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Abstract — In this paper, we design a joint caching and trajectory optimisation (CTO) solution for unmanned aerial vehicles (UAVs)
assisted video multicasting (UVM) in 6G networks. To do so, the mobile users (MUs), who have the same interest of videos, are grouped
into different clusters. We then formulate a CTO problem and solve it for the optimal number of videos to cache and the optimal set of
UAV’s stops to fly throughout, to serve the MUs in different clusters at maximum video delivery capacity. Simultaneously, a next shortest
hop problem and the travelling salesman problem are solved for optimal trajectories, and thus reducing the flying energy consumption of
the UAV. Simulation results are presented to analyse and demonstrate the benefits of the proposed CTO solution for the UVM in 6G
networks.

Manuscript received: September, 2021 / Revised: January 01, 2022 / Accepted: February 15, 2022

1. Introduction transmission power of the UAVs. Other studies allow the UAVs flying
randomly, while optimising the caching placements to enhance the
Recently, we have witnessed the successful launch of 5G networks system capacity and energy efficiency [9], [10]. Interestingly, after
that provide significant benefits for all the involved entities including identifying the probabilistic cache placements, the UAV flies over a
mobile service providers, Internet service providers, content providers, minimum number of stops to maximise the system capacity while
and mobile users (MUs). However, to follow up with the proliferation satisfying a given coverage area [11]. However, these studies have not
of a massive number of MUs and a various amount of high data rate considered all the aspects of VASs including video popularity, UAV-
services and applications, 6G networks and technologies settle on MU association, storage and energy resources of UAVs, to find the
studying immediately. Some disruptive solutions that can be developed optimal stops and trajectory for serving the MUs the highest system
for 6G include frequency expand, digital twin, artificial intelligence, capacity.
big data, and especially the integration of a dynamic air platform, i.e., Motivated by the aforementioned discussions, we propose a joint
with satellites and unmanned aerial vehicles (UAVs) assisted, into the caching and trajectory optimisation (CTO) solution for UAVs assisted
conventional static ground one [1]. video multicasting (UVM) in 6G networks. In this solution, we first
In this paper, the benefits of UAVs with caching are exploited to group the MUs into different clusters, each cluster has the same video
provide the MUs with high data rate of video applications and services interest. The number of clusters requesting a particular video depends
(VASs). The UAVs by flying, as an important part of the dynamic air on the video’s popularity. Then, we formulate the CTO problem and
platform, have a higher opportunity to gain the line-of-sight (LoS) solve it for optimally selecting which videos to cache and where to stop
propagation for better communications. The UAVs can also flexibly based on the popularity pattern of videos, the request number of
catch up with the characteristics of MUs, i.e., mobility, density, clusters for each video, storage and energy resources of the UAV, and
common interest, and social relationship, to satisfy the MUs. In wireless channel characteristics between the UAV and the clusters. In
addition, the UAVs can play as a relay network to expand the coverage addition, we consider two trajectory modes by solving a next shortest
of 6G networks. Importantly, by caching, the UAVs can bring the hop (NSH) problem and the travelling salesman (TSM) problem. As a
videos closer to the MUs to provide a higher quality of service. result, the CTO provides the MUs in different clusters with the highest
In fact, caching techniques have been done at the static ground video delivery capacity while conserving the storage and energy
stations such as macro base stations (MBSs), small-cell base stations, resources of UAV.
and even mobile devices [2], [3]. Mostly at the same time, UAV The rest of this paper is organised as follows. In Section 2, we
caching has also drawn a significant attention from both the academic introduce the UVM system and describe how it works. The system is
and industrial communities [4], [5], but not completed yet [6]. formulated in Section 3. The formulations enable us to derive the CTO
Particularly, the authors in [7] proposed a UAV caching scheme to find problem and solution presented in Section 4. Section 5 is dedicated to
an optimal number of UAVs for caching a content. And then, an providing the simulation results, analysis, and evaluation. Finally,
optimal fixed number of positions of UAVs are chosen for flying to Section 6 concludes the paper with future research directions.
serve the MUs in the hotspot areas at maximum quality of experience.
More efficiently, the work in [8] further considered minimising the

37



Journal of Aviation Science & Technology JAST 2022
é Cached videos ——=—— UAV backhaul link given by
ﬂ@@ MU cluster 3 —Sr=— Multicast from UAV N; = piN, (1)
9 2y where p; is the popularity of the video i, which follows the Zipf-like
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Fig. 1 A UVM system in 6G networks.
2. System Model

In this paper, we consider a UVM system in 6G networks as shown
in Fig. 1. The system consists of one MBS, one UAV, N clusters, and
I videos. The MBS is located at the origin of the horizontal coordinate.
The UAV is assumed to fly at the same vertical coordinate of zy = hy
over the horizontal coordinate of oy = (xy, yy). It has a limit energy
of E* (Joules) for flying, transmitting, and other related tasks, and a
limit storage of S* (Mbits) for caching the videos. In the cluster n,
n=1,2,...,N, the MUs in close proximity, which have the same
interest of video i, i = 1,2,...,1, are located around the horizontal
coordinate center of 0, = (X, ¥,,). In addition, the video i has a size
of s5; (Mbits) and a popularity/access rate of p;. The MBS always
listens the demand of the MUs, collaborates with the UAVs to cache
the potential requested videos, and then it performs the CTO solution
to serve the MUs by performing the following three steps.

1. Clustering: In this step, the MBS groups the MUs into N
clusters by using the device-to-device (D2D) clustering scheme
proposed in [12]. This scheme enables the MUs, who gather and share
their by D2D
communications, to request the same video from the MBS or the UAV.

works and entertainment with each other

2. Caching and flying for multicasting: In this step, depending on
the storage capacity of the UAV, the video popularity pattern, and the
request number of clusters for each video, the UAV selects a proper
number of videos to cache in advance. Then, based on the energy
resource of the UAV, the MBS formulates the CTO problem. Solving
this problem, the UAV is able to fly throughout the optimal stops and
follow the optimal trajectory to maximise the video delivery capacity,
while satisfying the constraints on storage and energy of the UAV for
resource savings.

3. Returning: In this step, at the last stop, the UAV keeps standstill
in a short time for the next assignment from the MBS if required.
Otherwise, it flies to the nearby charging station.

3. System Formulations

In this section, we formulate the system to derive the mathematical
models of requesting and caching, trajectory, video delivery capacity
and energy consumption. These formulations, which are used as the
objective function and the constraints in the CTO problem, are
presented below.

3.1. Requesting and Caching

Given the video popularity pattern, the number of clusters that
requests the video i is proportional to the popularity of this video,
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distribution [13] expressed as

i—a

Pi=<r —o

e @
here a > 0 is the skewed coefficient used to reflect the skewed
popularity pattern of a given video set. For example, @ = 0 means that
all videos have the same popularity. Meanwhile, the higher value of «
yields the higher skewed popularity between the first videos and the
rear ones.

In (1), because N; is an integer, without loss of generality, we
further adjust it to N; = [p;N|, where the round operator [. | is used
to round a given value to the nearest integer. In addition, we define 7,
as a request index to identify that the cluster n requests the video i
(rin = 1) ornot (r;, = 0) so that N; = YN_, r; ,. However, this may
cause YN_y Y1 1, <N . To deal with this problem, the first
smallest value of {N;} is increased by 1 until ¥N¥_; ¥!_, r;,, = N.

The UAV selects a number of videos which are mostly requested
by the MUs for caching, and thus we have

I
Z qisi <7,
=1
Tin=1,Yn

3)

where g; is the caching index to identify that if the video i is cached
in the UAV (gq; = 1) or not (q; = 0) and it is noted in (3) that because
Zipf-like distribution generates p; = p, =...2p; =...=2p;, the
UAV always takes priority on caching the videos with higher popularity.
However, this is the pre-caching decision making because the final
decision further depends on the remaining energy of the UAV. For
example, the UAV does not decide to cache a video even with very high
popularity if this video is requested by the MUs located too far from
the UAV’s location, meanwhile the remaining energy of the UAV is not
enough to transmit this video.

3.2. Average Video Delivery Capacity

Video delivery capacity is considered as the objective function of
the CTO problem. The UAV takes priority over the MBS to serve the
MUs in the clusters. The average video capacity delivered to the MUs,
which comes from the UAV based on the wireless channel model, is
computed below.

Assuming that the UAV utilises the inband frequency (licensed
band) for the backhaul link, but outband frequency (unlicensed band)
for communicating with the MUs. Furthermore, all the MUs in a cluster
have the same channel capacity, and thus the capacity to deliver the
video i from the UAV located at oy = 0;,, to the MUs in the cluster
n located at o, is given by

Cim = Blogo(1 + v, @)
where B is the system bandwidth and yli,":,l, which is the signal-to-
noise ratio of the channel between the UAV at o,,, and the cluster at
0y, is dominated by the LoS link [14], [15], expressed as

in _ qiri,nPTﬁ(gJ(d{,Lw)_z
Lw = g2 :

®

In (5), qirin is the UAV-cluster association index, Pr is the
transmission power of the UAV, B is the UAV-to-cluster channel
power gain at the reference distance of dy = 1m, o2 is the additive
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is the distance between the UAV
at 0y, and the cluster at 0, computed as

white Gaussian noise power, and dl'fw

Py = |3+ 0y — 0, 12, (6)
where ||. || is the Euclidean norm.

Finally, the average video capacity delivered from the UAV to all

I
z pif(ol,w)cli,ﬁ'
i=1

1

the cluster is given by
LM

11

<

C= (7

M=

1
N

3
I
g
I

where, f(o,y) is the stop index defined as a binary variable to
identify that the UAV decides to stop (f(0;,) = 1) or not to stop
(f (o) = 0) at 0y, so that X7 T2 f(o;,,) < N, My X My, is
the total number of stops located in a rectangular grid of length M,
stops and width My, stops. The CTO problem is solved to maximise
C by finding the optimal caching index g; and stop index f (ow) as
well as how to fly throughout the stops with minimum energy
consumption.

Stops L, M, stops

mﬁ

(Xl. )

(Xn-1, Ynt)

(Xz. ¥a)

(XN. ¥

Fig. 2 UAV trajectory.

Algorithm 1 Next Shortest Hop Trajectory

Input: o,,,, initial horizontal coordinate of UAV (x,,¥,)
Output: dy,, T
M={flow)=11=12,....M,w
. current_stop < (X,,Y,)

1 =1,2,...,My}
2

3: T = {current_stop}
4 dpin =0

5: while M # & do
6: next_stop = argmin{d(current_stop, M)}
7 T « T U next_stop

8 dpin= dmin + d(current_stop, next_stop)
9: M = M\next_stop

10: current_stop < next_stop

11: end while

3.3. Trajectory

For the ease of formulating the trajectory, the UAV plans to fly at a
fixed velocity V (m/s) within a smallest rectangular that covers all the
centers of the clusters. The rectangular is made up of a grid as shown
in Fig. 2. The cross point of each pair of straight lines is a stop in which
the UAV flies throughout or stays for a while if needed to multicast a
video. The rectangular has a length of L (m) and a width of W (m)
including M, stops and My, stops, respectively. The number of stops
estimated depends on the density of clusters.
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Because the stops have the same vertical coordinates with the UAV,
we only consider the horizontal coordinates of the stops which are
located at oy, = (X, Yw), 1=1,2,.... M, , w=1,2,..., My .
Therefore, to plan for flying from the initial coordinate (x,,y,) of the
UAV, the UAV has 2M:*Mw trajectories corresponding to the number
of combinations of the M; X My, binary matrix. Here, each matrix
includes a set of row stops and column stops valued by f(o;,,). After
caching, the best trajectory is selected to fly throughout the stops with
f(opw) =1 to serve the MUs in all clusters at maximum video
delivery capacity, while satisfying the constraint on energy
consumption. In addition, the best trajectory enables the UAV to fly
over the shortest path (d,in) to save the energy by finding the set T
of next stops in sequence by solving the well-known TSM problem
using exhaustive search (ES). However, the ES generates a very high
complexity. Therefore, we propose a simple next shortest hop (NSH)
method as described in Algorithm 1.

In Algorithm 1, the set of stops (M) with f(o0;,,) = 1 is given in
the line 1. The line 2, line 3, and line 4 identify that the initial set T is
the current stop of the UAV (x,,¥,) and the initial distance to fly is
din = 0. From the current stop, the next stop is the one in the set M
that has the minimum distance to the current stop (line 6). The next stop
in the trajectory is added to the set T in line 7. The distance is
prolonged to fly to the next stop (line 8). The line 9 and line 10 are to
update the current stop and the set M.

3.4. Energy Consumption

In this paper, we consider the three important types of energy
consumed by flight, transmission, and standstill. To compute the
energy consumption, we first derive the corresponding duration of
flight and transmission/standstill, here the standstill duration is for
transmission. Given the shortest path d,,; found by using the
Algorithm 1 and by solving the TSM problem, the flight duration is
computed as

tr = dmin/V. (®)
Furthermore, the standstill (or transmission) duration is given by
N M, My
Z Z Z z qlrlnfl(zl W)sl (9)
[0y

n=1 l=1 w=1 i=1
It is noted that if g;7;, = 0, the computation of (9) cannot be done
due to the division by zero, i.e., C; l’x = 0. To avoid this problem, we
further define an infinitesimal value € and rewrite (9) as below
N My My |

=222

n=1 l=1 w=1 i=1

Qiri,nf(ol,\y)si' (10)
max{e, C;}

By taking into account the flying power (Pg), standstill power (Ps),
and transmission power (Pr), the total energy consumption for a
particular trajectory, which is less than a given threshold E*, is
expressed as

E = Pptp + (Ps + Pr)ty < E™. (11)

The objective of (11), considered as the constraint in the CTO
problem, is to limit the trajectory of the UAV when serving the MUs in
different clusters.

4. CTO Problem and Solution

So far, we have derived the objective function (7) and the
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constraints on caching storage (3) and energy consumption (11).
Mathematically, the CTO problem is formulated as below

afosn” (123
st (3) (12b)
an
M, Mw
> fouy =N
=1 w=1
Algorithm 2 Exhaustive Search
Input: Initial system parameters
Output: C*, Q*, Fyy, xm,
I:C«o
2: for each vector Q in Q do
3:  for each matrix Fy, xp,, in F do
4 if (12b) holds then
5 C(Q. Fytyxa) = C
6: C < CUCQ,Fy,xmw)
7 end if
8:  end for
9: end for
10: C*=max C
11: {Q*, Fpy,xm, } = argmax €
Table 1 Parameters Setting
Symbols Specifications
N 10 clusters
1 5 videos
Si [300, 100, 200, 400, 900, 500, 700, 600, 750, 950] Mbits
S* 2x103 Mbits (2Gbits)
a 1
14 15 m/s
Pr 0.5W
Pr 50 W
Ps 0.25x Pr
E* 5000 Joules
B 10 MHz
Y 10°
lea 108w

Solving (12) for optimal caching index g; and stop index
f(oyw), the UAV knows which videos to cache, where to stop, and
how to fly throughout the stops, so as to serve the MUs in all clusters
the maximum average video delivery capacity, while satisfying the
constraints on caching storage and energy consumption. It is easy to
see that finding the optimal values of q; and f(0;,,) is equivalent to
finding the binary vector Q* of length I bits and the binary matrix
Fi,xmy,, Of M, rows and My, columns. Here, the searching space
0 ={Q%Q%....Q*} F=
{Fat, s F,E,LXMW,...,F,@T;;;:VW}. To solve (12), we simply apply
exhaustive search (ES) presented in Algorithm 2 for the exact solutions

respectively includes and

of Q* and Fy, xp,-

5. Performance Evaluation

To analyse and evaluate the performance of the proposed CTO
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solution, we deploy the system using the parameters listed in Table 1.
Furthermore, the clusters are uniformly randomly distributed within a
100-meter radius circle covered by the MBS. The UAV flies at the
vertical coordinate of hy = 50m starting at the upper right corner of
the rectangular plane.

NSH, d g = 141 (m)
E = 916 (Joules)

TSM.d , =141(01
100 E =916 (Joules)

80 *

60 *

20

meter
[=]

-50 o 50 100
meter

Fig. 3 UAV trajectory versus E* = 1000 Joules.

-150 -100

NSH, d_, =446 (m)
E = 2531 (Joules)

TSM.d_, =430 (m'
E = 2479 (Joules)

¥ >

100

80

*

60
40

meter
=]

40
60

-80

-100

=50 0 50
meter

Fig. 4 UAV trajectory versus E* = 2500 Joules.

-150 =100

We first evaluate the TSM and the NSH by setting the energy
constraint E* to 1000 Joules, 2500 Joules, and 5000 Joules,
respectively shown in Fig. 3, Fig. 4, and Fig. 5. In Fig. 3, because
the shortest trajectory is too simple limited by the low value of
energy E* = 1000 Joules, the trajectories of TSM and NSH are
the same. However, when relaxing E*, the trajectories become
more complicated, it is clear that the TSM using ES yields the exact
shortest trajectory, and it consumes lower energy than the NSH
does (Fig. 4 and Fig. 5). Obviously, the energy consumption of TSM
is always less than or equal to E*, but it is not guaranteed by the
NSH (Fig. 4). We also observe that although the NSH provides
longer trajectory, the difference compared to the TSM is not
significant. In a large-scale system, the NSH can be applied to
finding the shortest trajectory thanks to its less time and memory
complexity.
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Fig. 5 UAV trajectory versus E* = 5000 Joules.
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Fig. 6 Average video delivery capacity versus a and E*.
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Fig. 7 Storage used to cache versus a and E*.

The performance of the proposed solution is then evaluated by
considering the average video delivery capacity versus a and E* as
shown in Fig. 6. The increase of E* enables the UAV to fly throughout
more stops to serve the MUs better, with higher video delivery capacity.
In addition, increasing a lets the UAV focus on caching the videos
with much higher popularity to efficiently multicast them to the MUs
in different clusters. This in turn provides the MUs with much higher
video delivery capacity when a increases, but lower storage is used
for caching as depicted in Fig. 7. The reason here is that the higher
value of a causes the higher skewed popularity between the first

videos and the rear ones. It results in the fact that more clusters request
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the first videos. Therefore, the UAV places a high priority on caching
the first videos with less storage used, but ensuring to serve the MUs
in all the clusters more efficiently. In addition, we can see that the
higher energy utilised enables the UAV to cache more videos to
enhance the video delivery capacity.

6. Conclusion

We have proposed the joint caching and trajectory optimisation
(CTO) solution for unmanned aerial vehicles (UAVs) to multicast the
videos in 6G networks. The CTO is able to provide the mobile users
(MUs) in different clusters with the highest video delivery capacity,
while conserving the storage and energy resources of the UAV. We
have also analysed some initial results and demonstrated the benefits
of the proposed CTO solution. In future works, we will design a
network of UAVs for caching, flying, and delivering the videos to serve
the MUs more efficiently.
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Abstract. Trajectory and caching optimisation design is a promising
joint solution for enhancing the quality of services in unmanned aerial
vehicle (UAV) assisted content delivery networks (CDNs). In this paper,
we review the problem of which contents to cache in the UAV and which
trajectory to fly, i.e., where to stop and how to gain the shortest path over
the stops, under the constraints of caching storage and energy resources,
namely storage- and energy-aware caching and trajectory optimisation
(SECTO) problem. The SECTO problem in UAV-assisted CDNs is for-
mulated and solved by applying genetic algorithms (GAs) to maximise
the content delivery capacity while minimising the flying distance. The
simulation results are shown to demonstrate the benefits of GAs in terms
of accuracy and time complexity performance compared to other conven-
tional solutions such as exhausted and greedy search algorithms.

Keywords: Content delivery network - Genetic algorithm - travelling
salesman problem - UAV caching - UAV trajectory

1 Introduction

One of the most important missions of 6 G networks is to take the non-terrestrial
networks (NTNs) into account [1]. The NTNs enable a flying platform of satellites
and unmanned aerial vehicles (UAVs) to connect more things in every remote
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corner on the earth. And thus, the physical, cyber, and biological worlds can fur-
ther flourish in the era of 6G thanks to the present of flexible access points, relays,
contents, helps, and many advanced applications and services (AASs) from the
sky [2—6]. In this scenario, the models, techniques, and AASs of UAV caching and
trajectory in content delivery networks (CDNs) have drawn a numerous stud-
ies from both industrial and academic sectors [7]. These studies demonstrate
that UAV caching networks are able to partially alternate the CDNs so as to
not only mitigate the workload of the terrestrial stations but also provide the
end users (EUs) with better AASs by exploiting shorter and line-of-sight (LoS)
transmission.

In UAV caching networks, the UAVs have to select a set of contents to cache
in advance. It then flies to deliver the contents to the EUs in the error-prone
areas in which, for example, the workload of the terrestrial stations is extremely
high, the wireless links are not good due to high and dense obstacles, and the
emergency communications are required for rescue operations and safety public
activities. To serve the EUs the highest quality of service (QoS) while utilising the
resources of UAVs, the optimal set of contents and the optimal trajectory must
be found simultaneously. This so-called resource-aware caching and trajectory
optimisation problem in UAV-assisted CDNs has been studied in the literature
by different approaches from objective functions, constraints, to algorithms and
solutions [8-12].

Particularly, the work in [8] proposed a storage- and energy-aware caching
and trajectory optimisation (SECTO) problem to maximise the content deliv-
ery capacity while minimising the flight distance under the caching storage and
energy consumption constraints. The SECTO is solved by using exhausted and
greedy search algorithms. In [9], the authors tried to minimise only the delay
under the constraint of caching storage by solving a tractable semi-definite
programming problem reformulated from an original intractable distribution-
ally robust stochastic optimization problem. Besides caching in the UAVs, the
authors in [10] considered caching in the EUs to establish a cache-enabling UAV-
device-to-device (UAV-D2D) network. A joint caching placement in UAV-D2D
network and UAV trajectory optimization (CTO) problem under the constraint
of caching storage is formulated for maximising the cache utility. The CTO prob-
lem, which is a mixed integer nonlinear programming problem, is decomposed
into three sub-problems for being solved by a low complexity iterative algo-
rithm. Interestingly, reinforcement learning approach is applied to minimise the
sum content acquisition delay of EUs by jointly optimising the multiple EUs’
association, cache placement, UAV trajectory, and transmission power [11,12].

We can see that the aforementioned optimisation solutions are for whether
multiple objective functions of very high time complexity but exact results [§]
or single objective function of lower time complexity with approximate results
by reformulating and decomposing the original problems into solvable sub-
problems [9-12]. However, these solutions are not flexible in terms of balanc-
ing the trade-off between accuracy and time complexity in accordance with the



36 T. C. Lam et al.
———+—— UAV backhaul link —==— U2C link —— D2D multicast link

(@ G , EU cluster Cached contents oo, Stops
i &
o L, M, stops

N\ CHy 4 \ CH; . \_CHy /

b y) by Coy)

Fig. 1. UAV-assisted content delivery networks [8].

diverse requirements of AASs, especially in solving the complicated SECTO
problem with multiple objective functions studied in [8].

In this paper, the typical SECTO problem is studied and then efficiently
solved by applying genetic algorithms (GAs). The benefit of GAs is that they can
capture the evolutionary principles of natural selection and genetic variation to
find the exactly or approximately global optimal results without considering the
fact that if the search space is unimodal or multimodal. To make the GAs more
feasible to solve the SECTO problem with respect to two types of variables, i.e.,
1) binary variables for caching decision and stop index and 2) integer variables for
trajectory, we divide each original chromosome into two sub-chromosomes. The
left sub-chromosome and the right sub-chromosome represent the binary vari-
ables and the integer variables, respectively. Each sub-chromosome is applied it
own crossover and mutation operations with different probabilities. The perfor-
mance of GAs is investigated in terms of flexible implementation, accuracy, and
time complexity compared to other conventional exhausted and greedy search
algorithms.

The rest of this paper is organised as follows. We introduce the UAV-assisted
CDNs and describe how it works in Sect.2. In Sect. 3, we review the SECTO
problem formulations studied in [8] for the ease of following the GAs solution.
Section 4 presents the GAs solution for SECTO optimisation problem. The GAs
and system performance metrics are investigated in Sect. 5. Finally, Sect.6 is
dedicated to concluding the paper.
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2 UAV-Assisted Content Delivery Networks

In this paper, we consider the model of UAV-assisted CDNs as shown in Fig. 1 [8].
The model consists of one MBS, one UAV, I contents, and N EU clusters.
The clusters are established by applying the device-to-device (D2D) clustering
scheme [13]. In each cluster, the EUs, who are interested in the same content, are
represented by a cluster head (CH). The CHs, which are in charge of forwarding
the contents to their EU members, are selected based on their powerful capacity
of computing, storage, and energy. The MBS is able to acknowledge all the
information of UEs for clustering, then formulating and solving the SECTO
optimisation problem. After solving the SECTO optimisation, the UAV realises
1) the optimal set of contents for caching and 2) the optimal trajectory, i.e.,
optimal set of stops and optimal stop sequence, for flying and delivering. As a
result, the content delivery capacity is maximised, meanwhile the flight distance
is minimised. In addition, we further consider the constraints of storage and
energy resources of the UAV to make the SECTO solution more efficient.

To fly, we assume that the UAV is placed at the horizontal coordinate of oy
= (xy,yu) while the vertical coordinate is fixed at zy = hy. We then limit the
flight area by defining a smallest rectangular, a length of L (m), and a width of
W (m) that covers all the CHs. The rectangular is divided into a grid topology
of My, x My stops as shown in Fig. 1. The horizontal coordinates of the UAV’s
stops are oy = ojw = (1, Yw),l = 1,2,.... M,,w = 1,2, ..., My. Furthermore,
we define a Flyj xar,, binary matrix in which each pair of row and column is
represented by a binary stop index f(0;,,). The UAV stops at 0, if f(01,4) = 1,
otherwise f(0;.,) = 0. So, given N7 stops, we can find a proper stop sequence
T for the UAV to fly throughout with minimum distance.

3 SECTO Problem Formulations

In this section, we review the system formulations studied in [8] for the ease of
following. Based on these formulations, we then introduce the SECTO optimi-
sation problem that can be solved by using GAs.

3.1 Content Popularity

It is certain that each content has its own access rate depending on the EUS’
behavior, and thus a given set of I contents follows a popularity pattern. In
this paper, we assume that the popularity pattern is modeled by Zipf-like dis-
tribution [14]. In this distribution, the content i is ranked in accordance with its
popularity expressed as

i*Oé

i ST e (1)
where « is the coefficient reflecting the skewness of the content popularity pref-
erence, i.e., a = 0 means that there is no popularity skewness among different
contents, while the higher value of o makes the first contents much higher pop-
ularity than the last ones.
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3.2 Caching, Requesting, and UAV-Cluster Association Index

Due to the storage limit, the UAV is capable of caching a proper number of
contents which are frequently requested by the EUs in different clusters. So, the
UAV has to decide which contents to be cached before flying to deliver. We define
a binary variable ¢; for cache decision in which ¢; = 1 indicates that the content
1 is cached, otherwise ¢; = 0. Meanwhile, the number of clusters requesting the
content ¢, which is directly proportional to the popularity p; is given by

N; = [piN], (2)

where the operator [.] is used to round an arbitrary value the nearest integer.

However, this way may cause Zle N; # N due to the round operator. To
make the equality held, without loss of generality, we do the following adjustment

— If Zle N; < N, then the first smallest value in the array {N;,7i =1,2,..., I}
is increased by 1.

— If Zle N; > N, then the last highest value in the array {N;,i = 1,2,...,1}
is decreased by 1.

To obtain the UAV-cluster association index, let 7;,, be the requesting index
to indicate that r; , = 1 if there is at least one EU in the cluster n requesting
the content ¢ (7 , = 1), otherwise r; ,, = 0. Obviously, we have

N
N; = Zri,na (3)

and

So far, we define the UAV-cluster association index as below
Ain = CiTin- (5)

The UAV-cluster association index a;, € {0,1} is used to match the con-
tent ¢ cached in the UAV and the cluster n. This association index enables us
to establish the transmission channel, and thus derive the delivering capacity
between the UAV and the cluster n presented in the following subsections.

3.3 Content Delivery Capacity

Following the UAV-cluster association, we further compute the average delivery
capacity which is obtained based on the wireless channel model from the UAV
to the CHs in different clusters. The UAV utilises the licensed frequency band
for backhaul link, while stipulating the unlicensed Industrial, Scientific, Medical



GAs for SECTO Problem in UAV-CDNs 39

(ISM) WiFi band, i.e.,2.4 GHz with 802.11 b/g/n devices and 5 GHz with 802.11
a/n/ac devices, for communicating with the CH in each cluster [15]. By dominat-
ing the LoS links [16,17], the signal-to-noise ratio of the channel for delivering
the content 7 from the UAV located at 0;,, to the CH n in the cluster n located
at o, is given by

in  GinPrfy(dr,)?
= 2 ) (6)

where Pr is the transmission power of the UAV, 3 is the channel power gain
at the reference distance of 1m, ¢? is the additive white Gaussian noise power,
and d}',, which is the distance between the UAV and the CH n, is computed as

law o

= /% + ot — oal2, (7)
where ||.|| is the Euclidean norm.
From Eq. (6), we have the corresponding delivery capacity expressed as
Clm = Blogy(1+7,0), (8)

where B is the system bandwidth.

Finally, the overall average delivery capacity from the UAV to the CHs in all
clusters, which is the objective function of the SECTO optimisation problem, is
given by

N
T=5 X33 Y nhlon)Ci ©

where f(01,) € {0,1} is the stop index used to indicate that if f(o0;.,) = 1,
the UAV stops at o;,,, otherwise f(0;,,) = 0, it does not stop. And thus, the
number of stops is expressed as

Mr Mw

Nz =YY" florw). (10)
=1 w=1
In Eq. (9) and Eq. (10), C is the function of caching index (c;) and the flying
strategy f (o). So, besides finding the optimal caching index, the SECTO finds
the optimal flying strategy via f(o;,,), which includes: 1) where to stop among
N7 out of N stops (N7 < N) to maximise C' and 2) how to fly throughout Nr
stops to minimise the distance for energy saving.

3.4 Storage and Energy Consumption
Storage Consumption. Given the caching index c¢; and the size s; of the
content 7, the total caching storage consumed is given by

1

i=1
ri,n=1,Yn
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Energy Consumption. The energy is consumed by transmission and flying.
To compute the total energy consumption, we need to derive the transmission
duration and flying duration. It is noted that when flying, the UAV must stop to
transmit the contents, and thus the standstill duration is actually equal to the
transmission duration. We first compute the transmission/standstill duration at
the stop o0;,, for transmitting the content ¢ to the CH n which is given by

i,n — ai,nf(ol,w)si (12)
bw I]nabx{e,C'lZ::;}7

where the infinitesimal value € is added to avoid the situation of dividing by zero
if C}" = 0. And then, the total transmission/standstill duration is

N M, I
b = Z Z Zt;:; (13)
n=11=1 w=1 i=1

For the flying duration, given a minimum distance d,;, found by solving
the SECTO optimisation problem (23) for minimum value of d (17) and a fixed
flying velocity V, it is simply expressed by

(1=

w=1

typ = dmin/V. (14)
Finally, the total energy consumption is given by
FE = Prtg + (PS + PT)tT, (15)

where Pg, Ps, and Pr are the transmission powers used for flight, standstill, and
transmission, respectively.

3.5 SECTO Optimisation Problem

As aforementioned, the SECTO solution includes 1) which contents to cache
and where to stop (WCS) for maximising the average content delivery capacity
and 2) how to fly over the stops for minimising the distance, i.e., the shortest
path (STP) or travelling salesman problem. So, we first present the two STP
and WCS optimisation subproblems separately and then we combine them to
formulate the SECTO optimisation problem as below.

For the STP optimisation problem, given a set of Nz valid stops 75 =
{1,2,..., N7}, 7 is the set of stop sequence (order) to fly, i.e., 7 is an arbi-
trary combination of 7;. For example, if 7, = {1,2,3}, 7 = {2,1,3}, i.e.,
T, = 2,7, = 1,73 = 3, is a valid stop sequence, meaning that the UAV flies
to the stop 2 first, then to the stop 1, and finally to the stop 3. The distance to
fly from the stop n — 1 to the stop n is expressed as

dn:{d<7:1—177;1)71f7;1€7;77;:7;\7;“ (16)

0,if 7, ¢ ..
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It is noted in (16) that if 7,, € 7, after flying to the n-th stop with an actual
distance added, and then this stop is removed from the set of valid stops. Oth-
erwise, the UAV cannot fly to the n-th stop, and thus no distance is added but
with violence. For example, considering an invalid stop sequence 7 = {1, 1, 3},
it is easy to see that the violence occurs when n = 2 at 75. Consequently, the
total distance for the UAV to fly over Ny stops is given by

d=> d,. (17)

For the ease of grasping the violence degree of (16) if 7,, ¢ 7, we further
add an independent penalty function fd, to (17); where 8 > 0 is the violent
degree and d,, starts with 0, then increases by 1 if the violence occurs. So, the
minimum value of d holds since d,, = 0. The STP integer combination problem
is formulated as

mqi_n (d+ Bdyp). (18)

For the WCS optimisation problem, we take into account the constraints of
caching storage (.5), energy consumption (E), and number of stops (N7), it is
formulated as below

max C (19a)
Ci:f(ol,w)
s.t. S < S* (19b)
E < FE* (19¢)
Ny <N (19d)

Aiming at maximising the average content delivery capacity (19) and min-
imising the distance (18) simultaneously, the SECTO optimisation problem is
formulated as

a C — (yd+ pBd,)|, 20
ci,f?il,ff)z[_ (vd + Bdy)] (20)

s.t. (19b), (19¢), (19d),

where v > 0 is used to adjust the balance between the two objective functions C'
and d; and S* and E* are to limit the caching storage and energy consumption.

4 GAs for SECTO Optimisation Problem

In this paper, we apply GAs [18] to solve the SECTO optimisation problem. To
do so, we apply penalty function [19] which requires to rewrite (19b), (19¢), and
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(19d) as below

AS = 5% -8 >0,
AE =E*—E >0, (21)
AN =N — Ny > 0.

As we have mentioned that (d, in (18) is the penalty function, thus we
extract it from (20), and then add it to the whole penalty function of (22) which
is given by

F =X (min{0, AS})” + Ay (min{0, AE})® + A3 (min{0, AN})® + Bd,,  (22)

where A\, A2, and A3 are the constraint violation degrees which are properly
selected to punish the individuals in the current generation if they violate the
constraints.

Finally, the GAs can be used to solve the unconstrained SECTO optimisation
problem given by

max Cg=0C — (vd+ F). 23
Ci:f(ol,w)vT " (,7 ) ( )

In (23), if d is minimised and too small (~ 0), the UAV flies over small number
of stops or even it stops at the original location to transmit the contents. This
makes the capacity significantly decreased. Inversely, if d is minimised but too
large, the capacity increases but limited by E*. The balance of maximum value
of C' and minimum value of d yields maximum value of C'z when F approaches
0. So, together with A1, Ao, and A3, v is used to balance the impact of F' and d
on the process of maximising the fitness function C¥.

To implement GAs, it is noted that the SECTO optimisation problem has
two different types of variables. The binary variables (¢; and f(0;.4,)) for caching
and stop indexes, and meanwhile the integer variables (7°) for stop sequence.
These two types have different requirements of crossover and mutation, i.e.,
different operations and probabilities. So, we use two chromosome types, one for
binary variables and the other for integer variables. Correspondingly, we have to
create two separated binary and integer populations, each of the same number
of individuals is performed by its own crossover and mutation operations.

In the SECTO optimisation problem, because the binary variables are ¢; and
f(o1,w) of length I + My, x My bits, each individual represented by a binary
chromosome (binary string) has Ng = [+ Mp, x My bits. The maximum number
of stops in the sequence 7 is N7 = N, each individual represented by an integer
chromosome (integer string) therefore has Ny = N integers. When GAs termi-
nate, the first N7 stops in the final 7 are derived for the optimal stop sequence.
The detailed implementation of GAs is shown in Algorithm 1. In Algorithm 1,
GAs terminate if one of the three following conditions of T'C' holds: 1) F' =0 in
3 successive generations, 2) Cr does not change while F' < 1072 in 3 successive
generations, and 3) gen = Ng.
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A

Igorithm 1. GAs implementation

Input: System parameters listed in Table 1

Np = 10,000: Number of individuals in both the binary and integer populations
Ng = I+ Mp x Mw: Number of binary variables (bits) for each binary individual
N1 = N: Number of integer variables for each integer individual

Ng = 100: Number of generations

Pg = 0.8: Generation gap

Pcp = 0.6: Crossover probability for binary individuals

Pc1 = 0.9: Crossover probability for integer individuals

Pus = 1076 Mutation probability for binary individuals

Py = 1071°: Mutation probability for integer individuals

[ = 1: Violence degree applied if 7 is invalid

v = 0.1: Coefficient used to balance the two objective functions C' and d
{M1,2,3} = {1,10°,1}: The method to choose the proper \s is presented in [20]
TC': Termination conditions

Gen = 1: Generation count

Output: Cr and X*

1

10:

11:

12:
13:

14

: Randomly generating Np binary strings, each of length Ng bits to represent the

individual k ({X£}), k=1,2,...,Np

Randomly generating Np integer strings, each of length Ny integers to represent

the individual & ({X{})

Mapping {Xf} into the binary variables ¢/ and f (ofw) and mapping {X{} into

the integer variables 7"

Calculating Np fitness values C'r (cf, f(of’w), Tk)

while T'C' does not hold do
Putting {XE}, {XT}, and Cr (cf, f(of’w), Tk) in the mating pool for ranking
Selecting N¢ = Np x Pg better individuals with higher C'r (cf, f(of,,), T") for
breeding the next generation by using stochastic universal sampling operator [18]
Dividing the selected individuals into a set of Ng binary individuals {Xé’*} and
a set of Ng integer individuals {X}"*}
Selecting a pair of parents to make a pair of offsprings by using 1) multiple point
crossover with probability Pcp for {Xé’*} and 2) single point crossover with
probability Pcr for {X*} [18]
Mutating the offsprings of {X]’;’*} with probability Pyp and the offsprings of
{Xlk "} with probability Pui, to recover the good genetic materials likely lost in
the previous operations
Merging the two sets of offsprings into one, evaluating the fitness values of the
merged set, reinserting it into the present generation
Gen = Gen + 1

end while

. Finding the best fitness value C'p with respect to the best individual X* in the

last generation
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5 Performance Evaluation

5.1 GAs Performance

To evaluate the performance of GAs, we compare it to the other two search
algorithms namely exhausted - exhausted (EE) search algorithm and exhausted -
greedy (EG) search algorithm which are corresponding to TSM and NSH respec-
tively studied in [8]. We deploy GAs, EE, and EG by a desktop computer with
detailed information listed in Table2. The CHs are randomly distributed within
a circle of 100-meter radius. The UAV is originally located at (xy,yuy) = (100m,
100m) and its vertical coordinate is fixed at hy = 50m.

We first evaluate the convergence rate of GAs by considering 100 generations.
Figure 2 plots the results of the best fitness value 6;, the mean of all the fitness
values with respect to all individuals in each generation, and the penalty value
(F). The results show that the convergence situation of GAs starts from the
35-th generation when the mean value is closer to the best value and F' = 0.
It indicates that all the individuals become better after each generation while
ensuring the given constraints for optimal solutions.

The performance of GAs is further evaluated by investigating the accuracy
and time complexity in comparison with EG and EE. The Algorithm 1 is exe-

Table 1. Parameters setting.

Symbols Specifications
{N, I} {10 clusters, 5 videos}
Si [300, 100, 200, 400, 900] Mbits
S* 1000 Mbits
a 1
\% 15m/s
(Pr, Pr, P} {0.5, 50, 0.25 x Pp} W
E* 5000 Joules
B 10 MHz
y 107°
o® 107% W

Table 2. Computer information.

Processor Intel(R) Core(TM) i7-7700 CPU @ 3.60 GHz, 3601 Mhz
Processor type x64-based PC
Processor cores 4

Logical processors |8
Total PHY memory | 15,9 GB
Operating System | Windows 10
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cuted versus different population sizes Np from 1000 to 20,000. For each popula-
tion size, the Algorithm 1 is repeated 50 times, and then we calculate the average
of 50 optimal results of C' and d in accordance with the average of time complex-
ities. As shown in Table 3, the accuracy of GAs increases if Np increases. We
select Np = 10,000 for obtaining the optimal results because if Np > 10,000,
the accuracy does not increase significantly but time complexity becomes too
high, i.e., up to 1,009.36s. At Np = 10,000, GAs provide a reasonable accu-
racy of 99.69% for C' and 99.51% for d compared to EE. However, GAs have a
much less time complexity of 356.01 s compared to that of 1,320.17 s introduced
by EE. Related to EG, although it can provide the exact result of C' thanks
to using exhausted search algorithm, the accuracy of d is lower than GAs done
at Np > 5,000. We can see that the accuracy and time complexity of EG is
equivalent to GAs done at Np = 5,000. So, GAs are flexible to obtain the exact
or approximate optimal results with reasonable accuracy and time complexity.

x10%

'2.47694+02

@
2
E
3 —O— Best
—%— Mean
—+— Penalty
_4 1 1 1 1 1 1 1 T T
0 10 20 30 40 50 60 70 80 90 100
Generation
Fig. 2. Convergence rate of GAs.
Table 3. Accuracy and time complexity comparison
Metric Np (GAs)
1,000 |5,000 |10,000 15,000 20,000 |EG EE
C' (Mbps) 310.551310.91 1 310.97 | 311.14| 311.15/311.95 311.95
Accuracy of C' (%) | 99.55 99.67 | 99.69 | 99.74 99.74 | 100.00 | 100.00
d (m) 696.26 | 653.93 | 645.64 | 641.25 | 641.94 | 657.93  642.53
Accuracy of d (%) | 91.64 | 98.22| 99.51 | 99.80 99.91| 97.60| 100.00
Time (s) 19.23 | 117.55 | 356.01 | 635.52 | 1,009.36 | 111.65 | 1,320.17
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5.2 System Performance Metrics

Storage-Aware Results. To have the storage-aware results, we run the Algo-
rithm 1 by changing the skewness coefficient of content popularity preference «
with different values of caching storage constraint S* (19b). As shown in Fig. 3,
if S* is large enough (S* > 400 Mbits), C increases with respect to the increase
of a commonly (Fig.3(a)), meanwhile d is mostly kept the same to provide the
highest value of C' (Fig. 3(b)). It is noted that when « is high, the results become

800 H—©— S*=1000 Mbits
a —¥k— S* =800 Mbits
2 500 H—9— S* =600 Mbits
—&— S* = 400 Mbits
——+— §* =200 Mbits

Distance (m)

Fig. 3. Capacity and distance versus « with different S*.
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Fig. 4. Storage and energy consumption versus « with different S*.
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equally saturated because the system just focuses on less contents with higher
popularity to serve the CHs for the highest capacity performance. However, if
S* is too small (S* = 200 Mbits), it is clear that C significantly decreases since
the UAV cannot cache the most popular contents with s; > 200 Mbits, e.g.,
s1 = 300 Mbits.

Figure4 plots the storage and energy consumption which strictly satisfies
the constraints (19b) and (19¢). In Fig.4(a), if « is high enough, i.e., o > 2.5,
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—¥— E* =4000 Joules
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Fig. 5. Capacity and distance versus « with different E*.
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Fig. 6. Storage and energy consumption versus « with different E*.
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the system just focuses on less contents with higher popularity as we mentioned
earlier, thus the caching storage consumption decreases. However, the energy
consumption increases if « increases because more CHs request the most pop-
ular content with relatively large size, i.e., s; = 300 Mbits, leading to the fact
that the transmission and standstill duration becomes longer requiring higher
energy consumption (Fig.4(b)), except for S* = 200 Mbits making the distance
decreased.

Energy-Aware Results. To have the energy-aware results, we run the Algo-
rithm 1 by changing the skewness coefficient of content popularity preference
a with different values of energy constraint E* (19¢). As shown in Fig. 5, the
decrease of E* significantly reduces both capacity and distance. The results of
caching storage and energy consumption in Fig. 6 always satisfy the constraints
(19b) and (19c). The behavior of all the system performance metrics is similar
to that of the storage-aware results with respect to a.
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Fig. 7. Optimal trajectories with different constraints of S* and E*.
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Optimal Trajectories. Figure7 depicts the optimal trajectories of the UAV
when a = 1 versus different constraints of S* and E*. Figure7(a) shows the
optimal trajectory when S* and E* are relaxed to 1000 Mbits and 5000 Joules,
respectively. In Fig. 7(b), if we strictly limit the caching storage constraint S* to
200 Mbits, the UAV has to change the caching policy, and thus change the set
of stops to serve the CHs with a different optimal trajectory. The trajectories
significantly change to the short flight distances if we further limit the energy
constraint £* or/and the caching storage constraint S* as plotted in Fig. 7(c)

and Fig. 7(d).

6 Conclusion

In this paper, we have introduced GAs to solve the SECTO problem for UAV-
assisted CDNs to maximise the content delivery capacity while minimising the
flight distance. Unlike other common optimisation problem having only one
objective function with respect to (w.r.t) only one type of variable, i.e., binary,
real, or integer variable, the SECTO problem consists of two objective func-
tions w.r.t both binary and integer variables. To solve the SECTO problem, we
modify the GAs by applying penalty method and separating the whole string
(chromosome) of each individual into binary sub-string and integer sub-string.
These sub-strings are applied different crossover and mutation schemes (opera-
tions and probabilities). The results are shown to demonstrate the benefits of
GAs in terms of flexible implementation, accuracy, and time complexity com-
pared to other conventional exhausted and greedy search algorithms.
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Service Time-aware Caching, Power Allocation, and
3D Trajectory Optimised Multimedia Content
Delivery in UAV-assisted IoT Networks

Thuong C. Lam, Nguyen-Son Vo*, Minh-Phung Bui, Chan Dai Truyen Thai, Haejoon Jung, and Van-Ca Phan

Abstract—In this paper, we consider an integration of software-
defined edge techniques into unmanned aerial vehicles (UAV) to
deliver multimedia contents in Internet of Things (IoT) networks.
The UAV is integrated with caching, resource allocation, multi-
casting transmission, and 3D flight trajectory (3DF) techniques,
to serve the IoT devices and users (IDU) in different clusters.
By further utilising many aspects of multimedia contents, IDU
features, UAV-to-clusters association, and diverse characteristics
of wireless propagation environments, we formulate a service
time-aware caching, power allocation, and 3DF (TCP-3DF) op-
timisation problem. The TCP-3DF problem is solved by genetic
algorithms (GA) for optimally finding 1) the multimedia contents
to cache, 2) the powers allocated to multicast each content and
to fly over each hop, and 3) where to stop in 3D coordinates
and stop sequence. The optimal results are found under the
constraints not only on the storage and power resources but also
on the service time required by different multimedia applications
and services. Due to the complexity of various optimisation
variables and constraints, the GA is modified to ensure the
accurate and stable convergence by applying penalty function and
truncated chromosome scheme. Simulation results are shown to
demonstrate the feasibility of GA and the benefits of the proposed
TCP-3DF method in terms of sum rate, service time, and flight
distance while conserving the storage and power resources.

Index Terms—3D trajectory, edge caching, multimedia content
delivery, power allocation, UAV-assisted 6G IoT networks.

I. INTRODUCTION

According to the data forecasts reported by Ericsson, it is
anticipated in the sixth generation (6G) era that there will be
about 39 billion Internet of Things (IoT) connections in 2029
[1]. This stimulates the development of nearly 300 million
of applications and services (A&S) in the upcoming years [2].
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The ever-increasing demands of wide-area, cellular, and short-
range IoT devices and users (IDU) for numerous A&Ss yield
a proliferation of measurement, monitoring, automation, in-
struction, and entertainment communications, especially high
data rate multimedia contents. Certainly, the global data traffic,
which has exponentially increased [3], [4], causes not only
an extreme congestion situation of all the backhaul links but
also a degradation of resource utilisation in 6G networks. The
Internet service providers (ISP) and content providers (CP)
therefore face a major challenge of how to utilise the available
system resources to provide the IDUs with high quality of ser-
vice (QoS) while flexibly ensuring the service time' required
by various multimedia A&Ss. In this context, although 6G
networks are equipped with more powerful communication,
sensing, computing, and intelligence capabilities, an urgent
need for efficient groundbreaking solutions to address this
challenge is strongly fostered.

To address the aforementioned challenge, the ISPs and CPs
can develop disruptive network architectures and technologies
for high-speed backhaul links, but it is a costly investment.
Alternatively, a higher priority on software-defined edge (SDE)
techniques can be applied to delivering the multimedia con-
tents. One of the most efficient techniques, which can enable
the ISPs and CPs to utilise the system resources and available
infrastructure to satisfy the high demand of IDUs at a low
cost, is terrestrial caching [5], [6]. However, in many cases,
the IDUs are located in the crowded hotspots, rush hours,
and important events surrounded by dense skyscrapers or in
non-functional areas and emergency scenarios [2], [7], [8],
thus the terrestrial caching techniques become ineffective.
To resolve this limitation, the terrestrial caching techniques
have rapidly cooperated with a dynamic air caching platform
assisted by unmanned aerial vehicles (UAV) [2], [9]. UAV-
caching techniques not only bring the multimedia contents
closer to the IDUs but also 1) plan an optimal trajectory to
benefit from the line-of-sight (LoS) propagation, 2) capture
the behavior of IDUs (mobility, density, common interest, and
social relationship), and 3) expand the functional coverage
area, to provide more IDUs with a much better QoS.

In this paper, we propose an integration system of SDE
techniques, namely a joint service time-aware caching, power
allocation (TCP), and 3D flight trajectory (3DF) optimisation
solution, for delivering multimedia contents in UAV-assisted
IoT networks. For TCP, the UAV caching is integrated with

IService time is defined as the time for a UAV to fly and deliver (or
transmit) the multimedia contents to the IDUs in different clusters.
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power allocation technique. On the one hand, we apply
transmission power allocation to each multimedia content
associated with the specific aspects of the contents and the
diverse characteristics of wireless propagation environments.
For transmission, the benefit of the IDUs in a cluster having the
same multimedia content interest is utilised by multicasting.
On the other hand, the flight power (or flight speed) is
allocated to each hop depending on the service time required
by various multimedia A&Ss. For 3DF, the UAV-to-clusters
(U2C) association is established so that the UAV can find the
3D coordinates of stops and the stop sequence based on the
IDU features to serve them more efficiently.

The UAV caching, power allocation, multicasting transmis-
sion, and U2C association-based 3DF are then synthesised into
a TCP-3DF optimisation problem, under the constraints on
storage and power resources, and significantly handled by the
requirement of service time. To make the TCP-3DF practically
for a higher optimisation performance, we encompass the
aspects of multimedia contents (size and popularity pattern),
the IDU features (density and common interest), and the
diverse characteristics of wireless propagation environments
(suburban, urban, dense urban, and high-rise urban). By using
genetic algorithms (GA), the TCP-3DF optimisation problem
is solved for the optimal results of caching, transmission and
flight powers, 3D coordinates of stops?, and stop sequence.
The objective is to provide more IDUs with maximum sum
rate of multimedia content delivery (MCD) while conserving
the storage and power resources, and satisfying the required
service time with the approximate shortest path. Furthermore,
due to the complexity of the TCP-3DF optimisation problem,
the conventional GA is modified by applying penalty function
and truncated chromosome (string) scheme, so as to ensure
that the optimal results are accurate and stable. The main
contributions of our paper are summarized as follows:

o« We propose the TCP-3DF method for MCD in UAV-
assisted IoT networks. The UAV flies over the approxi-
mate shortest path to satisfy more IDUs by maximum sum
rate and proper service time. Simultaneously, it benefits
the ISPs and the CPs by effectively utilising the storage
and power resources and available infrastructure.

e The TCP-3DF method applies various SDE techniques
including UAV caching, transmission and flight power
allocations, multicasting transmission, and 3DF. The
practical aspects of multimedia contents, IDU features,
U2C association, characteristics of wireless propagation
environments, storage and power resources, and required
service time are considered for formulating a multi-
objective constrained TCP-3DF optimisation problem.
The TCP-3DF method achieves the highest optimisation
performance in terms of sum rate, service time, storage
and power resource utilisation, and flight distance. It is
noted that by allocating the flight and transmission pow-
ers, we can control both the flight time and transmission
time of the UAV to meet the required service time.

23D coordinates of stops are defined as a horizontal 2D rectangular flight
grid (RFG) and the altitudes of stops. A point to stop (or not to stop) in the
2D RFG is identified by a binary stop index 1 (or 0) with unique = and y
coordinates.

e We modify the GA so that it works well with the
complicated optimisation variables (OV) and constraints
of the TCP-3DF optimisation problem. In particular, the
TCP-3DF optimisation problem has three types of six
OVs: 1) binary type for caching and stop indexes? in
the horizontal 2D RFG, 2) real type for transmission
and flight powers and altitudes, and 3) integer type for
stop sequence. Because each type (or OV) may require
different crossover and mutation schemes, we truncate
the original string of an individual into sub-strings, each
represents a type of OVs or an OV to make the GA
accurately and stably converged to the best generation in
the end. To address the complicated constraints, i.e., not
simply in the form of lower bounds and upper bounds,
we apply penalty function to convert the constrained
optimisation problem to an unconstrained one which can
be feasibly solved by GA.

o Simulation results demonstrate the feasibility of GA with
truncated string (GTS) and the benefits of TCP-3DF
method compared to the other conventional ones. The
detailed analyses and discussions about the simulation
results provide valuable insights into the design of SDE
techniques based on UAV for MCD in IoT networks.

The rest of this paper is organised as follows. Related
works are discussed in Section II. In Section III, we introduce
the UAV-assisted MCD system in IoT networks with TCP-
3DF and describe how it works. The system, which includes
preliminary models, objective functions, service time, and
resource consumption, is formulated in Section IV. Based on
the system formulation, Section V proposes the multi-objective
constrained TCP-3DF optimisation problem and solution with
GTS. Section VI is dedicated to presenting the performance
evaluation of TCP-3DF method. Finally, we conclude the
paper in Section VII.

II. RELATED WORKS

It is certain that more benefits of UAV caching for content
delivery in IoT networks can be achieved by integrating with
other emerging techniques such as resource allocation [10]-
[15], energy harvesting (wireless power transmission) [13],
[15], [16], scheduling and jamming [14], [17], [18], multicas-
ting [19], [20], non-orthogonal multiple access (NOMA) [12],
[13], [15], relaying and cooperative communications [21]—
[23], and sensing [24]. We can see that the majority of the
integrated emerging techniques is based on resource alloca-
tion [10], [11] combined with energy harvesting [13], [15],
jamming [14], and NOMA [12], [13], [15]. It is prerequisite
to elaborate on the pros and cons of these main related works
[10]-[15], [17], [22], to demonstrate the contributions of our
work in the sequel.

One of the most important solutions for UAV caching with
emerging techniques is the joint cache placement, flight trajec-
tory and transmission power optimisation studied in [10]. The
authors have deployed multiple UAVs to serve the IDUs by
optimally caching the popular contents in advance, identifying
the 2D coordinates with a fixed altitude, and finding the
transmission power. The objective is to maximise the minimum
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throughput among the UAV-served IDUs. Unlike [10], the
authors in [11] have considered the mobile network operator
and the CPs which can mutually allocate the computing
resources for transcoding each video into different bitrate
versions. The popular videos with the highest bitrate versions
(highest qualities) are cached in the UAV. Then, the UAV flies
to serve the subscribers of CPs in the hotspots, each at an
optimal hover altitude of 3DF, i.e., optimal coverage radius of
UAY, to maximise the number of videos offloaded.

Besides applying resource allocation, in [12], the authors
have deployed NOMA in a flying ad hoc network (FANET)
of multiple UAVs. The FANET cooperates with the macro base
station (MBS) and cellular users (CU) in functional areas to
cache, and then forward the instruction messages and contents
to the IDUs in non-functional areas. The system further applies
the distributed NOMA technique to enhance the sum rate and
the access rate of the IDUs in UAV-assisted heterogeneous IoT
networks. Deploying only one UAV with caching but assisted
by power allocation, NOMA, and energy harvesting, the work
[13] introduces a joint constrained optimisation problem for
maximising the throughput. The impact of the UAV’s position
on the system performance is investigated to fully comprehend
the optimisation design.

In most specific A&Ss like safety public management,
military, and e-health [2], the contents transmitted to the IDUs
need to be secured. In this regard, the authors in [14] have
proposed a joint design of caching, power allocation, jamming,
and 2D trajectory. There are two UAVs in which the first one
is for data caching and transmission while the other is for
jamming. The CUs are utilised as relay nodes to provide the
IDUs with two-hop communications, i.e., from UAV to CUs
and from CUs to IDUs over device-to-device communications.
This way can maximise the secrecy rate in the presence of
eavesdroppers. Using similar techniques with [13], the authors
in [15] have further applied user pairing scheme to improve
the performance of NOMA while reducing the delay.

By a simple but efficient design, the work in [17] has
considered UAV caching with 2D trajectory for delivering the
contents in intelligent transportation systems. Although this
way can maximise the offloading gain, the problem is that
without optimising the altitude of UAV, it cannot adapt to the
diverse characteristics of wireless propagation environments
and density of IDUs to obtain higher performance. For a
better adaptation to the density of IDUs (but not the wireless
propagation environments), the authors in [22] further con-
sidered optimising the altitude of UAV for 3DF to maximise
the throughput. However, the caching, transmission, and flight
of UAV cannot significantly enhance the system performance
if the size of contents for caching, the power for transmitting
each content, and the power for flying over each hop are fixed.

We can see from the aforementioned discussions on the
related works that the authors have focused on various aspects
of UAV caching such as system models, techniques, IDUs,
contents, trajectories, resources, and related performance met-
rics. However, the problem of these works is that the size of
contents is fixed and the UAVs are deployed in 2D trajectories
(or even without trajectory in case of FANET deployment),
except that the work in [13] considers multiple versions of

g o Stops g ® Cluster centers

L meters, M, stops

Fig. 1: A UAV-assisted MCD system in IoT networks with
TCP-3DF.

videos with different sizes and 3DF. Furthermore, the authors
have not applied 1) U2C association, 2) transmission power
allocation for each content and flight power allocation for each
hop, 3) multicasting technique, 4) diverse characteristics of
both wireless propagation environments and density of IDUs,
and 5) approximate shortest path, in order to maximise the
delivery sum rate while not only conserving the storage and
power resources but also ensuring the service time.

III. SYSTEM ARCHITECTURE

We propose a UAV-assisted MCD system in IoT networks
with TCP-3DF as shown in Fig. 1. The system includes one
MBS, one UAV, N clusters, and I contents, within a circular
area of radius R. Cluster n, n = 1,2, ..., N, has a number of
IDUs distributed in a density of p,,. Content ¢, : = 1,2, ..., 1,
has a size of s; (Mbits) with popularity p;. The channels
between the MBS and the IDUs are not reliable enough for
data transmission due to the obstacles in the middle, but
they can be sufficiently utilised for collecting the necessary
information from the IDUs to formulate and solve the TCP-
3DF optimisation problem. The MBS controls the UAV to
cache the requested contents, fly, and deliver them to the IDUs
over much stronger U2C communications. The main notations
used for the system formulation are listed in Table I.

For the ease of trajectory, we deploy an RFG of Myy x My,
stops with horizontal coordinates (z;,y.,) at altitudes hy y,,
defined as 0y, = (21, Yuw, P1w), | = 1,2,..., My and w =
1,2,..., My [18]. The UAV flies to stop at o;,, and deliver
the cached contents. Finding a set of 3D coordinates o; 4, is
to identify where to stop f,, in the RFG at which altitude
hiw. Here f;,, € {0,1} is the stop index to affirm that the
UAV stops at (27, yy) if f1,» = 1, otherwise f;,, = 0. When
the MBS anticipates that there is a huge amount of contents
requested by the IDUs in the rush hours, crowded hotspots,
important events, non-functional areas, and emergency scenar-
ios [2], [7], [8], it performs the three phases given as below.

« Preparation phase: The MBS collects the information of
the IDUs and groups them into N clusters [20]. Cluster
n has M,, IDUs distributed in a density of p,, within
a circular area of radius R,. The IDUs in a cluster,
which are in close physical and social relationship, have
the same content interest for sharing, instructing, exe-
cuting, completing tasks, and even entertaining together.
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TABLE I: Notations.

Symbols Specifications

R Radius of target circular area covered by UAV

N Number of clusters

1 Number of contents

B System bandwidth

o? Additive white Gaussian noise power

N; Number of clusters requesting content 4, i = 1,2, ..., [
Pn Density of IDUs in cluster n, n =1,2,..., N

My, Number of IDUs in cluster n of radius R,
My, Length of M7, stops in the RFG
My Width of My, stops in the RFG
0w Stop coordinate of UAV at (x;,yw) in the RFG, | =
1,2,..., Mg, w=1,2,..., My, and at altitude h;_,,
M .»,n Number of IDUs in cluster n covered by UAV at o ,,
(k)

ul Coordinate (2, y{¥)) of IDU k in cluster n, k = 1,2, ..., My,

N Number of stops in a stop sequence 7, i.e., Ny < N

S; Size of content %

i Popularity of content ¢

« Skewed popularity exponent coefficient among contents

Timn Requesting index, r;,, € {0, 1}, to identify that the IDUs in

cluster n request content ¢z or not

ci UAV caching index, ¢; € {0, 1}, to cache content ¢ or not
fi,w UAV stop index, f; ., € {0,1}, to stop at (x7, yw) or not
Un Speed of UAV over hop ny, n =1,2,..., N7

P Power of UAV used to fly over hop ns

P; Power of UAV used to transmit content 4

Ps Standstill power of UAV

Iy No-load current (A)

Ro Motor resistance (£2)

Up No-load voltage (V)

Ky Nominal no-load motor constant (rpm/V)

Kg Back-electromotive force constant, K, = (Up — IoRo)/(KvUo)
Kr Torque constant, KT = 9.55Kg,

m UAV mass (kg)

g Acceleration of gravity (m/s?)

Cm Torque coefficient (Nm/(rad/s)Q)
Ca Fuselage drag coefficient (N/(m/s)Z)
Ct Thrust coefficient (N/(rad/s)Q)

Then, the MBS formulates and solves the TCP-3DF
optimisation problem for optimal results of caching c;;
transmission power P; for content ¢ and flight power P, -
for hop nr, nt = 1,2,..., N7; and where to stop fj .,
induced number of stops N7, at which altitude h; ,,, and
stop sequence 7 for 3DF.

« Implementation phase: Based on the optimal results, the
UAV caches the proper contents, flies to the right stops
at the optimal coordinates, and transmit the contents with
optimal transmission powers. It also flies over the hops
with optimal flight powers and optimal stop sequence.

o Standby phase: At the last stop, after transmitting the
contents completely, the UAV keeps standstill for a short
time to receive the next task from the MBS if any. Finally,
it flies to the nearby charging station and puts on standby.

It is noted that in our system, to enhance the performance of
a service time-aware regime, we consider the cruising speed
with respect to the flight power consumption computed based
on the voltage dropping across and the current flowing through
the UAV’s electric motors [25]. It means that we can control
the speed of UAV over different hops to meet the service time
requirement by changing the flight power. More practically,
we utilise the diverse characteristics of radio propagations for
different U2C communications. This way stimulates the UAV
to fly in an optimal 3DF and serve the IDUs more efficiently.

IV. SYSTEM FORMULATION
A. Preliminary Models

1) Multimedia Content Popularity Pattern: To derive the
content requesting and caching models, we take the content
popularity into account. It is certain that each content has
a popularity (or access rate) resulting in different delivery
frequency which highly impacts the system performance. In
this paper, we apply the well-known Zipf-like distribution [26]
to represent the popularity pattern of I contents in which the
popularity of content ¢ is given by

,L'—CE

s 21'1:1 i’
where o > 0 is the skewed coefficient representing a particular
popularity pattern of I contents. Higher value of « yields
higher skewed popularity amongst the contents.

2) Requesting, Caching, and U2C Association Indexes: The
number of clusters, which has the IDUs requesting content 1,
is proportional to p; [27], expressed as

Ni = [piNT, 2

where the operator |.] is used to round a real value to the
nearest integer. Furthermore, to avoid resulting in Zle N; #
N caused by the round operator, we make an adjustment in
the array {NNV;} as follows:

o If Zle N; < N, the first smallest number in the array
is increased by 1, e.g., if {NV;} = {3,3,2,1,1} and N =
11, then {N;} = {3,3,2,2,1}.

o If ZiI:l N; > N, the last largest number in the array is
decreased by 1, e.g., if {N} ={3,3,2,1,1} and N =9,
then {N;} = {3,2,2,1,1}.

Let r;, € {0,1} be the requesting index to indicate that
there is at least one of the IDUs in cluster n requesting content
1 (ry,, = 1) or there is none (r;, = 0), the relationship
between N and r; ,, is given by

1 I N
N=>"N=Y"> rin (3)
i=1

i=1n=1

(D

We further define ¢; € {0,1} as the caching index to indi-
cate that the UAV decides to cache content 7 (¢; = 1) or does
not (¢; = 0). So, the U2C association index (a; , € {0,1}),
which is used to match the caching index of UAV and the
requesting index of IDUs in clusters, is expressed as

Ajn = CiTin- “4)

Based on (4), the transmission channel between content i
cached in the UAV and the IDUs in cluster n is properly
established for optimal content caching and delivery.

3) UAV Coverage: In cluster n of radius R,, at center C,, =
(Zn,Yn), the number of IDUs with the same content interest
is M,, = |pnmR2]. As shown in Fig. 2, the UAV stops at
(21, yw) of distance \/(z,, — ;)2 + (yn — Yu)? far from C,,.
The number of IDUs covered by the UAV is indeed given by

Ml,w,n = LpnAl,w,nL (5)
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Fig. 2: The coverage model of UAV at a stop.

where A; ., , is the intersection area of the two circles with
radiuses R, and R; 5. In fact, IDU k, for £ =1,2,..., M,
is in the intersection area if the distance conditions d; ,n <
Ry+Ry . and dp o < Ry, are held, here d; ,, , is the dis-
tance between f;,, and IDU k located at k) = (x%k), y(k))
So, (5) is computed by checking the distance conditions of
all M,, IDUs in cluster n. To guarantee the QoS of the U2C
links from the UAV to the IDUs in A4;,, ,, we consider the
region covered by the UAV which is defined as a circular area
of radius R; ., associated with altitude h;,, and elevation
angle 0,, [28], expressed as

Riwn= , . (6)

4) Air-to-ground Channel: In this system, the A2G channel
from the UAV located at o;,, to the IDUs for delivering the
contents is considered. We apply the widely used A2G channel
defined by probabilistic path loss model [29]-[32]. This model
consists of LoS and non-LoS (NLoS) links. The path loss of
LoS and NLoS links between the UAV and IDU £ in cluster
n is given by

CIN
4 Cd wHy Un
Fon) = (Wf (Oé’ - )) n, A € {LoS,NLoS}, (7)

where f. is the carrier frequency, c is the speed of light, 7!
is the attenuation factor of LoS link or NLoS link, and the
distance from the UAV to IDU £ in cluster n is given by

A0t 1P) = /(@) — a2

By further considering the occurrence probabilities of the

Lo link (P2%*)) and of the NLoS link (P, o™* =1 -

LoS, (k)
lLaw,n

+

= Yuw)? + (hiw)? (®)

), we can derive the following average path loss

(k) S, (k S, (k S, (k S, (k
wl w,n lLZJn( ) lLl(l)) n( ) +wqui‘0n )PlNuL/l(:’L ® (9)
B

where Ll( U)J L= (M) and the occurrence proba-

bility of the LoS link is expressed as

PlLos (B) _ 1

, (10)
1+ Ky exp [ — l/n( arctan((l(,]:u)m) -

on)]

hiw
Ly , kn and v, are the

VE® -2+ —y.)?
constants related to the environment of cluster n [33].

where ( z(,’:j,n =

B. Objective Functions

1) Average Sum Rate: We assume that the UAV, which is
considered as a common cellular user, is allocated itself a
downlink spectrum resource for transmission. Without inter-
ference, the signal-to-noise ratio of the channel for dehverm%
content ¢ from the UAV at o, to IDU £ in cluster n at un
is given by [29]

a; n(wl 13 n)_lpi

o2

(@),(k) _

lLaw,n

) Y

where P; is the transmission power of the UAV consumed
to deliver content ¢. From (11), we have the corresponding
content delivery rate expressed as

= Blogy(1+ 7, 5),

lL,w,n

o)k

lwn

(12)

where B is the system bandwidth.

Finally, the average delivery sum rate multicasted from the
UAV to all the IDUs per cluster, which is the first objective
function of the TCP-3DF optimisation problem, is given by

IL{L MW N Ml yW,M

NZZZ Z Zplflwcl(zwn’

=1 w=1n=1 k=1 i=1

13)

where f;., € {0,1} is the stop index used to indicate that the
UAV stops at (2, Yu) if f1. = 1, otherwise f; ., = 0. So, the
number of stops is expressed as

My Mw

=22 fru

=1 w=1

(14)

Aiming at reducing the complexity of the objective function
(13) but without loss of generality, we consider the worst
case of sum rate received at all IDUs in A;, , over the
longest transmission distance of d(olyw,u%k)) = Diwn =
v/ (Ri,w,n)? + (hiw)?, which is shown in Fig. 2. The content
delivery rate in the worst case is given by

— C(’i)v(k) ' . (15)

lvwvn‘d(ol,wvu$zk)):Dl,'w,n

C(i)

lLaw,n

Therefore, (13) is reduced to

My My N

ZZZanZmﬁwC}&n

llwlnl

(16)

2) Flight Distance: The flight distance of the UAV, which
is the second objective function of the TCP-3DF optimisation
problem, is simply computed as

Nt
dT = Z dnTa

nr=1

a7)

where d,,, is the distance from stop (n7 — 1) to stop ny
in T, namely d(ﬂLT_l, 7;LT), here 7T represents the original
position of the UAV.
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C. Service Time and Resource Consumption

1) Average Service Time: The service time is defined as
the total waiting time for each cluster to be completely served
by the UAV. It consists of flight time and transmission time.
First, the flight time over hop n, is given by

d»
by = 7, (18)

Upp

where v, is the speed of the UAV over hop ny in 7.
Second, the transmission (or standstill) time at o;,, to

transmit content ¢ to the IDUs in cluster n is expressed as

@ frwsi

7 _ oW

t) =3 Clim
0,

So, the total transmission time (7g) and the average service
time per cluster (7T") are respectively given by
My Mw N

=YY,

=1 w=1n=11i=1

lf A n = 1,
’ (19)
if a; , = 0.

(20)
and

2y

M
MN

(z
tlwn .
=1 w=1 n=1 i= 1

2) Storage Consumption: To ensure the caching efficiency,
the caching storage consumption, which depends on not only
the content size (s;) but also the caching index (c;) and the
requesting index (r; ,,) represented by the U2C association (4),
is computed as

(22)

3) Power Consumption: The power consumption of the
UAV is used for transmission, standstill, and flight. Because
the standstill power is mostly the same, namely Pg, without
optimisation at all the stops, we consider the transmission
power P; and the flight power P, allocated to content ¢ and
hop n, respectively. Given I contents and Nt stops, the total
transmission power (Pr) and the total flight power (Pr) are
given by

I
Pr=>Y P, (23)
i=1
and Ny
Pe= Y Pu, (24)
nr=1
where P, is the flight power of the quad-rotor UAV at speed
Vp computed as [25]
Va Vn
P, = C‘*TT + 632 T eVid 4 2e Vi +4co,  (25)

where Co = IgRO, cp = 30]()KE/7T, Cy = QIoRocm/KT,
C3z = 30KECm/(7TKT), Cq = ROCYQH/KZ, and

Vor = (m2g2 + O{%Uiq—)/ctzv
and the notations in (25) and (26) are defined in Table 1.

(26)

V. TCP-3DF DESIGN
A. TCP-3DF Problem

The goals of the TCP-3DF method are to optimally find
1) a set of contents to be cached in the UAV (c¢;); 2) the
transmission power for content ¢ (F;) and the flight power
over hop nt (P,;); 3) the 3DF including where to stop
(fi,w) at which altitude (h;,) and stop sequence 7. The
objective is to maximise the average delivery sum rate C, fly
over Ny stops with the shortest path (STP), while satisfying
the constraints on average service time (7¢), caching storage
(Sc), and total transmission power consumption (Prg) and
flight power consumption (FPrc). Generally, the TCP-3DF
method has two mutual optimisation problems: 1) caching,
transmission and flight power allocations, and where to stop
at which altitude (CPS) optimisation problem for maximum
C and 2) stop sequence for the STP optimisation problem,
detailed below.

1) CPS Optimisation Problem: The CPS optimisation prob-
lem is formulated as

ot w,g},algiwh C (27a)
st. Np <N (27b)
T < T, 27¢)

S < Sc 27d)

Pr < Prc (27¢)

Pr < Prc (271)
Pry, < P, < Pry (27g)
Pr, < P, < Pry (27h)
Hypr, < hyw < Hpy (271)

where (27b) is to ensure that the number of stops cannot be
greater than the number of clusters; Py, and Pry (27g), Prr
and Ppy (27h), and Hyr, and Hey (271) are the lower bounds
and upper bounds respectively of transmission power, flight
power, and altitude of the UAV.

2) STP Optimisation Problem: Given f;,, and Nt found
by solving (27), the STP optimisation problem, which is
formulated for optimal stop sequence 7 to minimise the flight
distance, is expressed as

m%n dr. (28)

Solving (28) is equivalent to finding the best 7 in a
searching space of Ny! permutations of 7, = {1,2,..., Ny}
that minimises the flight distance dy. For example, if N = 3
and 7 = {71, T2, T3} = {2, 1,3} is the best solution selected
from 6 permutations of 7, = {1,2,3}, the UAV flies to the
stops 2, 1, and 3 in sequence.

B. TCP-3DF Solution with GA

GA has a powerful capability for solving such a com-
plicated optimisation problem in various systems [34], e.g.,
from communications [35]-[37] to multimedia A&Ss [38]-
[41]. One of the most important features of GA is that
based on the evolutionary principles of nature selection and
genetic variation, it flexibly provides exact or approximate
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global optimal solutions despite the unimodal or multimodal
searching spaces. In other words, GA is able to avoid local
optimal solutions by considering many optimal peaks at the
same time [38], [39]. In this paper, we apply GA [42] to
solve the TCP-3DF optimisation problem. However, for the
CPS optimisation problem (27), GA is designed for simple
constraints like (27g), (27h), and (27i). To address the other
complicated constraints, i.e., (27b), (27¢), (27d), (27e), and
(271), we further apply penalty function [38] which requires
to rewrite these complicated constraints as below

Ay =N— Ny >0,
Ap =Tc—T >0,

Ag =Sc—852>0, (29)
Ap, = Prc — Pr >0,
Ap, = Pr¢ — Pr > 0.
And then, the penalty function is given by
F =A1(min{0, Ax})? 4+ A2(min{0, Ar})*+  (30)

A3 (min{O, A5}>2 + M\ (min{O, APT})2+
)\5(min{0, APF})27

where A1, A2, A3, Ay, and A5 are the constraint violation
degrees which are properly selected to punish the individuals
in the current generation if they violate the constraints.

As a result, the GA can be used to solve the unconstrained
CPS optimisation problem given by

Cr=C-F. 3D

max
Ciafl,w7P'L7PnT;hl,w
For the STP optimisation problem, to solve it by GA,
we also apply penalty function to punish an individual by
a distance of dp.x if it makes the UAV fly to an invalid
stop T, when finding 7. The invalid stops occur because
the GA generates a number of random individuals, i.e., ran-
dom stop sequences, to create the initial population. In a
random stop sequence, e.g., T = {2,2,3}, the condition for
Trr 7# Ty, mT # n, cannot be held to be valid. The flight
distance with punishment from 7,.._1 to 7, is given by

d . d<7’-rL7'—177’-n7')71f7;7,7' 67-377;:7-5\7;17'
" d it Ty ¢ T,

where T; = {1,2,..., Ny} is the set of valid stops and T; =
Ts \ Tn, is applied to ensure that after flying to a valid stop,
this stop is removed from 7. To acknowledge the process of
punishment, we add a penalty amount 3d,, to (28) so that the
STP is rewritten as

(32)

max»

m7i_n (d7— + ﬁdp), (33)
where 3 > 0 is the violent degree, and d,,, which is initially
equal to 0, is then increased by 1 whenever an invalid stop
occurs. This way enables us to observe that dy is minimised
if d, =0.

So far, the TCP-3DF optimisation problem is solved by
combining CPS (31) and STP (33) optimisation problems into
one which is given below

Cr=C—~(F+dr+p8d,). (34

max
Cisfi,ws Pis Py hiw, T

[ Begin ]

| steps 1, 2

v
\ Initialisation

[ Reproduction/Selection | Steps 4, 5

\ Crossover | Step 6

\ Mutation | step 7

[ Calculation & Reinsertion | Steps 8, 9

NO ——Termination? ——-

Yes

( End ]
Fig. 3: Flowchart of GA.

In the fitness function (34), v is used to balance between
C and (F + d + Bd,) to maximise Cr while minimising
dr. However, solving it by GA deals with the challenge of
an extremely long chromosome (string) represented for each
individual since there are various OVS (c¢;, fi.w, Pi, Pnyy P ws
and 7). This in turn requires a huge population size to ensure
the GA converged accurately and stably. Furthermore, each OV
has its own characteristics associated with specific crossover
and mutation schemes, i.e., operators and probabilities. So,
instead of using long strings for common crossover and
mutation schemes, we apply a divide-and-conquer policy to
truncate them into sub-strings, each represents one or two
OV(s), namely GA with truncated string (GTS). The general
flowchart of GA is described in Fig. 3 corresponding to the
detailed steps of GTS in Algorithm 1. The GTS terminates
when it meets one of the following conditions (7'C):

1) The error of Cx between two generations (Gen — 1 and
Gen) and the total penalty (F'+ [3d,) are less than 10—3
in 10 consecutive generations.

2) Gen = Ng, i.e., 100 generations.

Similar to other adaptive heuristic searching algorithms, the
complexity of Algorithm 1 depends directly on the searching
space (Np) and the number of iterations (N¢). Finding the
proper values of Np and Ng is further based on 1) the
complexity of the TCP-3DF optimisation problem, i.e., the
complexity of the fitness function (34) defined as the multi-
objective functions (27) and (33), the penalty function (30),
and the OVs needed to be encoded, and 2) the accuracy
required by the multimedia A&Ss. Obviously, the complexity
of Algorithm 1 is also associated with the selection, crossover,
and mutation operators. In general, the computational com-
plexity of Algorithm 1 is of the order O(NpNg) [35], [39].

VI. PERFORMANCE EVALUATION

The system’s parameters are listed in Table II. In addition,
the content size (s;), the cluster radius (R,,), density of IDUs
(pr) are randomly generated in the ranges of [50, 250] Mbits,
[10, 20] meters, and [0.01, 0.1] IDUs/m?, respectively. The
UAV originally starts at (100, 100, 75)m. To make the 3DF
more effectively, a set of propagation features (k,,, vy, 75°5,
nN%°S 9.) in cluster n is also randomly selected from one
of the four types of environments (suburban, urban, dense
urban, high-rise urban) given in Table III. We evaluate the
performance of the TCP-3DF method by comparing it to the
other schemes including 1) service time-aware flying strategy
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Algorithm 1 GTS for TCP-3DF.

Input: Parameters of system in Tables II and III
Gen =1L Generation count

Olltpllt: CtF (027 fl*,wa Pz* P7t7—> h;,un 7—*)

1: Randomly generate

1) Np sub-strings {X{}, 2 = 1,2, ..., Np, each of (I + Mw X
M7p) bits to represent a potential solution for both ¢; and fi .,
in which the first I bits are in an array of X7 ; and the last
My x My, bits are in an My x My, matrix of X7 pr ar, -
2) Np sub-strings { X35}, each of I x PRECT bits to represent
a potential solution for I real OVs of P;.
3) Np sub-strings { X3}, each of N x PRECT bits to represent
a potential solution for N real OVs of P, .
4) Np sub-strings { X7}, each of N x PRECT bits to represent
a potential solution for N real OVs of h .
5) Np sub-strings {XZ}, each of N base-N numerals to
represent a potential solution for 7.
where X5, X3, and X7 are respectively converted to real OVs
X5 R, X3, and X by using b2r operation [42]; in 3), 4),
and 5), because we only need N7 valid stops, the (N — N7)
rear ones are ignored; and the base-IN operation generating the
numerals from 0 to N — 1, is added by 1 to have 7y, ¢ € Ts.

2: Compute Np fitness values based on (34) to have C; 7, Le.,

CF(Xl 1> XT 0y sty s X3.m0 X3 rs X rs X2)

while 7'C' does not hold do

4:  Put {XALL} {XTHXSHXFH{XIHXE}] associated
with C7 into the mating pool for ranking

5: Select Npc = Np X Pg best individuals with higher
fitness values for breeding by using stochastic univer-
sal sampling operator [42], so as to obtain {X4..}
{XTHXHXEHXIHAXGY. t =12, Neg

6:  Choose a pair of parents to create the offsprings by using
multiple point crossover with probabilities Pc,, Pc,, and Pcy
for { X1}, {X%} and {X?%}, while single point crossover with
probabilities Pc, and Pc, for {X4} and {X%}

7:  Mutate the offsprings { X7}, { X3}, {X%}, {X!}, and { X1}
with probabilities Puvi,, Py,, Pyms, Pumy, and Pyg by us-
ing complement operation. This way, the positive genetic
features that have been probably lost in the previous steps
can be recovered. As a result, we obtain {Xy;. } =
X0 X XL HX H X )]

8: Rtegeat step 2 to obtain
Cr (X011 X hny wary s Xao Xalfo Xy X57)

9:  Reinsert {X ALL} and C7 r into the present generation to have
the new sets of { X%y} and Cr

10 Gen=Gen+1

11: end while

12: Find the best fitness Cp (ci flrw PP b, T7) €

{CZF (Xf,la Xlz,]VIW XMy, s X;,Ra Xg,R7 X4,R7 XSZ)}

[95]

(TFS) with joint optimisation of caching, where to stop, and
altitude (TFS-CSA) [22], 2) TFS with joint optimisation of
caching and where to stop (TFS-C&S) [17], 3) TFS with
only optimal caching (TFS-OOC), and 4) TFS without any
optimisations (TFS-NUL), as shown in Table IV.

A. Evaluation of GTS

We first evaluate the performance of GTS with a set of
parameters presented in Table II. Fig. 4 shows the convergence
rate of GTS over 100 generations. We can see that the GTS
starts to converge after 70 generations and meets the 7'C' from
the 90-th generation. In the convergence situation, it is certain
that the mean fitness value (Mean) and the best fitness value
(Best) of all individuals are nearly the same. In other words,

TABLE II: System’s parameters.

Symbols Specifications

N, I 10 clusters, 10 contents

My x My, 3 X 4, distributed in a circular area with R = 100 meters
B, fc 10MHz, 2GHz

o, c,a 10~ 13w, 3 x 108my/s, 1

Ip, Ro, U 0.3A, 0492, 10V

Ky,m,g 380rpm/V, 3Kg, 9.8m/s?

Cm,Cq,Cy  8.89x10~"Nm/(rad/s)?, 0.11N/(m/s)?, 4.85 x 10~ °N/(rad/s)?
Pg 250W

PTL7 PTU 1001’1’1W, 5000mW

Pr1, Pru 300W, 2000W

Hyr,, Hpy 50 meters, 150 meters

Tc, Sc 50s, 1Gbits

Np 5000 individuals, i.e., population size

Ng 100 generations

Pa 0.9, generation gap

PRECI 8 bits representing the precision of each real OV

PCl,2 345 0.6, 0.1, 0.1, 0.6, 0.9 for crossover probabilities

PMl,z 545 1092,10712,10712,1079,10~* for mutation probabilities
dmax; Y, 200, 1.25, 10

A1,2,3,45% 1,1,0.001, 02, 0.01

&The method to select the proper values of A12 3 4,5 1s presented in [39].

TABLE III: Propagation features [28], [33].

Parameters

Environments Fn Vn 77’1:08 n’leOS On
Suburban 4.88 0.43 0.1 21 20.34°
Urban 9.61 0.16 1 20 42.44°
Dense urban 12.08 | 0.11 1.6 23 54.62°
High-rise urban 2723 | 0.08 | 2.3 34 | 75.52°
TABLE IV: OVs of different methods.
OVs
Methods ¢ fiw | hiw |Piand Pn
TCP-3DF Yes Yes Yes Yes
TES-CSA [22] Yes Yes Yes No®
TFS-C&S [17] Yes Yes | No? No!
TFS-O0C Yes No3 No?2 No!
TFS-NUL No? | No® | No? No®

Note: STP is applied to all methods. TFS-CSA, TFS-C&S,
and TFS-OOC optimisation problems are solved by using
GA, but the results of TFS-NUL are computed on average.
1p; = 1000mW, P, = 1000W, Vi,ny, the trans-
mission and flight powers of TFS-CSA are Pr.g, and
Pr g, » computed using (23) and (24), respectively. Then,
in (27e) and (27f), we set Pr¢ = Prqg, and Ppc
= PF
2 w = 125m Vi, w.

3We derive all the permutations of selecting N7— out of
N stops. Then, all the performance metrics, i.e., sum
rate, distance, service time, storage, transmission and
flight power consumption, and energy consumption, are
computed with respect to each permutation. Finally, we
compute the mean of each metric per permutation that
satisfies the constraints.

4Given the number of contents optimally cached by TCP-
3DF method, namely V* = Zf:l c;, we compute all the
permutations of caching V* out of I videos. Then, com-
bining with the stop permutations, we compute the mean
of each metric per pair of stop and caching permutations.

most of the individuals in the last generations own the best
genetic features following the evolutionary principle. Fig. 4
also demonstrates that the penalty value (F'+ 3d,,) approaches
zero, and thus all the constraints are satisfied.

Related to the accuracy and stability of GTS, the GTS is
stable if it produces as many accurate global solutions as
possible given a number of tries. The accuracy and stability
can be improved by increasing the population size but not
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Fig. 5: Stability of GTS vs. different population sizes.

very large. The reason is that the large population size causes
a higher computational complexity while not significantly
improving the accuracy and stability anymore. Meanwhile, it
is obvious that a small population size with low computational
complexity cannot ensure the accuracy and stability. To ensure
that the GTS is converged accurately and stably within a
reasonable computational complexity, we carefully select the
population size. Particularly, we execute the GTS 100 tries for
each population size (Np) in {1000, 2000, 3000, 4000, 5000,
6000, 7000}. We then plot the results of sum rate, distance,
and service time of every try as shown in Fig. 5 and plot the
minimum (Min), average (Ave), and maximum (Max) values
of 100 tries as shown in Fig. 6. It is observed clearly in Fig. 5
and Fig. 6 that lower Np (1000 and 3000) causes the results
less accurate and less stable. Meanwhile, higher Np (7000)
does not significantly improve the accuracy and stability but
certainly yielding a higher computational complexity. Espe-
cially, Fig. 6 indicates that the proper population size is 5000
(at the elbow) when the Ave closely reaches to the Max, i.e.,
numerous accurate global solutions and high stability of GTS
are achieved within 100 tries.
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. 6: Accuracy of GTS vs. different population sizes.
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Fig. 7: Stability of GTS and GFS over 100 tries.

In the fulfillment of GTS evaluation, we further im-
plement the GA with full long strings (GFS) and com-
pare it to GTS in terms of accuracy and stability. Unlike
GTS with five sub-strings, the GFS has two sub-strings.
The first sub-string of GFS is a concatenation of the first
four sub-strings of GTS [{X{HX5HXZH X5} and the
second sub-string of GFS is the last sub-string of GTS
{X?#}. The parameters of GFS are the same with that of
GTS except that the crossover and mutation probabilities
are set to 0.9 (max{Pc,, Pc,, Pc,, Pc,,Pc.}) and 10712
(min{ Par, , Par,, Pary, Par,, Pass } )3, respectively. In this way,

3Longer strings require higher crossover probability and lower mutation
probability.
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the memory and time complexities of GTS and GFS are
equivalent. The results in Fig. 7 show that the GTS is more
stable, and thus more likely to be accurate than the GFS is.
In other words, it is not good to merge various types (or
OVs) of individuals and then apply the same crossover and
mutation schemes to them. Finally, we can conclude that the
GTS is feasible to solve the complicated problem of TCP-3DF
in terms of accuracy, stability, and complexity.

B. Evaluation of System Performance Metrics

Next, we evaluate the system performance metrics of TCP-
3DF, TFS-CSA, TFS-C&S, TFS-OOC, and TFS-NUL which
include sum rate, distance, service time, storage, transmission
and flight powers, and energy consumption. Fig. 8 and Fig. 9
plot the performance metrics of all methods with respect to c.
In Fig. 8(a), it is worth observing that « plays an important role
in evaluating the system performance. As « is low or equal to
zero, all the contents have similar or the same popularity. This
makes the caching technique ineffectively leading to the result
that other optimisations of stop index, transmission and flight
powers, and altitude do not work well. When « increases, the
popularity values are more significantly skewed among the
contents. The contents are selectively cached in the UAV and
thus all the optimisation solutions can jointly work to make
the proposed TCP-3DF more efficiently compared to others.
Particularly, at o = 1, from the TFS-NUL, if we gradually
add up the OVs one by one to obtain different methods as
shown in Table IV, the sum rate is correspondingly increased
by the amounts of 0.4Gbps, 0.3Gbps, 0.3Gbps, and 0.5Gbps.
The performance gain between TCP-3DF and TFS-NUL is
totally up to 1.5Gbps. Importantly, the results in Fig. 8(b)
and Fig. 8(c) demonstrate that the flight distance of TCP-3DF
is approximately minimum compared to, while the service
time of TCP-3DF is mostly lower than that of the others.
The approximately minimum flight distance of TCP-3DF is
obtained due to the nature of GTS which provides exact
or approximate global optimal solutions given a reasonable
population size (Np = 5000).

Fig. 9 further shows the resource utilisation metrics of TCP-
3DF, TFS-CSA, TFS-C&S, TFS-O0OC, and TFS-NUL. Con-
sidering the storage resource in Fig. 9(a), the TCP-3DF method
takes full advantage of the skewed popularity of contents to
gain the highest storage efficiency. The higher the skewed pop-
ularity is, the more storage efficiency the TCP-3DF obtains,
i.e., less storage is used for caching the most popular contents.
In Fig. 9(b), Fig. 9(c), and Fig. 9(d), the TCP-3DF consumes
a reasonable transmission power and the lowest flight power,
and thus the lowest total energy compared to other methods,
thanks to the optimal power allocation solution. It is noted
that the total energy in Fig. 9(d) is determined by F =
22[;:1 tny Py +TsPs+ Zi\iﬁ 271\;[:1 nN:1 Zf:l t;,w,nPi’
where P = 250W is the standstill power of UAV [25] and Tg
is the total standstill time (transmission time) given in (20).

In Table V, we evaluate the impact of service time constraint
(T¢) on the system performance metrics of TCP-3DF, done
at « = 1. To do so, we relax the transmission and flight
power constraints by setting Ppc = 10,000mW and Ppc =
10, 000W. It is certain that if the service time is required faster,
most of the system performance metrics reduce accordingly to
serve less. However, the transmission power consumption is
not changed significantly. The reason the transmission power
consumption keeps unchanged is that in any constraints of
service time, the transmission power resource must be fully
utilised to reduce the transmission time as much as possible.
So, we can flexibly adjust - to meet the service time required
by different multimedia A&Ss.
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TABLE V: Performance of TCP-3DF vs. T¢ (o = 1, Pprc = 10,000mW, Ppc = 10, 000W).

Te(s) Metrics Sum rate (Mbps)| Distance (m) | Service time (s) |Pr (mW)| Pr (W) | Storage (Mbits) | Energy (Joules)
75 4251.6 709.9 72.9 9973 9353.3 707.5 66,321
50 3779.0 617.1 45.6 9988 8853.3 457.5 52,523
25 3010.5 518.3 24.9 9989 8773.3 457.5 45912
10 2050.7 339.6 9.9 9989 8773.3 457.5 30,533
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C. Trajectory

Last but not least, we carefully investigate the trajectory of
UAV versus different scenarios as shown in Fig. 10 and Fig.
11. Following the results in Table V, Fig. 10 elaborates on the
trajectories of UAV versus different constraints on service time
(Te). It is clear that relaxing T from 10s to 75s stimulates the
UAV to fly more stops over longer distances, i.e., from 4 stops
over 339.6m to 9 stops over 709.9m. So, the UAV provides

more IDUs with higher sum rate when 7 increases, obviously
satisfying the flight power constraint (Prc). Fig. 11 shows that
the altitudes of UAV are optimally found to make it stop at
the right places in accordance with the diverse characteristics
of propagation environments and various densities of IDUs in
different clusters so as to enhance the sum rate compared to
flying at fixed altitude of h;,, = 125m. Here h; ,, = 125m is
the best altitude selected in the range of [50, 150]m for the
TFS-C&S, TFS-OOC, and TEFS-NUL methods.

It is noted that due to the limit of computing resource, the
aforementioned results are all derived from the flight trajectory
over the RFG of My, x My = 3 x 4 stops, e.g., see Fig. 11.
Practically, the RFG is finely divided into more stops so that
the UAV can fly to approach the clusters more exactly. So, we
further provide an extension case when My, X My =4 x5
as shown in Fig. 12. Compared to the result in Fig. 11, the
fine-grid trajectory in Fig. 12 gains higher sum rate (3.6Gbps
vs. 3.2Gbps), shorter distance (515.5m vs. 537.2m), and faster
service time (34.9s vs. 38.5s), even it flies over one more stop
(8 stops vs. 7 stops). And thus, the proposed TCP-3DF can be
feasibly deployed by a powerful computing system in reality.

VII. CONCLUSION

We have proposed a joint optimisation method for the
UAV-assisted MCD system in IoT networks. In technical
perspective, the UAV is integrated with the emerging SDE
techniques, i.e., caching, transmission and flight power alloca-
tion, multicasting, and U2C association-based 3DF. Regarding
the aspects of multimedia contents, IDUs, and wireless prop-
agation environments, the system considers 1) different size
and popularity of contents, 2) density and common interest
of IDUs, and 3) suburban, urban, dense urban, and high-rise
urban environments. These techniques and aspects are for-
mulated as a multi-objective TCP-3DF optimisation problem
for the optimal results of binary caching and stop indexes,
real transmission and flight powers and altitudes, and integer
stop sequence, under the constraints on system resources and
service time. GA is modified to solve the TCP-3DF problem
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with respect to the complicated OVs and constraints. The
results demonstrate that the TCP-3DF method outperforms the
other conventional ones to provide the IDUs with maximum
sum rate, proper service time required by various multimedia
A&Ss over the approximate shortest path, while conserving
the storage and power resources. The analyses and discussions
contribute valuable insights to the design of SDE techniques
using UAV for MCD in IoT networks. Future work will
explore more powerful computing and optimisation methods,
such as distributed computing and machine learning, for
cooperative multi-UAV deployment over larger areas.
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Abstract—Swarm unmanned aerial vehicles (UAV) have been
increasingly studied for delivering the contents in 6G networks. In
this paper, we propose an energy-aware capacity and trajectory
(ECT) optimisation solution for swarm UAV-assisted edge con-
tent delivery networks (eCDN). The ECT optimisation solution
enables a swarm UAV system to cooperatively fly 1) to the
optimal set of stops and serve the user equipments in different
clusters at maximum content delivery capacity and 2) in the
optimal trajectory planning at minimum distance, under the
constraint of energy resource. However, the ECT optimisation
problem is challenging due to multiple objectives with respect to
different optimisation variable types and complicated constraints.
Genetic algorithms (GA) are therefore modified to address the
challenge of solving the so-called multi-objective optimisation
problem feasibly. Simulation results are shown to demonstrate
the feasibility of GA and the benefits of ECT method for swarm
UAV-assisted eCDN.

Index Terms—6G networks, edge content delivery networks,
genetic algorithms, swarm UAV networks, trajectory planning.

I. INTRODUCTION

With the development of mobile device technology, ad-
vanced applications and services (AAS), Internet service
providers, and content providers, content delivery networks
(CDN) have commonly considered as an important pillar to
improve the experience of mobile users [1], [2]. However, in
the era of Internet of Things (IoT), a proliferation of wide-
area, cellular, and short-range IoT devices and users, namely
user equipments (UE), which requests various AASs with high
transmission rate and huge volume of data, e.g., multimedia
applications and services, makes such central CDNs degraded
due to severe bottleneck situations at the backhaul links of 6G
networks [3]-[5]. The conventional CDNs have been therefore
expanded next to the UEs by integrating with edge networks,
forming an emerging architecture of edge CDNs (eCDN).

Recently, we have witnessed an efficient launch of un-
manned aerial vehicles (UAV) based flying platform in as-
sisting the eCDN to serve the UEs. On the one hand, by
caching, the UAVs can bring the contents closer to the UEs
for reducing the transmission distance. On the other hand, the

UAVs are planned to fly in an optimal trajectory to probably
achieve the line-of-sight (LoS) propagation for improving the
transmission rate and to expand the functional coverage area
for providing more UEs with a much higher quality of service
[4]. The key solution for UAVs is the combination of caching
and flight trajectory, UE association, or/and power allocation
optimisation techniques studied in [6]-[11].

In particular, the work in [6] introduced a joint caching and
trajectory (JCT) optimisation problem under the constraints
on caching storage and total energy consumed by transmitting
and flying. Applying exhausted and greedy search algorithms,
the JCT optimisation problem is solved for optimally selecting
which contents to cache (C2C), deciding where to stop (W2S),
and planning how to fly (H2F) throughout the stops. The
objective is to maximise the content delivery capacity while
minimising the flight distance and conserving the storage
and energy resources. In [7], the authors have formulated
an intractable distributionally robust stochastic optimisation
problem for the optimal results of C2C and W2S under the
constraint on the storage resource. The intractable optimisation
problem is reformulated as a tractable semi-definite program-
ming problem so that the solution is probably obtained to
maximise the reduced delay brought by the UAV.

To exploit the storage resource, the authors in [8] have
further considered caching in mobile devices (MD) to propose
a cache-enabling UAV-device-to-device (UAV-D2D) network.
The ideas of C2C in UAV, caching placement in MDs, and
W2S are formulated in the form of a mixed integer nonlinear
programming problem for maximising the cache utility under
the constraint on storage resource. To reduce the complexity,
the original optimisation problem is decomposed into three
sub-problems which can be feasibly solved by dynamic pro-
gramming for C2C in UAV, many-to-many swap matching for
caching placement in MDs, and approximate convex optimisa-
tion for W2S. Interestingly, by applying reinforcement learn-
ing method in [9], [10], UE association and power allocation
are optimised together with caching placement and W2S of
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Fig. 1: Swarm UAV-assisted eCDN.

multiple UAVs for minimising the total content delay.

We can see that the deployment of the above works falls
into three cases: 1) single UAV with H2F for minimum flight
distance and multiple objectives of high complexity for exact
results [6], 2) single UAV without H2F and single objective
of lower complexity for approximate or exact results [7], [8],
and 3) multiple UAVs without H2F and single objective of
low complexity for approximate or exact results [9], [10]. In
our previous work [11], the time complexity in [6] is reduced
by applying genetic algorithms (GA) for approximate or exact
results, but there still has only one UAV deployed.

In this paper, we propose an energy-aware capacity and
trajectory (ECT) optimisation solution for swarm UAV-assisted
eCDN. Assuming that the UAVs can cache all the contents
requested by the UEs in different clusters, the ECT optimi-
sation problem is formulated in the form of multiple objec-
tives with respect to (w.r.t) two optimisation variable types
of W2S (binary variable) and H2F (integer variable) under
the complicated constraint on transmission and flight energy
resource. GA is modified to feasibly solve the complicated
ECT optimisation problem to maximise the content delivery
capacity and minimise the flight distance handled by the
available energy resource. The feasibility of GA (accuracy and
time complexity) and the benefits of ECT method for swarm
UAV-assisted eCDN (capacity, distance, and service time) are
investigated by simulation results.

The rest of this paper is organised as follows. In Section
II, we introduce the swarm UAV system for eCDN and
describe how it works. The system is formulated in Section III.
The formulations enable us to propose the ECT optimisation
problem and solution with GA in Section IV. In Section
V, the performance of GA and ECT method is evaluated
with insightful analysis and discussion. Finally, Section VI
is dedicated to concluding the paper.

II. SYSTEM MODEL

In this paper, we consider a system of swarm UAV-assisted
eCDN in the same model with [11] but multiple UAVs
cooperatively deployed to serve the UEs. We further assume
that each UAV flies to serve a limited number of clusters within
a coverage radius R of the macro base station (MBS) and

TABLE I: Main notations

Notations  Descriptions

R Radius flight area of UAVs covered by MBS

M Number of UAVs

N Number of UE clusters

I Number of contents

N7(-m) Number of stops in the optimal trajectory 7, where UAV
m flies throughout, m = 1,2, ...,

i Popularity of content i, p; = i*a(Zle i*"‘)71 [12]

N; Number of UE clusters requesting content ¢, N; = |p; N,
the method to adjust N; for ensuring N = Zf:l N; is
given in [11]

Qin UAV-cluster association index, a; , = 1 if at least one
EU in cluster n request content %, a; , = 0O otherwise,
N, i = ZnNzl A5.n

h Fixed altitude of UAVs

01w Horizontal coordinates of stops, 07, = (%],yw), | =
1,2,..., My, and w = 1,2, ..., My

d(a, b) Distance between stop a and stop b

F(ol(:z)) Stop index matrix of UAV m, if UAV m stops at o ,,,
F(ol(?y) = 1, otherwise F(OZ(TU)) =0, N;Vm)

M M
2 S o)
Cn Center of UE cluster n located at (zn,yn), n =

1,2,..,N

thus it can cache all the requested contents. Therefore, C2C
optimisation is not utilised in the system formulations. The
main notations, descriptions, and expressions of the system are
given in Table 1. After collecting all the system parameters,
the MBS solves the ECT optimisation problem for the optimal
solutions of W2S and H2F. As a result, UAV m is assigned
to fly to N7(-m) stops so that all UAVs can cooperatively fly
to provide the UEs with maximum content delivery capacity,
minimum flight distance, and faster service time properly
handled by the available energy resource.

For convenience of content delivery and trajectory design,
in each UE cluster with center ¢,, a cluster head (CH) is
elected to receive the contents delivered from the UAVs and
then forwarding them to its’ members. In addition, the UAVs
are planned to fly throughout the stops located in a rectangular
grid of length L(m) and width W (m), at the fixed altitude h.
Given N UE clusters distributed in a circular area with radius
R, the rectangular grid is the one with smallest area that covers
all the centers of the UE clusters. There are M stops and
My stops equally distributed along the length and width of
the rectangular forming the Mjp x My, stop matrix for the
UAVs to fly. The number of stops in the matrix depends on
the density of UE clusters and the accuracy requirement of the
ECT method for the swarm UAV-assisted eCDN.

III. SYSTEM FORMULATIONS

A. Average Content Delivery Capacity

To derive the average content delivery capacity, we assume
that the UAVs utilise the inband frequency (licensed band) and
outband frequency (unlicensed band) for communicating with
the MBS and the CHs, respectively. Furthermore, CH n in UE
cluster n is the one located at or nearby c,. The capacity to
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(M) to CH n is

deliver content 7 from UAV m stopping at o,

given by
C(i,n,m) — Bl 1 (i,m,m) 1
L ogo(1 4+ ;. ), 9]

Law

where B is the system bandwidth, and vlmm), which is
the signal-to-noise ratio of the channel between UAV m at
01, and CH n, is dominated by LoS propagation [13], [14],
expressed as

(i,n m) aiv”PTBO (dl(n’m))_2

Y ;W o2 - . (2)

In (2), Pr is the transmission power of all UAVs, [y is the
power gain of UAV-to-CH channel at the reference distance
do = 1 m, o2 is the additive white Gaussian noise power,
and dl(zl’)m) is the distance between UAV m at o;,, and CH n
computed as

(nm

\/h2 + ||Ol w Cn” (3)

where ||| is the Euclidean norm.
Finally, the average content delivery capacity per cluster
provided by all UAVs is given by
1N
o-~+
v

M M, Mw I

oD S omFEC, @)

m=1 =1 w=1i=1
where, F(ol(rg)), which is the stop index matrix defined in
Table 1, is optimally found by W2S to maximise C.

B. Flight Distance

Given N(Tm) stops, let d\™) be the distance from stop (n —
1) to stop ny for UAV m to fly in the optimal stop sequence
T, found by H2F, the total flight distance of all UAVs is
expressed as

M NG

=> Z aim. 5)

M
A= dn
m=1 m=1ny=1
In (5), dgm) is the distance from the original position of UAV
m to the first stop in 7,,,. With H2F, obviously minimising d
is equivalent to mmimising each d,,, separately. Given a sub-
set ’Ts(m) of N (m stops for UAV m selected from the whole
set T of N stops, ie., 7™ € T, Ty for UAV m to fly
that can minimise the distance d,, is certainly an arbitrary
combination of the sub-set 72(7"). For example, assume that
N =5and T = {1,2,3,4,5}, with M = 2, we may have
T = = {1,3,4}, TP = {2,5}. So, dy and dy are minimised
respectlvely by finding the best combinations of 7;( ) among
{1,3,4}, {1,4,3}, {3,1,4}, {3,4,1}, {4,1,3}, and {4,3,1}
and of T{®) between {2,5} and {5, 2}, to obtain 7; and T5.

C. Energy Consumption

There are three types of energy consumed by flight, trans-
mission, and standstill. To obtain the energy consumption,
we need to derive the durations of flight and transmis-
sion/standstill'. It is certain that the total flight duration of
all UAVs is

tp =d/V, (6)

where V' is the flight speed of the UAVs.
The standstill (or transmission) duration of UAV m at o,
to transmit content ¢ to CH n is expressed as

(m)

(Ol(n;))i‘ ifa;,=1
Cl(qwn m) 7, I (7)
0, if Ajn = 0.

tl(zwn m)

So, the total standstill (or transmission) duration is given by

N M Mp Mw 1

EEDIDIDIDIP I s ®

n=1m=1 =1 w=1i=1

By taking into account the flight power (Pr), standstill
power (Fs), and transmission power (Pr), the total energy
consumption is expressed as

Ec = Pptp + (Ps + Pr)tr. &)

D. Average Service Time

The average service time is defined as the average flight
and transmission duration of the UAVs to serve each CH, i.e.,
equivalent to the average waiting and receiving time of each
CH to be served by the UAVs. In particular, the flight duration

over hop ny, ny =1,2, ...,N(Tm), is given by
oy
i = 22 (10)

Together with the transmission duration, the average service
time per cluster is given by

iy S

nr=1m=1

—nr+ MM+ (D)

N—-1 M My, Mw I

22020 > W

n=1 m=1 =1 w=1 i=1

t(z n, m):|

IV. ECT OPTIMISATION PROBLEM AND SOLUTION
A. ECT Optimisation Problem

To maximise the average content delivery capacity C' and
minimise the total flight distance d of all UAVs simultaneously
under the constraint on the available energy resource F,
mathematically, the ECT optimisation problem is formulated
by merging W2S and H2F as below

C —~d (12a)

max
(m)) T

lw

IThe standstill duration is also for transmission.
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M NI <N, (12b)
Ec < E, (120

where v > 0 is used to balance the trade-off between the two
objectives of maximising C' and minimising d.

B. ECT Solution with GA

1) Penalty Function Design: In (12), because a UAV can
fly throughout K = M, x My stops to transmit the requested
contents as long as it has enough energy resource. The binary
stop index matrix F (ol(;'f})) for UAV m therefore has K bits.

For the ease of GA implementation, the matrix F(OZ(TU)) is
mapped onto a binary array (string) fm of length K bits so
that we have N{™ = oMo s~Mw pp(myy — shE e (k).
However, f,,, from the initial generation of random individuals
and during the crossover and mutation processes may be
invalid resulting in the fact that multiple UAVs fly to the
same stops. To avoid this invalid situation, let f = 25\7{:1 s
f(k) > 1 means that there are multiple UAVs fly to stop k
and thus there is a punishment for this invalidity. The number
of invalid positions punished in f is given by
K

oL
k=1,f(k)>1

Similarly, the stop sequence 7,, in general has IV integers
from 1 to N. However, UAV m only uses the first N7(-m)
integers in 7, in each generation of GA, the rest N — N (m)
integers are ignored. Due to the initial generation of random
individuals and the crossover and mutation processes, T,
is likely invalid resulting the fact that UAV m flies to the
next stop(s) where it has visited earlier. Let 77, = [ ] and
dl(ffﬁz = 0, to avoid the invalidity, the punishment is performed
by increasing dl(ffr), by 1 when computing dgfi) as below

d(Tm(nT - 1)> Tm(nT)’ if Tm(nT) ¢ T/m’
dim = T =T ()
0,3f Trn (n7) € Ty dimd = dS) + 1.

The total punishment for all UAVs flying to invalid stops is

given by

finv = (13)

(14)

dpn = Z dii).

Furthermore, GA can easﬂy deal with a simple constraint
in the form of lower bounds and upper bounds of optimisation
variables. However, the ECT optimisation problem consists of
two complicated constraints (12b) and (12c). For complicated
constraints, GA further applies penalty function which requires
to rewrite (12b) and (12c¢) as below

AN =N-M_Ni™ >,
AE=FE—Ec>0.
So, the whole penalty function, which is used to punish the
individuals if they violate the constraints, is given by

F =21 (fi)? + Xa(dpun)? + A3 (min{(), AN})2+
A1 (min{O, AE})27

15)

(16)

A7)

Algorithm 1 GA Implementation

Input: System and GA parameters in Table II
T'C'": Termination conditions
Gen = 1: Generation count
Output: C, /7, and 7%
1: Randomly generating Np binary strings {X](;)}, z =
1,2, ..., Np, each has M K bits to represent individual z
2: Randomly generating Np integer strings ({XI(Z)}), each
has M N integers to represent individual z

3: Computing Np fitness values C (Xl(;),XI(Z)),

4: while T'C' does not hold do
Putting 5;2) wrt {X{P} and {X*} in the mating
pool for ranking

6:  Selecting Ng = NpPg better individuals with higher
55;) for breeding by using stochastic universal sam-
pling operator [15], so as to get {X](Bt)} and {Xl(t)},
t=1,2,...,Ng

7:  Selecting a pair of parents to make a pair of offsprings
by using 1) multiple point crossover with probability
Pcp for {X](gt) } and 2) single point crossover with
probability Pey for {X("} [15]

8:  Mutating the offsprings {X](;)} with probability Py
and the offsprings {Xl(t)} with probability Py, to
recover the good genetic materials likely lost in the
previous steps

9:  Computing N¢ fitness values Uﬁf) w.r.t {X}(;)} and

ie, 6;:)

{X I(t)} and reinserting them into the present generation
10 Gen=Gen+1
11: end while
12: Finding the best fitness value 6; associated with f
and 7, extracted from {X{"} and {X*'} in the last
generation

where A1, A1, A3, and )4 are the constraint violation degrees.
2) GA Implementation: By combining (12) with the penalty
function, the GA can be used to solve the unconstrained ECT

optimisation problem given by
max 61: = 6 —

my/m

(yd+ F). (18)

The detailed GA implementation to solve (18) is shown
in Algorithm 1. Termination condition (7°C’) of GA holds
whether C'r does not change while the average penalty value
per individual F < 1072 in 3 successive generations or
gen = Ng.

V. PERFORMANCE EVALUATION

Table II provides the system and GA parameters. GA is
executed by a desktop computer with detailed information
listed in Table III. The UE clusters are randomly distributed
within a circle with R = 100m. Three UAVs are originally
located at zg),y(l) = (—100m, 100m), (z\¥, ) = (100m,
—100m), and x[ff ) = (~100m, —100m) with fixed
altitude ~ = 50m.
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TABLE II: Parameters setting

Symbols Specifications

{R,N,I,M} {100 meters, 10 clusters, 5 videos, 3 UAVs}
{s:} {300, 100, 200, 400, 900} Mbits
« 1

14 15m/s

{PT, PF, Ps} {0.5, 50, 0.25 x PF}W

{E,B} {5000Joules, 10MHz}

{Bo, 02} {10=%,10~ W}

Np 10,000 individuals

K My, x Myy =4 x 3 =12 stops
{Ng, Pg} {100, 0.8}

{PcB., Pc1, Pus, Pur}
{7, A1, 22,23, M4}

{0.6, 0.9, 106, 10~ 10}
{0.05,102, 10, 102,102}

TABLE III: Computer information

Energy (KJ)

Fig. 3: Capacity versus F with different values of a.

Processor 12th Gen Intel(R) Core(TM) i7-1255U 1.70GHz
Processor type x64-based processor

Processor cores/Threads 10/12

Total PHY memory 16GB

Operating System Windows 11

550

500 -
450

400 -

©
a
=]

TABLE IV: ES and GA comparison (M = 2)

6(Mbps) d(m) Ec(Joules) | Time (s) | Algorithm
6 stops 197.44 471.62 3,565.26 33.08 ES
6 stops 197.44 471.62 3,565.26 300.08 GA
8 stops 260.34 483.99 4,295.38 2,640.34 ES
8 stops 260.34 499.40 4,346.74 343.23 GA
200()J‘r
1500 "“
|
1000 ’J‘Y‘
500
2 i
g 0 -
-500 -
-1000 .
—6—Best
1500 H —%— Mean
—+— Penalty

2000 . . . . . . . . .
0 10 20 30 40 50 60 70 80 920 100
Generation

Fig. 2: Convergence rate of GAs.

A. GA Performance

The convergence rate of GA is evaluated by considering
100 generations as shown in Fig. 2. The plots include the best
value (max{C, — F.}) and the mean values of {C, — F.}
and penalty F' per individual in each generation. The results
show that the convergence situation of GAs starts from the
50" generation when the mean value is closer to the best
value and F' = 0. It indicates that all the individuals be-
come better after each generation while ensuring the given
constraints for optimal solutions. We further evaluate the GA
performance by comparing to exhausted search (ES) algorithm
which is implemented similarly to the work in [6], i.e., W2S
to maximise C' and H2F for each UAV to minimise the
flight distance d. The results in Table IV show that if the
number of stops is small (6 stops), GA has the same optimal
solutions with ES but obviously ES outperforms GA in terms

S
S

Distance (m)
Noow
&
Z

200 [

Energy (KJ)

Fig. 4: Flight distance versus I with different values of M.

70

60 -

o
S

40 -

Service time (s)

Energy (KJ)

Fig. 5: Service time versus I with different values of M.

of time complexity (33.08s vs. 300.08s). When increasing to
8 stops, GA provides exact or approximate optimal solutions
but with extremely lower time complexity compared to ES
(343.23s vs. 2,640.34s). The convergence rate, accuracy, and
time complexity of GA demonstrate that it is feasible to use
GA for solving the ECT optimisation problem.

B. Performance of ECT for swarm UAV-assisted eCDN

We evaluate the average content delivery capacity C versus
different energy constraints &/ and skewed popularity value «
as shown in Fig. 3. It is certain that the increase of £ enhances
C but getting a saturated result due to the limit of N and the
fixed transmission power of UAVs. In addition, increasing «
enables the ECT method to focus on the contents with higher
popularity values and thus achieving higher C.
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Fig. 6: Trajectories versus different values of M.

Fig. 4 plots the distance versus the energy constraint £ with
1 UAV, 2 UAVs, and 3 UAVs. The results show that the higher
energy resource the UAVs have, the more stops the UAVs fly to
serve more UE clusters, and thus with longer flight distances.
The total flight distances associated with 1 UAV, 2 UAVs, and
3 UAVs are different depending on the sets of stops and the
original positions of the UAVs. The most benefit of multi-UAV
deployment is the significant reduction in service time (T°) as
shown in Fig. 5. We can see that the higher number of UAVs
(2 UAVs and 3 UAVs) significantly reduces T when F is high
enough (£ = 3 KJ).

To fulfill the evaluation of ECT for swarm UAV-assisted
eCDN, we investigate the trajectories for 1 UAV, 2 UAVs,
and 3 UAVs as shown in Fig. 6. The trade-off of multi-UAV
deployment is the distance from the original positions to the
first stops added. However, the service time is significantly
improved if more UAVs are cooperatively deployed. Assigning
an optimal number of UAVs deployed is crucial to meet the
service time required by different content applications and
services, especially by real-time multimedia communications.

VI. CONCLUSION

We have proposed the multi-objective optimisation problem
of ECT for swarm UAV-assisted eCDNs. The ECT optimi-
sation problem consists of two objectives of W2S and H2F
w.r.t complicated optimisation variables and constraints. We
apply GA to solve the ECT optimisation problem feasibly,
i.e., high accuracy and low time complexity, for maximum
average content delivery capacity and minimum flight distance
flexibly handled by the energy resource of UAVs. The feasi-
bility of GA and benefits of ECT method for swarm UAV-
assisted eCDNSs are analysed and discussed to provide valuable
insights to the design of swarm UAV-assisted eCDNs. In future
works, we will explore more powerful computing systems and
advanced optimisation algorithms for cooperative multi-UAV
deployment over larger areas to provide the UEs with real-time
multimedia applications and services.
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Abstract. As 6G Internet of Things (IoT) networks evolve toward high
data rate communications and low latency applications and services,
this paper proposes a transmission mode selection-based content caching
(MSC) integrated with real-time swarm UAV trajectory (RTT) optimiza-
tion to enhance both system sum rate and service time. In MSC, IoT
devices and users (IDUs) in different clusters are served cooperatively
by unmanned aerial vehicles (UAVs) and macro base station (MBS) to
maximize the overall sum rate, while the RTT design further ensures fast
service time provided by the UAVs. Both MSC and RTT are jointly for-
mulated as a unified MSC-RT'T optimization problem, which determines
(i) the optimal transmission mode selection, i.e., whether a UAV with
proper cached contents or the MBS should serve the IDUs in a given clus-
ter, and (ii) the optimal set of UAVs and their trajectories for efficient
content delivery across clusters. Simulation results demonstrate that the
proposed MSC-RT'T framework significantly improves both sum rate and
service time, outperforming the existing benchmarks in real-time content
delivery applications and services over 6G IoT networks.

Keywords: 6G Internet of Things, content delivery applications and

services, transmission mode selection, real-time swarm UAVs, UAV caching

1 Introduction

Real-time Internet of Things (IoT) applications and services in 6G networks
demand extremely high data rate, low latency, ultra reliability, and massive con-
nectivity to support seamless content delivery across heterogeneous IoT devices
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and users (IDUs) [1-4]. Emerging use cases including autonomous transporta-
tion, industrial automation, remote health care, and extended reality, further
require instantaneous data processing and continuous content updates, under
strict resource consumption constraints. With the integration of edge techniques,
THz bands, large-scale unmanned aerial vehicles (UAV)-assisted infrastructures,
intelligent reflecting surfaces, sensing and communications, artificial intelligence,
and digital twins, 6G IoT networks are envisioned to enable highly adaptive and
context-aware content delivery strategies that are able to address the diverse
real-time demands of applications and services [5].

Regarding real-time system designs for UAV-assisted IoT networks, existing
studies have primarily focused on low latency and accuracy-guaranteed scheme
[6], in-flight decision making [7, 8], service caching-based data processing and
analysis [9], path planning and transmission scheduling [10], trajectory plan-
ning for data updating and collection [1,11,12]. Particularly, the authors in [6]
proposed a joint task assignment, model selection, and resource allocation frame-
work for UAV-assisted IoT networks that achieves low task latency while strictly
satisfying accuracy constraints with real-time deep neural networks. The work
in [7] designed a UAV path-planning algorithm to optimize energy consumption
and risk in ToT networks. A tiny machine-learning model is applied to help the
UAV make real-time decisions for adjusting the locations of virtual nodes. In [§],
together with task-offloading decision making in real time, a joint optimiza-
tion of number and 3D placement of UAV cloudlets was developed to achieve
near-optimal performance with low complexity for large-scale IoT networks sup-
porting latency-sensitive services.

More practically, a UAV-assisted service provisioning framework with caching
was studied for different real-time levels of services in IoT networks [9]. To
achieve high real-time caching performance, a deep Q-network is employed to
update the positions of UAV and provide the necessary prerequisite for service
caching. Interestingly, the work in [10] proposes a joint multi-UAV path planning
and transmission scheduling algorithm for mobile-edge computing in IoT net-
works with reconfigurable intelligent surfaces. The algorithm is computationally
efficient and easily implementable for real-time operation. Aiming to support
real-time data updating, collection, and monitoring applications, the authors
in [1,11,12] studied multi-objective optimization problems for UAV-assisted IoT
networks. These studies jointly optimizes trajectory planning, data rate, age of
information, or/and energy consumption using deep reinforcement learning and
real-time optimization algorithms.

It can be observed that the aforementioned studies mainly focus on real-time
optimization algorithms rather than on the coordinated deployment of swarm
UAV trajectories for delivering the requested contents, i.e., how many UAVs are
selected and the trajectory of each UAV. Furthermore, cooperative transmission
between the UAVs and the macro base station (MBS) has not been considered
to provide the IDUs with high data rates. In our previous work [13], we pro-
posed an energy-aware capacity and trajectory optimization solution for swarm
UAV-assisted edge content delivery networks, which maximizes content deliv-
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ery capacity and minimizes flight distance to reduce service time'. However, the
role of the MBS was neglected, and thus limiting delivery capacity and failing
to reduce the number of UAVs deployed in practical real-time design.

In this paper, we propose a transmission mode selection-based content caching
(MSC) integrated with real-time swarm UAV trajectory (RTT) for 6G IoT net-
works. The MSC-RTT scheme take into account the role of MBS in cooperating
with UAVs to transmit the requested contents to the IDUs across different clus-
ters. After the clusters are assigned, each UAV caches the relevant contents and
flies to serve its designated clusters in real time. To to so, we formulate an MSC-
RTT optimization problem and solve it for (i) the optimal transmission mode
selection-based caching that determines whether the MBS or a UAV should serve
the IDUs in a cluster and (ii) the optimal number of UAVs and the trajectory of
each UAV under their limited caching storage. As a result, the MSC-RTT scheme
can provide the IDUs with maximum sum rate while ensuring fast service time
for real-time applications and services and conserving the caching storage.

The rest of this paper is organized as follows. In Section 2, we introduce
the system model and describe how it works. The system is analyzed to derive
all the essential expressions in Section 2. Based on these expressions, Section 4
presents the system design with MSC-RT'T optimization problem and its solution
with genetic algorithms (GA). Section 5 is dedicated to evaluating the proposed
MSC-RTT scheme. Finally, we conclude the paper in Section 6.

2 System Model

We deploy a system of real-time swarm UAV trajectory (RTT) for 6G IoT net-
works as shown in Fig. 1. The model includes one MBS cooperates with N UAVs
to deliver I contents to the IDUs in N clusters. The MBS is located at (0,0, i)
and UAV « is originally located at (2, yu,hy), u = 1,2,...,N. Each cluster
n has M,, IDUs of density p. distributed within a circular area of radius R,,
n=1,2,..., N. The center of cluster n is C,, = (2, yn). If UAV u is assigned to
serve the IDUs in cluster n, it flies to stop at (C,,, hy,) to transmit the requested
content, and then to the next clusters if needed.

In this system, let s, € {0,1} be the transmission mode selection index, we
aim to find which transmission mode is selected to serve the IDUs in cluster
n, i.e., by UAV (s, = 1) or MBS (s,, = 0), to maximize the system sum rate.
By this way, we obtain a set £ of L = 25:1 spn, clusters served by the UAVs.
Simultaneously, we need to know: how to select K out N UAVs (0 < K <
L) and how to find the trajectory Tx of each selected UAV k, k = 1,2,..., K,
to serve the IDUs with minimum service time for real-time content delivery.
By following trajectory 7Tp, UAV k flies through a set N} clusters such that
M UNs... UNg...UNk = L. Here, we use an operator 7(k) to map k in K
selected UAVs to u in N initial ones. Furthermore, the service time, which is

! The service time is defined as the average waiting time of the IDUs in a cluster to
be served by a UAV and the MBS.
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Fig. 1: Swarm UAV-assisted 6G IoT networks.

used for the selected UAVs to serve the IDUs in L clusters, is defined as the
longest waiting time of the IDUs in a cluster to receive the first bits transmitted
by the UAVs. And thus, it is obvious that we ignore the service time provided
by the MBS because the first bits are assumed to be transmitted by the MBS
immediately.

Given the aforementioned scenario, the system works as follows. Assume
that the MBS acknowledges the content request pattern of the IDUs, it first
categorizes them into N clusters and initially selects N UAVs that are ready
for deployment. Then, the MBS collects the system information such as channel
characteristics, coordinates, contents (size and popularity), and UAV configu-
rations (storage, power, and speed). Next, the MBS formulates the MSC-RTT
optimization problem and solves it for the optimal s,,, set of K UAVs, and Ty.
Finally, the system is deployed to serve the IDUs in all clusters with maximum
sum rate and minimum service time.

3 System Analysis

3.1 Content Requesting and Caching Patterns

The requesting pattern of IDUs over a set of I contents follows a Zipf-like popu-
larity distribution [14], expressed as the probability that content 4 is requested,
given by

;—Q

]

- Zzlzl 1= .

Pi
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where o > 0 is the skewed coefficient representing a particular popularity distri-
bution of I contents.

Consider N clusters, each cluster n has M,, IDUs having the same content
interest, the number of clusters, which requests content i, is directly proportional
to p;, computed as

N; = LpiN], (2)

where the operator |.] is used to round a real value to the nearest integer.
This may result in Zle N; # N caused by the round operator. An adjustment
process to make Zle N; = N is presented in [3].

Let ¢n,; € {0,1} be the requesting index to indicate that cluster n requests
content i (gy; = 1) or does not (g,,,; = 0), we have

I N
N=YN=3Y au 3)

i=1 i=1

So, let w, ; € {0,1} be the caching index such that the UAVs are assigned
to cache content 7 if w,; = 1, otherwise w, ; = 0. The caching index depends
on both s,, and g, i, expressed as

Wn,i = qn,iSn- (4)

3.2 UAYV Coverage

In cluster n, the elevation angle 6,, of a UAV is carefully selected depending on
the propagation environments, e.g., suburban, urban, dense urban, and high-rise
urban, as presented in [15]. Therefore, given an altitude, the proper number of
IDUs in cluster n covered by the UAV is

M, = |_Pn7TR721-|7 (5)
j— hn
where R,, = Fan(o) "

3.3 Wireless Channels

UAV-to-IDU Channel The UAV-to-IDU (U2I) channel is considered as an
air-to-ground channel which is defined by probabilistic path loss model [16-19].
In this model, the path loss of line-of-sight (LoS) and none-LoS (NLoS) links
between the UAV and IDU m, m = 1,2, ..., M,, in cluster n is given by

4 2
= (T ) A e fLos. NLos), 0

where f. is the carrier frequency, c is the speed of light, 77! is the attenuation
factor of LoS link or NLoS link, and d,, ,, is the distance from the UAV to IDU
m in cluster n.
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Taking into account the occurrence probabilities of LoS (P,I;?E) and NLoS
(PNLoS = 1 — PEoS), the average path loss can be derived as

@n)m — 1pLOS PLOS + ’(/}NLOSP,}:I’}nOS (7)

n,m* n,m n,m

AT follnm \° | LoS pLoS . - NLoS pNLoS
— —_— vz " o P O O P [o} ,
( c ) [nn n,m + 1, n,m }

where the occurrence probability of LoS link is expressed as

1
PLOS — s 8
n,m 1 + KRn €XP [ — VUn (ETL,’"L - K:n):l ( )

where k,, and v, are the constants related to the environment of cluster n
[20], 7y, is the distance from center C,, to IDU m in cluster n, and &, ,, =
180 arctan(Les).

T Tn,m

MBS-to-IDU Channel When the MBS transmits contents to IDUs in cluster
n, the MBS-to-IDU (M2I) channel for IDU m [21] can be expressed as

HMQI _ dMQI —v0 ﬁl hMZI,LOS+ 9
n,m 60( n,m) 1+51 n,m ( )

/ 1 hM?I,NLOS)

1+61 n,m ?

Bo is the M2I channel gain at the reference distance of 1m, vy and 1 are the

path-loss exponent and Rician factor, d,l\ffi denotes the distance between the

MBS and IDU m in cluster n, hM2LNLOS  CAf(0,1), and

n,m

2mal2l

A Zh oS — =I5 (10)

3.4 Sum Rate and Service Time

Sum Rate: For the U2l channels, each UAV is assumed to act as a regular
cellular user and is allocated a dedicated downlink spectrum resource for trans-
mission. The signal-to-noise ratio (SNR) of the channel used to deliver content
i from a UAV to IDU m in cluster n is given by [16]

U2l SnQn,i(En,m)ilpUZI

n,m,i

11
02 , (1)
where PU?! denotes the transmission power of the UAV used for delivering con-
tent ¢ to IDUs in cluster n. From (11), the transmission rate to deliver content
1 is given by

Cromyi = Blogy(1+ 7 mm.0), (12)

n,m,i n,m,t
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where B is the system bandwidth.
So, the average delivery sum rate per content multicasted from the UAVs to
the IDUs in all corresponding clusters is given by

I
6[}21 = szCﬁf,Iw (13)

For the M2I channels, the SNR of the channel for delivering content i from
the MBS to IDU m in cluster n is given by

M21 (1- Sn)qn,iPM21|HM72r{|2
r}/n,m,i - 2 ’

14
- (14
where PM2! is the power of MBS for transmitting content i to the IDUs in
cluster n. From (14), the transmission rate to deliver content ¢ from the MBS is
expressed as
07124727%% = Blogy(1 + %I\L/[Er}z) (15)
Accordingly, the average delivery sum rate per content multicasted from the
MBS to the IDUs in all associated clusters is given by

N M, I
Chiar = Z Z ZPiC}X{Z@I,f (16)

n=1m=1 =1

Finally, the overall average sum rate per cluster achieved by the cooperation
between the MBS and UAVs is

Cuyar + Cuat

C= N

(17)

Service Time: The service time is defined as the waiting time of the IDUs in a
cluster to receive the first bits from the UAVs and MBS. Therefore, the waiting
time for IDUs to receive the first bits from the MBS can be neglected, as the first
bits are delivered immediately upon request. Let N = [Nj| denote the number
of clusters served by UAV k, k = 1,2, ..., K, and d(ny —1, ny) denote the distance
from the stop at cluster ni — 1 to the stop at cluster ny in trajectory Ti of UAV
k, ng = 1,2, ..., Ng, the flight time of UAV k over the distance d(ny — 1,n) is
given by

d(ng — 1
iy = e = L) o ), (18)

where vy, is the speed of UAV k and stop 70" (ng = 1) is the original position of
UAV k. Tt is noted that an operator m(ny) is also applied to map ny to n such
that we obtain (Ch, , hyn,) = (Ch, hnp).
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The transmission time of UAV k when it hovers over cluster n,, € N} to
transmit content ¢ is given by

v2r _ _Si
Tnii = Fuars (19)
’I’Lk,’i
where C2% = min{CJ? ; s,, = 1,Vm}. It means that we choose the worst

channel capacity between UAV k and IDUs in cluster ny to transmit content .
Based on (19), the average service time per cluster is derived as

K N I

— 1

Se-L3 Y ((Nk e DT + (N — ) ZT%). (20)
k=1np=1 i=1

Similarly, we compute the transmission time of MBS to transmit content ¢
to the IDUs in cluster n and its average, for further purpose of performance
evaluation, respectively presented as below

M21 Si
Tn,i = CMZI’ (21)
mn,?
and
T
Tr = ¥ PPN Sy (22)
n=1 i=1
where C)'2! = min{C}2! | s, = 0,Vm}.

3.5 Storage Consumption

To ensure the caching efficiency, the maximum caching storage consumption,
which depends on not only the content size s; but also the caching index wy, ;,
is computed as

N I
Sc = Z an,zsz (23)
n=1 i=1

4 System Optimization Design

The objective of the MSC-RTT optimization problem for swarm UAV-assisted
6G IoT networks is how to maximize the overall average sum rate C (17) in a
real-time manner, i.e., with minimum service time S, while utilizing the caching
storage resource. Solving the MSC-RTT optimization problem, we achieve the
optimal solutions of 1) mode selection-based caching index s,, and 2) number of
UAVs K and their trajectories 7. Mathematically, the MSC-RT'T optimization
problem is formulated as follows

- 24
Sgl}:(i?%cC S, (24a)
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s.t.Sc < S, (24b)
0< K<L, (24c)

where S¢ is used to limit the caching storage consumption.

By using genetic algorithms (GA) to solve (24), we propose the following
scheme. First, we define a binary mask matrix of size N x N, namely By« n.
This matrix is used to select K UAVs out of N UAVs to fly and which clusters
to stop in Tg. By this way, if UAV k is selected to serve the set of clusters Ny,
we have N, = Zf:f::l Br(k),x(ny) = 1, and by counting the number of UAVs
selected, we obtain K. In addition, if UAV k stops to serve cluster m(ny), we
have By (k) x(n,) = 1, otherwise, Br (1) x(n,) = 0. Second, we also define an integer
matrix of size N x N, namely Iy for obtaining a trajectory matrix given by

Tynxn =Bnxnvolnxn, (25)

where the operator o is use to have Tr (k) r(ny) = Br(k),w(ni) In k), m(ny)> Y7(k) =
1,2,...,N,m(ng) =1,2,...,N.

However, the problems are that 1) there are more than one UAVs flying to
the same stop (inter violation, i.e., a column of By« x contains more than one 1-
bit), 2) no UAVs stop to serve the IDUs in cluster w(ny) (i.e., a column of By N
contains no 1-bits while s, = 1), 3) a selected UAV does not know to which stop
to fly first (intra violation, i.e., a row of Iy« n has the same integers), and 4) the
optimal number of UAVs deployed 1 < K < L. To address the first two problems,
a punishment is applied if s, Zle Brk),x(ny) 7 1, Vg = 1,2,..., N, leading
to a punishment amount of Zﬁf:ﬂ[&r(nw Zle Br(k),r(ny) — 1]2. To address the
third problem, a much higher punishment amount of distance dyax is directly
added to the flight time (18) such that

diax otherwise.
Uk

d(ng—1,n .
T:}Y — { %Jf Iﬂ(k),ﬂ('llk—l) # I7r(k),71'(nk)7v}c = ]-7 23 ey K (26)

and to address the last problem, we define b, = min{1, Zg:zl B x(ny)Sn(n) }
as active UAV k, i.e., UAV £ is selected to fly if b, = 1, otherwise, b, = 0, here
it is noted that w = (k) as we defined earlier. So, a punishment amount ap-
plied to this case is (min{0, ZuN=1 by, —1})? + (min{0, L — ZuN:1 b, })? to ensure
1<K=%" b, <L

Furthermore, there is one more punishment if (24b) is not satisfied. To ad-
dress this, we rewrite (24b) in the penalty form as below

ASc =855 —Sc >0, (27)

and a punishment amount of this case is (min{0, ASc})%.
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So far, by considering all punishment amounts, the whole punishment amount
is given by

Ny, K N
F =\ Z[Sﬂ(nk) ZBW(/@),W(nk) — 1]2 + Ao [(min{o, Z by, — 1})2-‘1- (28)
Nk k=1 u=1

(min{0, L = > " b,})?] + As(min{0, ASc})?.
u=1

Finally, instead of solving (24), GA is applied to solve the following uncon-
strained optimization problem
min 6F:€7§T7F. (29)
sn,BNx N, INx N
In conventional GA implementations, an individual is encoded as a single
chromosome containing all optimization variables. However, when the variables
include different types, a significantly larger population size is required to main-
tain accuracy and stability. To overcome this issue, the GA with a truncated-
string (GTS) scheme is adopted, in which the long chromosome is partitioned
into two sub-strings: (i) the first encodes all binary variables for s, and By,
and (ii) the second encodes the integer variable Iy . Due to space limitations,
the GTS implementation is omitted, the complete procedure and its advantages
can be found in [3].

5 Performance Evaluation

5.1 Parameters Setting

In this paper, the main parameters of system and GA are shown in Table 1.
The propagation features i, v, nt°S, nN°S and 6,, are randomly selected in
accordance with different environments as detailed in [15,20]. The requesting
index ¢y, ;, which is generated with respect to (w.r.t) «, is presented in [3]. In
addition, the flight power of all UAVs, which follows the voltage dropping across
and the current flowing through the UAV’s electric motors [22], is set to 1000 W
(i.e., equivalent to a flight speed v, of 23.4 m/s, Vn = 1,2,..., N). GA terminates
when either Ng = 100 generations are reached, or when both the change in the
fitness function C'r between two generations and the penalty function F' remain

below 1072 for 10 successive generations.

5.2 GA Evaluation

The convergence behavior of the GA is demonstrated in Fig. 2. Over 100 gen-
erations, the algorithm converges at approximately the 65" generation. At con-
vergence, the mean fitness value of all individuals in the population approaches
the best one. In addition, the penalty value becomes zero, indicating that all in-
dividuals satisfy the constraints without any punishments. This result confirms
that the GA achieves reliable and feasible convergence for solving the MSC-RTT
optimization problem.
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Table 1: Parameters Setting.

Symbols Values

N 10 clusters/ UAVs

1 10 videos

(0,0, ) (0, 0, 25)m

(Tw, Yu) Random uniform distribution in the range of [0, 400]m

ha Random uniform distribution in the range of [5, 50]m
(Tn,Yn) Random uniform distribution in the range of [-200, 200]m
hn Fixed to 50 m for all clusters

R, Random uniform distribution in the range of [10, 20]m

Pn Random uniform distribution in the range of [0.01, 0.1] IDUs/m?
Si Random uniform distribution in the range of [100, 500]Mbit
Sé 0.5 x E»{:l Si

o 1

{c, fe, B} {3 x 10® m/s, 2 Ghz, 10 Mhz}

{Bo, 81,70} {1072,6,4}

{o?, PY3 pM2Y (10718 W, 2.5 W, 5 W}

dmax 1000 m

Np 5000 individuals (population size)

Ng 100 generations
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Fig.2: GA convergence rate.
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Fig. 3: Performance versus a.

5.3 MSC-RTT Evaluation

To evaluate the performance of the proposed MSC-RTT scheme, we compare
it with three baseline methods: (i) no mode-selection caching (NSC), (ii) only
UAVs transmission (OUA), and (iii) only MBS transmission (OMB). In the
NSC scheme, the sub-string encoding s, is initialized randomly and remains
unchanged during the crossover and mutation operators, whereas the sub-strings
encoding By« and Iy are still processed by these genetic operators. After
completing Ng generations, the final results are obtained by averaging C, S,
T, and Sc over all individuals that incur no punishments. In the OUA scheme,
it follows the same implementation as the proposed MSC-RTT scheme, except
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Fig. 4: Performance versus h,,.

that s, is forced to 1-bits for all individuals. And in the OMB scheme, the GA
does not need to be executed because no optimization variables are involved
when s,, = 0.

The performance of all schemes are evaluated w.r.t « as shown in Fig. 3. In
particular, MSC-RTT clearly outperforms the other three schemes because it can
offer the best trade-off among high sum rate (C), low service time (St), and low
caching storage (S¢) for high-data rate and real-time applications and services.
OUA provides a slightly higher sum rate than MSC-RTT but suffers from much
longer service time and higher caching storage consumption. OMB achieves the
best performance in terms of service time and caching storage, i.e., obviously
without waiting time and no caching storage consumed by UAVs, but the sum
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Fig. 5: Optimal trajectories with 4 UAVs flying to serve the IDUs in 6 clusters.

Table 2: Performance versus number of UAVs.
No.of UAVS] 1 [ 2 [ 3 [ 4 [ 5 [ 6 [ 78] 9 [10]

C (Mbps) | 874 | 970 | 970 | 984 | 970 | 984 |1002|1004 | 1018 | 999
St (s) 3.427|6.412(3.498|3.387|3.530(4.313|8.089(6.507(11.602{12.050
Tt (s) |4.248|3.596(3.596(3.305(3.596|3.305(2.120{1.020| 0.729 | 0.000

Sc (Gbit) |0.840(1.140(1.140|1.385(1.140(1.385(1.675|2.175| 2.420 | 2.740

rate performance is extremely poor. NSC is the worst scheme with moderate
sum rate, transmission time, and caching storage, but too high service time. In
general, the sum rate of all schemes increases with «, as a higher « prioritizes
serving the IDUs requesting more popular contents.

The performance trends of all schemes with respect to h,, in Fig. 4 are similar
to those with respect to «, except that an optimal h,, can be identified, as shown
in Fig. 4(a). Specifically, the proposed MSC-RTT achieves its maximum sum
rate at h, = 30 m, whereas OUA and NSC reach their maxima at h,, = 50
m and h, = 60 m, respectively. Notably, no optimal h, is observed for the
OMB scheme. These observations facilitate the design of more effective UAV
trajectories to provide IDUs with higher sum rates.

Importantly, the results in Table 2 illustrate the performance of MSC-RTT
for varying numbers of UAVs. It can be observed that deploying 4 UAVs achieves
optimal performance in terms of providing the IDUs with high data rates, sup-
porting real-time applications and services, and consuming low cost of storage
resource. Deploying either more or fewer UAVs does not yield further improve-
ment. The detailed trajectories of 4 UAVs are plotted in Fig. 5. It is noted
that, according to the model of UAV’s electric motors in [22], the flight power
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of a UAV can increase to nearly 2000 W when accelerating to a speed of 30
m/s. Therefore, the flight power can be flexibly adjusted to meet the real-time
requirements of different applications and services.

6 Conclusion

In this paper, we have developed a transmission mode selection-based content
caching (MSC) scheme integrated with real-time UAV trajectory (RTT) opti-
mization to address the challenges of high data rate and low latency delivery in
6G IoT networks. By jointly optimizing the transmission mode selection-based
caching and UAV trajectories, the MSC-RTT framework efficiently provides the
IoT devices and users with high system sum rate while maintaining low service
time and low caching storage consumption. Simulation results confirm that the
proposed approach consistently outperforms conventional schemes, highlighting
its effectiveness for high data rate and real-time content delivery and demon-
strating the potential of cooperative UAV-MBS operations. The findings also
provide valuable insights in designing real-time swarm UAV-assisted 6G IoT
networks for advanced applications and services.
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