can be obtained as

1

N
3 A= i

=E[X,n] +7E [Ton,n]-

T, =

5)

E. Problem Formulation

We aim to minimize the total energy consumption of the
system for executing the tasks generated in unit time by jointly
optimizing the offloading strategy A = {a, , Vm € M,Vk €
K}, the transmit power P = {p,,,¥m € M}, the frequency
bandwidth B = {B,, 1,Ym € M,Vk € K}, the computing
resource F = {f,, x,Vm € M,Vk € K}, and the hovering
location Q = {qi,Vk € K}. The optimization problem is

IThe n-th task is one of the tasks generated by m-th IoT device. Since one
device generates only one type of task, the data size of the tasks generated
by one device are the same. Therefore, the size of the n-th task of the m-th
10T device is Dy,.



formulated as

M K

+ES 16
il q 2 22 (Fs ) 1o
S.t. Qmin < Ak < Qmaz, Yk € K, (16a)
||CIk - qj” > d?nznvv'lC € ]Cvj 7£ k? (16b)
0<amr <1,Yme M,Vk € K, (16¢)
> ami > 1,YmeM, (16d)

k=1
fm,k > >\mam,ka,vm S M,Vk € ’C, (16e)

M
me,k SfmaMVkE’Cv (16f)

m=1
By > 0,Ym e M,Vk € K, (16g)

M
Y Buk < Buas, Vk € K, (16h)

m=1
0 <pm < Pras, Vm € M, (161)
I < T, Y € M, (16j)

where constraint (16a) restricts the hovering range of the UAVs
with Amin = [xmina Ymin, Zmin]T € RSXI and Qmaz =
[Timazs Ymaz, Zmaz)’ € R3XL, constraint (16b) is the collision
avoidance constraint with d,,;, denoting the minimum inter-
UAV distance, constraint (16d) ensures that the computing
tasks of each device are completely offloaded, constraint (16e)
is the queue stability constraint that guarantees a finite queue,
constraints (16f), (16h) and (16i) ensure that the allocation
of the computing resource, frequency bandwidth and transmit
power can not exceed their maximum value, with f,,42, Bmaz
and P,,,, representing the maximum CPU frequency, channel
bandwidth and transmit power, respectively, and constraint
(16j) is the APAoI tolerance constraint which limits the APAol
of each IoT device below their maximum tolerance, with 7,
denoting the APAol requirement of the m-th IoT device.

Note that problem (16) is a non-convex optimization prob-
lem, which is difficult to obtain the optimal solution efficiently
due to the non-convexity of R,,. To tackle this difficulty, in
the following, we propose an alternative algorithm to obtain a
high-quality solution.

III. PROPOSED SOLUTION TO PROBLEM (16)

Since the achievable rates under LoS and NLoS states are
coupled through the LoS probability in (5), R, x is a highly
complicated function with respect to the hovering locations.
However, the NLoS component is much smaller than the
LoS component in Rmﬁk, due to the additional attenuation
factor k and the larger path loss exponent oy [41]. To tackle
the complicated R, and guarantee the completion of the
computing tasks, we approximate the expected rate to its lower
bound as [41], which is given by

R > PEYREY = Ry . (17)

Then, problem (16) is transformed into

0
APBFQmZU; Emk+Em,k) (18)
s.t. (16a) — (161),
Do < T, ¥ € M, (18a)

a'rn,anl

where E O
T

and I'y, = &~ + max{T)9, +
_ Gm, anL
m, k: - R

= Pm
m,k

1. k,Vk € K} with T,

Then due to the existence of the max1mum function max{-}
in constraint (18a), problem (18) is difficult to solve. To
address this issue, we further transform the problem into a
more tractable form as follows.

M K
. c ~0
P,B,F,Q Z Z(Em,k‘ + Ech

min
m=1k=1
s.t. (16a) — (16i),
Dk < T, Vi € M, Vk € K,

) 19)

(192)

where @, = 1/, + Tgk + T};Kk + Tg,k. It is noted
that problem (19) is still a non-convex problem. To solve it
efficiently, we decompose problem (19) into five subproblems:
the offloading strategy, the transmit power, the frequency
bandwidth, the computing resource, and the hovering location
optimization problems.

A. Offloading Strategy Optimization

Given any feasible transmit power P, frequency bandwidth
B, computing resource F, and hovering location Q, problem
(19) is transformed into

M K
: c O
m‘ol‘nynzﬂ I;(Emk + Em,k)
s.t. (16¢) — (16e), (19a).

(20)

To address the non-convexity of the constraint (19a), we
introduce the slack variable X = {x,, x, ¥m € M,Vk € K}.
Then, problem (20) is transformed into

i Z Z 0% @1
m 1k=1
s.t. (16¢) — (16e),
1 >\m C
T+ka+2x + 1, kS Tm,
Vm e M,Vk € K, (21a)
< 2 2 _
XTI’L,k - CLranF"m CLranF"m Am)’
vm € M,Vk € K. (21b)

However, constraint (21b) is still non-convex. To address this
issue, SCA technique is adopted to approximate the right-
hand-side (RHS) of the inequality in constraint (21b) by a
more tractable function at a given local point in each iteration.

It can be verified that the RHS of the inequality in constraint
(21b) is convex with respective to a,, . Since any convex
function is globally lower-bounded by its first-order Taylor



expansion at any given local point, its lower bound with given
local point ay, ;. in the r-th iteration can be expressed as

fm,k fm,k
a TZF a TZF = Am) = ALk + Q0 p(@m s — ag, ),
m,kL'm Am,kL'm
(22)
where A7, = G (Glmie — M) and @, =
fm,,k(>\7nF a;n k_2fm,k)

3 = are constants.
2 (ay, ,)°
With any given local point a, , and the lower bound

expression in formula (22), problem (21) is approximated as

(23)

mln E § Om kAm k

X =11
s.t. (16¢) — (16e),
1
Ym € M,Vk € K,
Xmk < Apy i+ Qi (@ — any 1),
Ym € M,Vk € K,

< Tm,

m,kQm k +
Xm,k

(23a)

(23b)

_Pm

where Oy, 1 = m nmem e and Yo, p = D | P

are constants. Note that the objective function ang %oknstre{lwrlltks
(16c), (16d), (16e) and (23b) are linear, and constraint (23a)
is convex. Therefore, problem (23) is convex, which can be
solved by standard optimization method, such as the interior-

point method.

B. Transmit Power Optimization

Given any feasible offloading strategy A, frequency band-
width B, computing resource F, and hovering location Q,
problem (19) is transformed into

(24)

M K
mlnz ZE’,%
4. G < 7

, < Pz, Vm € M,VE € K,

(24a)

where G, =
Am kD
B b PEE (Tn— <o — T —TC

thermore, we have the followmg lemma.

(QHM — 1) Bm,kdz,fk/% with H,,, =
being positive constant. Fur-

Lemma 1: The objective function is monotonically increas-
ing with respect to py,.

Proof: Please refer to Appendix A. ]

Based on Lemma 1, the solution of problem (24) can be
obtained at the minimum transmit power C,, j that satisfies
constraint (24a). Otherwise, p,, can always be decreased to
decrease the objective value. Therefore, the solution can be
expressed as

pr, = max {Cp k, Yk € K} . (25)

C. Frequency bandwidth Optimization

With any given feasible offloading strategy A, transmit
power P, computing resource F, and hovering location Q,
problem (19) is transformed into

(26)
s.t. (16g), (16h), (19a).

It can be verified that this is a convex optimization problem,
which can be solved by standard method, such as the interior-
point method.

Remark I: The bandwidth of each UAV is entirely allocated
to the IoT devices. With the increase in frequency bandwidth,
the energy consumption gradually decreases and approaches
an asymptotic constant.

Proof: Please refer to Appendix B. |

D. Computing resource Optimization

With any given feasible offloading strategy A, transmit
power P, frequency bandwidth B, and hovering location Q,
problem (19) is transformed into

M K
: c
Hiln Z Z E
m=1 k=1
s.t. (16e), (16f), (19a).

27

It can be verified that this is a convex optimization problem.
The solution of this problem can be obtained through KKT
conditions as follows.

(T kA + 1) 4 /T2 A% 4+ Nam x Fr,

f:;z,k' = 2Jm,k ’ (28)
where Jy, 1 = T — - — 1., is a positive constant.
Proof': Please refer to Appendix C. ]

E. Hovering location Optimization

With any given feasible offloading strategy A, transmit
power P, frequency bandwidth B, and computing resource
F, problem (19) is transformed into

mlnz ZE

m=1 k=1

s.t. (16a), (16b), (19a).

(29)

Note that this problem is still non-convex due to the coupling
between the horizontal and vertical coordinates of the hovering
location. Therefore, we further decompose problem (29) into
the horizontal and vertical coordinate optimization problems.



1) Horizontal coordinate optimization problem: Given any
feasible vertical coordinate zj, problem (29) is transformed
into

M K
. O
min Y Y ED,

(30)
U =1 k=1
s.t. (19a),
alin < aff < gl VE €K, (30a)
lay —a}lI> > D" Vk € K, j # k, (30b)

where qff = [z, y,]T € R?*! denotes the horizontal coordi-
nate of the k-th UAV’s location, q”; = [Tmin,Ymin]’ €
R2*! and q",. [Tmazs Ymaz) T € R2X! denote the
horizontal hovering range, and D" = d2,. — (21, — 2;)? is
constant. Then, we introduce slack variables ji,, 5, and 6,, .,
VYm € M, Vk € K, and thus problem (30) is transformed into

M K a D
min Zmeim’k m

I 31
st ks Omk P Hm K
s.t. (30a), (30b),
m -Dm
“M’L < Sy, Vm e MYk €K, (3la)
m,k
fim g < By i, ¥Ym € MYk € K, (31b)
180
O < — arcsin(z—k),
™ dm,k
Vm € M,Vk € K, (3lc)

where Sy, = T — ﬁ — Tn‘i[fk — Tnc;k. It can be verified
that the objective function of problem (31) and Rmyk are
monotonically decreasing and increasing with respect to (i,
and 0, i, respectively. Therefore, at the optimal solution of
problem (31), the constraints (31b) and (31c) can be met with
equality, otherwise the objective value of problem (31) can
always be decreased by increasing 6., , and i, ,. Therefore,
solving problem (31) is equivalent to solving problem (30).

In problem (31), constraints (30b), (31b) and (31c) are
still non-convex due to the non-convexity of Rm,k and
180 arcsin 72—). To address this issue, SCA technique is
adopted to af)nf)roximate them respectively by a more tractable
function at a given local point in each iteration.

It can be verified that the left-hand-side (LHS) of constraint
(30b) is convex with respect to q} and q?, which is globally
lower-bounded by its first-order Taylor expansion at any given
local point. Therefore, its lower bound at the given local points

qZ’T and q;-”' in the 7-th iteration can be given by

h h h, h,
lap —af* > = lay" —a;" |17

+2(ap" —a)) (ap —af) = 4. (32)

To address the non-convexity of constraint (31b), we first
introduce a lemma as follows.

Lemma 2: Given A; > 0 and Ay > 0, ¢(t1,t2) =
‘?—11 logy (1 + ?—22) is a convex function for ¢; > 0 and t2 > 0.

Proof: Please refer to Appendix D. ]

Based on Lemma 2, it can be verified that Rm, k 1S a convex
function with respect to 1 + aexp(—b[0y, , — a]) and dp .

Hence, the lower bound of Rmk at the given local point

q" = [z}, y5)T € R**! and 07, , in the r-th iteration can be
expressed as

Rm,ks ZR;J@ - é,k(d”mfk - (d:n,k)aL)
— I, wa(exp(=b[b, k — a]) — exp(=b[by, \, — al))

= Rﬁ’%k’ (33)

where  dj, . = ||QZ’T - W, R:n,k =
B, m _

1+a exp(—b[zm,k—(l]) 10g2(1 + W)’ I;;lk N
(1+a exp(fz)n[bkm,k7(1]))2 10g2(1 + W)’

vr B, kPmY
m,k In2(1+aexp(=b[0m,k—a]))(d}, ;)L [Bm,k(d], ;)L +pm7]

are positive constants.

Similarly, since the RHS of the inequality in constraint (31c)
is convex with respect to d,, i, its lower bound at the given
local point qZ’T in the r-th iteration can be expressed as

180 L2k
arcsm( ) > Qrm,k - O:n,k(dm,k - d:n,k)7
Q m,k

(34)

where

Qrr = Elarcsin(z2-),
m,k

s

are positive constants.

r j—
and Om,k =
Zk

- B
(dmvk)r“\/l‘ﬁ

m,k
According to the lower bounds expressions in (32), (33) and
(34), with any given local points qZ’T and 07, ., problem (31)
can be approximated as

M K a D
min Zmeim’k m

(35)
Lot e Om e 5= 1 .k
s.t. (30a), (31a),
Ayt > D" VkeK,j #k, (352)
ftme < R ¥me M,VE €K, (35b)
Omi < Qi — On i (dm ke — dyy 1)
VYm e M,Vk € K. (35¢)

Since the objective function and the constraints are all convex,
problem (35) is a convex optimization problem. Therefore, the
solution can be obtained by the interior-point method.

2) Vertical coordinate optimization problem: Given any
feasible horizontal coordinate xj and yi, problem (29) is
transformed into

M K
: /0
min E E E;k

(36)
m=1 k=1
s.t. (19a),
Zmin S 2k S zma:ka S K:7 (363-)
(2 — 2j)> > D", Vk € K,j # k, (36b)

where DV = dpin — [[qf — q}||? is constant. Note that this
problem is similar to problem (30). Hence, a similar approach
can be adopted to solve problem (36), i.e., introducing slack
variable and applying SCA technique. In this way, given the
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Algorithm 1 Overall algorithm for problem (18)
1:r<+0
2: Initialize the offloading strategy ay,, ., the transmit power
P the frequency bandwidth By, .. the computing re-
source fy, ;. and the hovering locations of the UAVs q;.
3: repeat
4. Solve problem (23) with the local points py,, By, .
Jm.r and g by the interior-point method, and obtain
the solution ag, ..
5. Update the local point a] "} « aZ, .
6:  Solve problem (24) with the local points a:f;, B:;L’ ko>

f;’k and qj by formula (25), and obtain the solution
Prn-
Update the local point p/ ! < p .

8:  Solve problem (26) with the local points afnﬂi, p:n“,
Jmx and qj by the interior-point method, and obtain
the solution B}, .

9:  Update the local point B::'; < By i

10:  Solve problem (27) with the local points armf;, p:n‘”,
B;j,i and qj, by formula (28), and obtain the solution

m,k*
11:  Update the local point f7H! « fx .
; ’ r+1

12:  Solve problem (29) with the local points a, ", p:n“,
B;j,i and f:r:“kl by solving problems (35) and (37), and
obtain the solution qj.

13:  Update the local point g

14 r+nr+1

15: until The objective value converges.

— qi.

local points z;; and ¢, , in the r-th iteration, problem (36)
can be transformed into

M K a D
. m,km
min " —————— 37
Zk-,VnL,k1¢7n,k "LZ:l ;p qu,k ( )
s.t. (36a),
— (21 = 2))* +2(2; — 2}) (21 — 2) = D7,
VkeK,j#k, (372)
m Dm
“I;L < S, VmeMNYkeKk,  (37b)
m,k
Vimp < R . ¥m € M, Vk € K, (37¢)
1
G < 180 arcsin(z—k),
m m,k
Ym € M,Vk € K, (37d)

where the LHS of the inequality in constraint (37a) is the lower
bound of that in constraint (36b) at the given 2z, and erﬁk
is the lower bound of R,, at the given z; and ¢y, .. They
are obtained by the SCA technique similar to formula (32)
and (33), respectively. In this problem, the objective function
is convex, constraint (36a) is linear, and the other constraints
are convex. Therefore, problem (37) is a convex optimization
problem, which can also be solve by the interior-point method.

F. Alternative algorithm

Based on the above solutions, an alternative algorithm is
proposed to solve the original problem (18). According to the
degree of initialization difficulty, this algorithm first optimizes
the offloading strategy A, and then sequentially optimizes the
other variables. First, in the (r + 1)-th iteration, given the
transmit power P”, the frequency bandwidth B”, computing
resource F”, and hovering location Q", problem (23) is solved
to obtain the offloading strategy A"*!. Second, with A1,
B", F", and Q", problem (24) is solved to obtain prtl by
formula (25). Third, with A”T!, P™+! F", and Q", problem
(26) is solved to obtained the B"*! through the interior-point
method. Fourth, with A"+, P™! B! and Q", problem
(27) is solved to obtained the F"*! through formula (28).
Finally, with A™t!, P! B! and F"*!, problem (29)
is solved to obtained Q"' by optimizing the horizontal and
vertical coordinates of the hovering locations, respectively.
The iteration continues until the objective value of problem
(18) converges. The details of the alternative algorithm is
summarized in Algorithm 1.

G. Convergence and Complexity Analysis

It can be verified that the objective value of problem (18) is
non-increasing after each iteration of Algorithm 1. Moreover,
the objective function of problem (18) is lower-bounded by
a finite value. Therefore, the convergence of Algorithm 1 is
guaranteed.

Note that the complexity of Algorithm 1 lies in solving
the problems (23), (26) and (29). They are solved by the
interior-point method. Therefore, their complexities of solv-
ing these problems are roughly given by O(L(2M K)3?),
O(L(MK)3%) and O(L((2MK + 2K)35 + (2MK +
K)3®)), respectively, where L represents the number of it-
erations. Hence, the complexity of the overall algorithm is
O(L((2MK)*® + (MK)3® + (2MK + 2K)*® + (2MK +
K)*9)).

IV. SIMULATION RESULTS

In this section, numerical results are provided to validate
the effectiveness of the proposed algorithm. We consider the
Aol-aware UAV-aided MEC system with M = 10 IoT devices
that are randomly and uniformly distributed within a square
area of 1 x 1 km?. For ease of analysis, the IoT devices are
assumed to be the same, i.e., they have the same parameters:
the task generation rate of each device is set as \,, = 1; the
APAOI requirement of each device is set as 7,,, = 50 s; the
data size of the computing task generated by each device is
set as D,, = 10 Kbits; the required number of CPU cycles
for executing 1 bit task is set as C,, = 1000 cycle/bit; the
maximum transmit power of each device is set as Pp,q, = 0.1
W. Then, the vertical coordinate range of the UAV hovering
location is set as [30,100] m. The number of UAV is set as
K = 3. The maximum channel bandwidth and CPU frequency
of each UAV are set as B, = 20 MHz and f,,4. = 10 GHz,
respectively. The channel power gain at the reference distance
of dy = 1 mis pgp = —60 dB. The LoS and NLoS path
loss components are oy, = 2.5 and ooy = 3.5, respectively.



TABLE I
SIMULATION PARAMETERS
Parameter Description Value ‘
M Number of IoT devices 10
K Number of UAVs 3
Am Task generation rate 1
Dy, Computing data size 10 Kbits
Tm APAoI requirement 50 s
Cm for exceuting 1 b duta | 1000 exclemit
Prax Maximum transmit power 0.1 W
Bmaz Maximum channel bandwidth 20 MHz
fmaz Maximum CPU frequency 10 GHz
P | the reference distanee of 1m | 00 9B
arg, LoS path loss component 2.5
an NLoS path loss component 3.5
Environment parameter 11.95
b Environment parameter 0.14
No Noise power spectral density -169 dBm/Hz
n Efficient switched capacitance 10—26
€ Convergence accuracy 106
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Fig. 4. Convergence of Algorithm 1.

The environment parameters are ¢ = 11.95 and b = 0.14.
The power spectral density of the noise at the receiver is
Ny = —169 dBm/Hz. The effective switched capacitance is
n = 10726, The convergence accuracy of the Algorithm 1
is € = 1075, Unless otherwise stated, the main simulation
parameters are summarized in Table 1. For ease of expression,
the energy consumption mentioned in this section refers to
the energy expended by the UAVs and the IoT devices in
processing tasks generated within a unit time.

For analysis, we consider other three algorithms: 1) Max-
imum transmit power (MTP) algorithm: all the IoT devices
offload data at the maximum power; 2) Random hovering
location (RHL) algorithm: the UAVs hover at any feasible
locations; 3) Equal task assignment (ETA) algorithm: the tasks
of each IoT device are equally offloaded to the UAVs.

First, the convergence of the proposed algorithm is shown

in Fig. 4. It can be observed that the objective value decreases
quickly and the proposed algorithm can converges in a few
iterations. This demonstrates the convergence analysis in Sec-
tion III-G.

For ease of expression, we define the energy minimization
schemes with Aol and latency constraints as Scheme I and
Scheme II, respectively. The average APAol of the IoT devices
in these schemes is plotted in Fig. 5. It can be observed
that the average APAol of Scheme I consistently meets the
APAoI requirements of the IoT devices, and is lower than
that of the Scheme II. The reason is that Scheme I needs
to minimize the energy consumption while considering the
APAOoI requirements of the IoT devices. By contrast, Scheme
I minimizes the energy consumption just considering the
average latency of the tasks offloaded by the IoT devices,
which results in large APAol of the devices. Moreover, one
can also see from Fig. 5 that the average APAol decreases
with the increase in the maximum frequency bandwidth and
the number of UAVs, but increases as the other parameters
increase. That is because more bandwidth and UAVs results
in more communication and computing resources, but more
data size, task generation rate and number of IoT devices
results in more workload. With more resources, these schemes
can reduce the APAol of the devices by reasonably allocating
the resource. However, with more workload, limited resource
increases the APAol of the devices.

Then, we also simulate the energy consumption under
these schemes. However, the difference in energy consumption
between Scheme I and Scheme II is marginal. To illustrate the
performance of these schemes clearly, we only present some
representative results in Fig. 6. Notably, the energy consump-
tion in Scheme I and Scheme II appears proximate. However,
Scheme I demonstrates slightly higher energy consumption.
Consequently, in Scheme I, the IoT devices achieve a lower
APAoI while the system consumes similar energy with that in
Scheme II.

To demonstrate the analysis of the bandwidth allocation in
Remark 1 of Section III-C, we simulate the proposed algorithm
with respect to the maximum frequency bandwidth of each
UAV under different APAol requirements. The results are
depicted in Fig. 7. As can be seen, the energy consumption
decreases as the maximum bandwidth increases, and the rate
of decrease progressively diminishes. This is consistent with
the analysis in Remark 1. Since all the bandwidth is allocated
to the IoT devices, the bandwidth allocated to each device
increases with the increase in the maximum bandwidth. This
reduces the offloading duration, and thus decreasing the energy
consumption. However, the impact of the bandwidth on the
energy consumption is limited. As the maximum bandwidth
continuously increases, the energy consumption gradually ap-
proaches a constant value. Moreover, it can be also observed
from Fig. 7 that the energy consumption of the system with
low APAolI tolerance is larger than that of the system with high
APAOI tolerance, and the system with low APAol tolerance
exhibits a slower convergence of energy consumption. The
reason is that the system with low APAol tolerance needs more
resource to meet the APAol requirements of the IoT devices,
which increases the energy consumption. Furthermore, more
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allocated resource (i.e., the transmit power) leads to the
increase in the numerator of the energy consumption Eg i for
offloading, thereby decelerating the convergence of the eflergy
consumption.

To valid the effectiveness of the proposed algorithm, we
compare it with three other algorithms in Fig. 8. Similar
to Fig. 5, the energy consumption increases as the data
size and the number of IoT devices increase. This is due
to the increased demand for communication and computing
resources. Furthermore, from Fig. 8(b), one can see that the
increase rate of energy consumption first increases and then
decreases with respect to the number of IoT devices. This is
because that the system needs to consume more energy to

process the additional tasks generated by the extra devices.
However, as the number of devices continues to increase,
the computing resource is gradually being fully utilized. The
further increase of the number of devices can only results
in a small increase in the energy consumption. In Fig. 8(c),
the energy consumption obtained by the proposed, the MTP
and the RHL algorithms decreases as the number of UAV
increases, but the decrease rate progressively diminishes. The
reason is that the increase in the number of the UAVs implies
the increase in the network resource, and then the tasks of
the IoT devices can be assigned more properly to reduce
the energy consumption while satisfying the their APAol
requirements. However, the resource demand of the system has
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an upper bound. When the resource of the UAVs reaches the
bound, additional resource becomes redundant. Therefore, the
decrease rate of the energy consumption gradually decelerates.
As for the ETA algorithm, the energy consumption increases
with respect to the number of UAVs. That is because the
tasks are assigned equally to the UAVs. The increase in the
number of UAVs may paradoxically reduce the rationality of
the offloading strategy.

Compared with other algorithms, it can also be observed
that the proposed algorithm achieves the best performance in
Fig. 8, since all the resources are optimized in it. In contrast,
the IoT devices always offload at the maximum power in the
MTP algorithm. Although maximum transmit power reduces
the offloading duration, it generates excessive transmission
consumption for the devices close to the connected UAV. As
for the RHL algorithm, the stationary UAVs are equivalent
to the BSs. They can not provide large transmit rate for the
far devices, and thus increasing the energy consumption of
transmission. Furthermore, these devices need more computing
resource to meet their APAol requirement, thereby increasing
the computing consumption. Finally, due to the equal task
assignment, the ETA algorithm can not allocate the resource
of the UAVs properly to the IoT devices. Therefore, these
algorithms perform worse than the proposed algorithm.

V. CONCLUSION

In this paper, we have investigated the Aol-aware UAV-
aided MEC system, where the UAVs provide computing
service for the ground IoT devices with heterogeneous APAol
requirements. Based on the Poisson process model, the prob-
abilistic LoS channel model and the M/D/1 queue model, we
have derived the mathematical expression of the APAol for
each IoT device. It consists of four parts: task generation
interval and the duration of transmission, waiting, and com-
puting. Then, we have formulated the optimization problem to
minimize the energy consumption of the system for executing
the tasks generated in unit time by jointly optimizing the
offloading strategy and the transmit power of the devices, and
the bandwidth and computing resource allocation as well as

the hovering locations of the UAVs, subject to the APAol,
hovering location, communication and computing constraints.
This is a non-convex problem, and thus being challenging to
solve. As such, to solve the original problem efficiently, we
have decomposed it into five suproblems and proposed an iter-
ative algorithm to alternatively solve these subproblems, based
on the traditional mathematical method, the KKT conditions,
and the SCA technique. Numerical results have shown that
the energy minimization scheme with APAol constraint has
advantages, and the proposed algorithm can reduce the energy
consumption compared to the benchmark algorithms.

APPENDIX A
PROOF OF LEMMA 1

Define f(x) = logy(l + ) — fzi7zy- The first-order
derivative of f(z) is given by f/(z) = p555yz- Note that
f'(x) > 0 for z > 0. Therefore, f(x) is a monotonically
increasing function for z > 0. Since f(0) = 0, one can have
f(z) >0 for x > 0.

Then, let Q = Y0, 3", EO . The first-order deriva-
tives of 2 with respect to p,,, is given by

X, kPm
o0 f: 108y (1 4+ Xim kPm) = morixr ) 38)
Opm = U, k[logy(1 + Xim,kpm)]? 7
LoS
where U, = BBk and Xmp = are non-

Smoklmk _
a'm,k'Dm B7n‘kdfn1:k
negative constants.

Let X, xpm = t, then the numerator of the RHS of the

equality in (38) can be transformed into g(t) = log,(1+1t) —

1n2(++t)‘ According to the previous proof, we have g(t) > 0
for ¢ > 0. Thus, ;;TQ > 0 for p,, > 0. Therefore, € is

monotonically increasing with respect to p,,. The proof is
completed.

APPENDIX B
PROOF OF REMARK 1

Define ®(z) = zlog,(1 + %) with C being a positive

constant. The first-order and second-order derivatives of ®(x)
are respectively given by

) C C
Y@ =log:(1+ D) - om0
7z _ C’12

Y@ = e orme (40

Since ®”(z) > 0 for x > 0, ®'(z) is a monotonically
increasing function for « > 0. Moreover, lim ®'(z) = 0.
T—>r 00
Hence, we have ®'(x) > 0 for z > 0, and thus ®(z) is a
monotonically increasing function for z > 0.
The objective function and the offloading duration can be

. o _ Cso o
transformed into Ech = o and Tm,k =

By, i log, (14 VEp— )

Cy . : Am kPmDm
—=4 — respectively, with Cy = =—=Erm—m (s =
Bwt,k 1Og2(1+7Bifk ) ’ p y’ Pyﬁ?;f ?

) . D . ..
Pl and Oy = “'}’;onsm being positive constants. Therefore,

m,k

Eg’k and Trgk are both monotonically decreasing function

with respect to By, for By, > 0. Furthermore, since
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gradually decreases and converges to a constant. That is to say,
the energy consumption gradually decreases to an asymptotic
constant with respect to By, ;. Therefore, to minimize the en-
ergy consumption, the bandwidth of each UAV is all allocated
to the IoT devices. The proof is completed.

APPENDIX C
PROOF OF THE SOLUTION OF PROBLEM (27)

The Lagrangian of problem (27) can be given by

LQ(F7V7w7SO)
M K K M
= 2.2 Bt DY fmke = Fmas)
m=1k=1 k=1 m=1
M K
)\m Qm ka
5 St R
’ fm, fm, )
m=1k=1 2am,k’1];m, (am.kll;m = Am) Fm.k

+

M=
M=

Wm,k(/\mam,ka - fm,k)a (41)

3
I
b
i

1

where vk, @m and wy, ) are the nonnegative Lagrange
multipliers. Then, the KKT conditions can be expressed as

Am

2
P kFEL fm,k

()\m am,kF'm ™, am,ka)
Cmk\ =5 Fom. Fom. - D)
2 [amty;c';"m (amtﬂk});m o Am)]Q m,k

+ 20 ko frn ke + Ve — Wi = 0,Vm € M,VEk € K,

(42)
M
Vk(z fm,k:_fmaa:):O7VkEIC7 (43)
m=1
)\m Am /cFm
(pm,k( 3 ’ - Jm,k) = 07
o tme (e N fo
Ym € M,Vk € K, (44)
wm,k()\mFmam,k - fm,k) = O,Vm S M,Vk c IC, (45)
M
> fmk = frmaz <0,Vk € K, (46)
m=1
)\mFmam,k - fm,k < O,Vm € M,Vk S ’C, “@7n

Am

Fm,
am,k;‘m - Am)

VYm € M,Vk € K, (48)

Sk > 0,0 > 0,0k > 0,0m % > 0,Ym € M,Vk € K.
(49)

am,ka

fm,,k

— JIm,k §07

2 frn,k (

am kFm

From (48), we have A, Fip @ ;. — fm,k 7 0. Thus, according
to (45), one can have w,, = 0. Moreover, it can be verified
that the first term of (42) is negative. In order to guarantee
that the equality of (42) holds, ¢, can not equal to zero,

i.e., pm.kx 7 0. Therefore, we have — ’\";f +
’ e (e = Am)
m,kEm N am g Fm
% — Jm,k = 0 from (44), which can be transformed into
2dmk .o 2(Jm ik Am + 1)
_ LA e ik — Am = 0. 50
a?ﬂ”kFﬁl m,k am’ka f 7k ( )
Then, f,, ; can be obtained as
(T kA + 1) 4 (/T2 A%+ am k F,
= 51
fm,k 2Jmk ) ( )
or
[(Jm,k>\m =+ 1) — 4 /‘]1271 k/\gn + 1]am,ka
ok = ’ .52
Sk 2Tmr (52)

Since Jy, kA > 0, we have (/J2 A2 +1 > 1. Then, for

(52), one can have

(T kA + 1) = /T2 1 A2, 4+ Uam i Fn

2dm i

fm,k =

)\mFmam,k

<= (53)

which contradicts (47). Therefore, the optimal solution of
problem (27) can be expressed as

(T Am 1) 4 (/2 A2, 4 Vam k Fn

2Jm i

fog = (54)

The proof is completed.
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PROOF OF THE LEMMA 2

The second-order partial derivatives of v (t1,t2) are given

by

One can see that

2
0 1”;1%’”) = li‘;ltl? In(1 + f—;), (55)
PP(trta) _ ArAaty®(2+ Aoty ) 56)
ot3 In 2t (14 Agty )2 7
PY(ti,ts) _ PP(tits) _ Aidsty” 57)
Otity Dtatq In2t3(1+ Aoty ')’

2
%>Ofort1>0andt2>0.
1

Moreover, we have

OPY(t,ta) PP(ti,ta)  *Y(tr, ta) PP(ty, t2)
o3 ot2 Otyts Otaty
_ 2A3Aot3°(2+ Aty ') In(1 + 42) — A3 A3t;"
(In2)2t4(1 4 Ayt 1)2

(@) 2 f 43 -1

e Nt
(In2)2t5(1+ Agt; )2 t2+ B

where (a) is due to In(1 + iS) > L for t3 > 0. Therefore,

the

t — t3+1
Hessian matrix of (¢1,t3) is positive definite. Thus,

¥(t1,t2) is a convex function. The proof is completed.
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