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Multi-layer UAV Deployment and Proactive Caching Optimization for
Timely Information Delivery in Emergency Services

Lingfeng Shen, Ming Li, Jiaxin Xu, Lingyun Li, Guanghui Wang*, Fang Zuo, Yansong Liu, and Xin He

Abstract: In disaster emergency response, providing timely situational awareness information presents a
significant challenge, particularly when ground infrastructure is compromised. To address this issue, this study
introduces a multilayered, heterogeneous unmanned aerial vehicle (UAV)-assisted network designed for
efficient information delivery. Low latency is achieved through the integrated optimization of proactive caching
and three-dimensional (3D) UAV deployment. The joint optimization problem is formulated as a complex mixed-
integer nonlinear programming (MINLP) problem, which is difficult to solve. Therefore, we decompose the
primary issue into two sub-problems: One focusing on the caching strategy and the other on the UAV
deployment strategy. The caching sub-problem is an non-deterministic polynomial-time hard (NP-hard)
knapsack problem. To effectively balance the transmission speed and completeness of emergency information,
this work develops two novel caching algorithms: Hot information priority (HIP) and diversified information
priority (DIP). Regarding UAV deployment, the 3D placement problem is inherently non-convex. We further
divide it into horizontal position optimization and vertical height optimization. The horizontal position
optimization can be reformulated as a convex optimization problem. The vertical height optimization problem is
theoretically proven to be quasiconvex and can be efficiently solved. Simulation results demonstrate that the
proposed framework markedly reduces the latency of information dissemination in UAV-assisted emergency

networks.
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1 Introduction floods, and wildfires have become

increasingly

In recent years, natural disasters such as earthquakes,
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frequent worldwide. The destruction of terrestrial
communication infrastructure, including optical fiber
cables, often leads to severe network disruptions,
creating “communication islands” in affected areas(!-31,
This situation impedes the dissemination of critical
disaster information to external parties and hinders the
reception of rescue directives internally, presenting
formidable challenges to emergency responsel4l. In
June 2025, an unprecedented flood event struck the
Suifen River basin in Dongning City, Heilongjiang
Province, China. The disaster
damage, leading to the total collapse of terrestrial
networks, power grids, and

caused extensive

communication
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transportation routes. Consequently, the affected region
was plunged into a state of total isolation. The
communication  breakdown prevented affected
individuals from quickly accessing vital information,
such as locations of shelters and evacuation plans,
drastically diminishing the efficiency of deploying
rescue resources and directly jeopardizing lives and
propertyll,

Prompt and efficient distribution of disaster and
command information is essential for emergency
rescuel® 7], Unmanned aerial vehicles (UAVs) have
emerged as a pivotal alternative solution for emergency

communication  constraints, owing to their
advantageous characteristics: Affordability, rapid
deployment capability, and superior mobility!3l.

Reference [9] introduced a UAV-assisted collaborative
communication emergency network for rural and semi-
urban environments, achieving extensive coverage and
extremely dependable emergency communication by
employing UAVs as relays and airborne base stations.
Reference [10] offered efficient UAV
deployment strategies for four distinct environments:
suburban, urban, dense urban, and high-rise dense

several

urban locations. This method enhances the deployment
of UAVs in contexts subject to dynamic changes and
differing disaster area coverage needs, ensuring prompt
and precise information dissemination while securing
coverage for terrestrial users. Reference [11] examined
large-scale UAV deployment tactics in extremely
dynamic emergency rescue situations, employing
aggregative games to represent limits on strategy
updates and decision-making markedly
improving emergency coverage performance.

Despite the numerous significant advantages of

UAVs in emergency communications, they have

erTors,

limited payload capacity!'?l. The problem of optimal
information storage within limited cache capacity has

emerged as a pressing challengel'3- 14, The
heterogeneity and uncertainty of demands in
emergency networks significantly increase the

complexity of cache strategy design!!3). Literaturel!0]
proposed an active joint strategy for UAV trajectory
planning and cache optimization, effectively
addressing the practical problem of incomplete user
content demand distribution information by introducing
a data-driven approach based on first- and second-order
statistics. Unlike conventional approaches dependent

on complete probability distribution assumptions, this
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research developed network optimization solutions
exhibiting robust distribution characteristics, delivering
substantially improved UAV network service
performance under conditions of demand uncertainty.
In Ref. [17], researchers proposed a multi-objective
optimization  problem  for task  offloading,
computational resource allocation, and UAV trajectory
control in a multi-UAV assisted mobile edge
computing system. They addressed the coupling of
these decision variables by decomposing the problem
into three parts, then solving each separately to obtain
the respective decisions.

In addition to the aforementioned caching strategies,
proactive caching strategies based on 6G edge-cloud
collaboration are gaining prominencel!8], This research
direction has already yielded fruitful results. Literature
Ref. [19] focuses on proactive caching based on
distributed deep reinforcement learning (DRL),
exploring content prediction and content decision
methods. The researchers jointly optimized content
prediction using the temporal convolution network
(TCN) and content access and replacement strategies
based on the distributional deep Q network (DDQN) by
considering the actual dynamic attributes of user
requests. They constructed a novel TCN-based strategy
using an attention model named temporal convolution
sequence network (TCSN), improving prediction
accuracy. They then developed a multi-element fusion
algorithm called particle swarm optimization-guided
(PG)-DDQN by combining a generative adversarial
network (GAN) with prioritized experience replay
(PER) based on DDQN. Another work proposed
federated integrated privacy-centric (FIPC), a proactive
caching scheme combining federated learning with
implicit feedback!20l, which predicts information
popularity from historical user request patterns and pre-
caches the top-N items with the highest
recommendation Experimental  results
proposed FIPC  scheme
caching algorithms and
significantly reduces overall service latency.

Moreover, because of the restricted energy capacity

scores.
demonstrate that the
outperforms  baseline

of UAVs, they will cease functioning once their power
is exhausted, resulting in service disruptions that
compromise the continuity and efficacy of rescue
operations!2!l. Designing energy-efficient emergency
information  distribution  strategies is thus of
considerable significance. This necessitates network
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architecture designs that meet low power consumption
and minimal cache cost requirementsi?2l. Existing
literature proposed algorithms for UAV deployment
optimization and policy learning, improving coverage,
reducing inter-UAV interference, and enhancing
energy efficiency.

This study proposes a hierarchical, heterogeneous
network for the distribution of emergency information
assisted by UAVs. The system achieves energy-
efficient and low-latency information dissemination
using an integrated methodology that merges proactive
caching with optimized three-dimensional (3D) UAV
deployment. The main contributions of this work are
summarized as follows:

e To address the limited energy capacity of rotary-
wing UAVs, this paper proposes a hierarchical service
architecture based on the collaboration between
tethered UAVs (TUs) and quadrotor UAVs (QUs).
This architecture leverages a multi-layer UAV system
equipped with proactive caching technology to
facilitate  efficient information distribution in
emergency networks. We jointly optimize the 3D
deployment of UAVs and proactive caching strategies,
minimizing information dissemination latency while
reducing both the operational duration and energy
consumption of the QUs.

e The joint optimization of UAV 3D deployment
and cross-layer proactive caching constitutes a
complex mixed-integer problem. To manage this
complexity, we decompose the original problem into
two sub-problems: One for optimizing the information
caching strategy and another for determining the
optimal UAV positions.

e By establishing that minimizing information
delivery latency is equivalent to minimizing the miss
request rate, we developed two novel caching
strategies: Hot information priority (HIP) and
diversified information priority (DIP). These
effectively solve the non-deterministic polynomial hard
(NP-hard) cross-layer information caching challenge.

e The 3D deployment problem for UAVs is divided
into horizontal position optimization and hovering
altitude optimization. The position
optimization is reformulated as a convex optimization
problem, while the optimization of the QU’s hovering
altitude is proven to be quasiconvex. Both subproblems
can be efficiently solved by the convex (CVX) toolbox.

horizontal

The remainder of this paper is organized as follows.

The system model and the original optimization
problem formulation are presented in Section 2. The
proactive caching strategy design is proposed in
Section 3. The QUs’ 3D deployment strategy design is
proposed subsequently in Section 4. Numerical results
evaluating the performance of the proposed schemes
are presented in Section 5. Concluding remarks are
given in Section 6.

2 System Model and Problem Description

In this
architecture

work, we propose a multi-layer UAV
equipped with proactive caching
technology to minimize information dissemination
latency in emergency networks, as illustrated in Fig. 1.
A large number of users distributed over a wide area
are organized into clusters, with each cluster served by
a QU acting as a low-altitude platform. However, the
QU’s limited onboard cache capacity can become a
bottleneck, potentially failing to satisfy all user
information requests. To overcome this limitation, a
TU is introduced as a high-altitude platform. The TU,
capable of covering all clusters, serves as a larger-
capacity cache. Furthermore, it is equipped with a
reliable free-space optical (FSO) communication
module for high-speed transmission with the
emergency command center (information server),
thereby satisfying ground users’ diverse information
demands.

2.1 Channel model

For UAV-assisted large-scale = communication,
clustering can overcome the shortcoming of the UAV’s
limited service capacity and coverage, which is an
effective UAV

and mature way to improve
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Fig.1 Multi-layer proactive information caching model.
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communication quality. Besides, in the event of a
disaster, individuals typically congregate, either
spontaneously or guided, at predetermined emergency
shelters. Building upon this observation, this paper
posits that ground users are effectively clustered.

As illustrated in Fig. 1, this network consists of Q
QUs and one TU, where Q denotes the number of QUs.
The QU index set is denoted as Q={1, 2, ..., O},
where ge Q is the QU index. Suppose the ¢” QU
serves M, users. The user set served by the g" QU is

q-1 q .
M, _{Zi:O Mi+1, ..., Zi OMi}, where Mp=0 is a

dummy variable for the convenience of notation. There
Q .

are M= E M, users in total, and all users are
g=1

distributed on the ground. Define the height of the
ground as 0, and the flying heights of the QUs and TU
as h, and hty, respectively. The coordinates of the TU
and the g¢-th QU are wry =y, upy. hry) and
Ug = (u;, uZ, hy), respectively. The coordinates of the
mg-th ground user in the g-th group can be expressed
as cp, = (¢, » cf,,q, 0), where m, € M,.

The different influence  the
characteristics of the air-to-ground (A2G) pathloss
channel. The A2G link can be modeled by considering
the occurrence probability of either line-of-sight (LoS)
or non-line-of-sight (NLoS) conditions. The pathloss of

LoS and NLoS can be described as

circumstances

4
Lios =201gd+201gf+201g?n+)7L05 (1
and

4
Intos = 201gd +201g £ +201g -~ + pnios (2)
C

where d is the physical distance between the
transmitter and the receiver, f is the carrier frequency,
and ¢ is the speed of light. 7 ,s and nnpos are the
additional loss on top of the free space pathloss.
The LoS and NLoS occurrence probability can be
given byl23]
1

PrLOS(e) = 1 +gexp(—h[9 - g]) (3)

Prnpos(6) = 1 —Prios(60) “4)
where g and & are constants related to the environment,
such as the building’s height and density. 6 is the

h
elevation angle, 6 = arcsin(gq).

Orthogonal resource blocks are allocated to different

users to avoid inter-user interference. The
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instantaneous achievable transmission rate between the
¢"™ QU and its users can be expressed as

P
Raus(itg) =PrLos(9q)log2(1 b P 2]
/lLOSO— ”uq_cmq”z

p
+PrNLOs(9q)log2[1+ - 2]
ANLosO ”uq - Cmq”z
(5)
where p, is the transmitting power of the ¢ QU, o

Lios
denotes and A, =10710 and

L 0.
AxLos = 1071 are the LoS and NLoS pathloss factors,

respectively.
Similarly, the achievable instantaneous transmission

noise  power,

rate between TU and its users becomes

Rty = Pries(6ru)log, {1 + P1u 2]
ALoso?|jutu - Cmqnz

J 4\
5 2
ANLoSO ||MTU_Cmq||2
(6)
where pry is the transmitting power of the TU, and
6ty is the elevation angle between the TU and the

+ Prnpos(6ru) log, [1 +

ground user.
2.2 Information request model

It is postulated that the UAVs possess awareness of the
locations of all affected individuals. Within each
decision interval, the users’ positions and the
information to be disseminated remain unchanged.
Therefore, we can design the hovering position of QUs
and the cross-layer caching strategy between QUs and
TU to improve the efficiency of information
dissemination. The information library contains N
different files, where N denotes the number of files,
which is indexed {1, 2, ..., N}. For simplicity, we
assume that all files have the same normalized size.

In emergency scenarios, information requests
typically demonstrate a pronounced “long-tail effect”,
wherein a few critical pieces of information are
frequently sought, while the majority

comparatively fewer requests. The Zipf distribution

receive

provides an effective model for this uneven request
pattern. Consequently, in this paper, we employ the
Zipf distribution to simulate the popularity of
information.The request probability for the n’
information in the area covered by the ¢ QU can be
expressed as
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—a4
nd

N

PfZ= ,ne{l,2,...,N},qe{l,2,...,0} (7)

The Zipf exponent o determines the skewness in the
request pattern. In general, o? >0 and the greater the
a4, the request are more concentrated.

The overall popularity of the n” information over all
Q clusters is denoted by P”., which is calculated as

0 Z qu’“q
g=1
P =3 MPfIM = ——— (8)
7=l Z Mn™
n=1

The caching capacity of the TU and QUs are denoted
by Stu and Squs, respectively. We define the
information caching indicator variables
My = {pZ ef{l, O}} indicating whether the n”* information
is cached at the ¢™ QUs, and v, 2{v,€{l, 0}
indicating whether the »n” information is cached at the
TU.

The hit ratio of the ¢ QUs and TU are defined as

N

D P
n=1
ryn) = " ©)
N
n=1
N
Z Pf"v,,
) e m— (10)

2.3 Delay model

Assume that all of the files have the same normalized
size, represented by . The delay to obtain the
requested information through three transmission
Y=L,
Rqus Rty
and tyiss = tTU + 150, Where tqus(iy) and try represent
the delay to obtain the requested information from QU
and TU, respectively, and tyss indicates that neither
QU nor TU caches the information requested by the
user. In that case, the user obtains the file from the
information server through the TU relay. #g, is the
delay for the information server to transfer files to TU

via FSO links.

modes can be expressed as fqus(uy) =

It is assumed that the delay for users to obtain
information from QU is less than that from TU. When
the QU and TU cache the information requested by the
user at the same time, the QU responds to the user’s
request. The average transmission delay of the
requested information is denoted by T(ug, u,, v,) and
calculated as

T (wg, ftn, V) = 1¢(pn)(1 = r(va))tqus(uy)
+r(vp)(1 = ry(un))tTU
+ (1 =r(v)(1 = 14 () tmiss
+ 1y () r(va)tqus(ug) (11)

2.4 Problem formulation

We formulate the following optimization problem to
minimize the information dissemination delay by
optimizing the cross-layer caching strategy and the
QUs’ 3D deployment strategy.

P: minimize max{T (uy, tn, Vn)} (12)
{ug.ptn.vn}
st ul v, efl, 0} (12a)
N
Z,uz < Squs (12b)
n=1
N
Zvn <Stu (12¢)
n=1
hmin < hq < hmax (12d)

Constraints (12b) and (12c) are the caching capacity
constraints of QUs and TU, respectively. Constraint
(12d) sets the lower and upper limits, denoted by /iy,
and hmax, respectively, to the flying height of QUs.
Obviously, both the cross-layer information caching
strategy, and the QUs’ hovering position will affect the
delay. As a result, the problem in Formula (12) is a
non-convex mixed integer optimization problem,
which is challenging to solve.

To solve this problem, we decompose it into two
sub-problems. We first design the information caching
strategy. The first sub-problem can be described as a
NP- hard knapsack problem. Minimizing the
information delivery delay can be equivalently
transformed as minimizing the missing request ratio.
Then the NP-hard knapsack problem can be solved by
designing the caching principles that minimize the
missing request ratio. The sub-problem
optimizes the 3D hovering position of QUs, which is

second
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still non-convex. We divide the 3D deployment
problem of UAVs into horizontal position optimization
and flying height optimization. The QUs’ horizontal
position optimization is transformed into a convex
optimization problem, while the corresponding
hovering height optimization is proved to be a
quasiconvex problem. The detailed design and solution
are proposed in Section 3 and Section 4, respectively.

3 Cross-Layer Caching Strategy Design

In this part, we design the information caching
strategy. The first sub-problem can be written as

SP1: m%nimi}ze max{T (i, vn)} (13)
Hn>Vn
st oul v, e{l, 0 (13a)
N
Z,LLZ < Squs (13b)
n=1
N
D v <STu (13¢)

Il
—_

n

where pu, and v, denote the caching indicator variables
of files at QUs and TU, respectively, and T (u,, v,) is
the transmission delay of the requested information.

Each file has a size and value in terms of reducing
delay. The caching capacity of QUs and TU is limited.
This constitutes a typical knapsack problem. In this
work, the size of each file is assumed to be the same.
Therefore, we only need to consider how to define the
files’ caching value. Next, we transform SP1 and
define the value of each file accordingly.

By definition, we know that tyiss > fTU > fQUS-
Combining Eq. (11), we can see that the larger the
rg(pn), r(v,), the smaller the T(u,, v,). We propose
Proposition 1 as follows:

Proposition 1 Minimizing the information delivery
delay can be equivalently transformed into minimizing
the missing request ratio 1 —r, —r.

Proof First, assume that the positions of all nodes
have been fixed, therefore, fqus(uy), tru and ty;ss are

constants. For convenience, we rewrite Eq. (11) as
T(ry, ') = ry(1 =rtqus + r* (1 = rptru
+(1=r")(1 = ri)tmiss + g7 tQus (14)
Assuming that r; and r*
corresponding to the minimal missing request ratio
l1—-r,—r and the minimal system delay. Otherwise,

there must be A, and A, to satisfy

are the hit ratios
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T(ry, ™) = ry(1=iqus + (1= rDtry
+ (=)0 = rtmiss + g tqus
<T(ry, 1) (15)
where rﬁ and r* denote the reduced hit ratios of QUs
and TU, respectively; rﬁ =r;—A,, and A=A,
Here, A,, and A, denote the reductions from the

optimal hit ratios r; and r*, respectively.
However, we find that
T(ry, ™) = (rf = A iqus + (rF = AL = + A ity
+(1-r"+A)1- r; + A, miss
= rytqus + 1" (1= rtru + (1= )1 = r))tmiss
= A, tqus + 1 A ttu = Ar(1 = rtry
+A(1- VZ)tmiss + Arq(l = Vmiss
>T(ry, r')+A(1- r;)([miss —tru)
+ Arq(l — r)(tmiss — ITU)
(16)
Obviously
A(1- r;)(tmiss —try) + Arq(l — ) (tmiss — ITU)
=(A+ Arq - Arr; - Arq Y tmiss —tTu) = 0 (17)
Combining Formulas (16) and (17), T(2, r®) >
T(ry, r*), which contradicts Formula (15). Therefore,

there is no A, or A, that can make the delay lower. u
The optimization problem (13) can be transformed as

SP1-1: m{inimi}ze max{l—r,—r} (18)
Hns Vn
st ul, vy efl, 0} (18a)
N
D K< Squs (18b)
n=1
N
Zv,, <Stu (18¢)

n=1

It can be seen from Egs. (9), (10) and Formula (18),
minimizing the missing request ratio is equal to
maximize r, and r. We use popularity as the value of
each file in the knapsack problem. Therefore, when the
caching strategies of QUs and TU are independent,
caching Squs and Sty files with the highest popularity
in QUs and TU respectively is the optimal solution for
the knapsack problem. This means that the NP-hard
knapsack problem can be solved by designing the
caching principles that minimize the missing request
ratio. We next detail the two principles for cross-layer
information caching.
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1) HIP caching strategy: The information library
consists of N different files. The file index set is
defined as N. The information that needs to be
disseminated varies among different clusters. Each QU
sorts the information library’s files according to their
popularity in each cluster. Let Zj be the sorted index
set of the N files in the ¢”* cluster. The 7j can be
regarded as the result of substitution and sorting of N.
The popularity of the files gradually decreases with the
file index 7 (iy eI”) where 7; denotes the sorted file
index in the g™ cluster, from small to large in each
cluster. Then each QU only needs to cache files in a
descending order of file popularity in the cluster until
the upper limit of the caching capacity is reached.

The probability for the i information in the area

q
covered by the ¢ QU can be expressed as

Ppy - Pf” (19)
The hit ratio of the ¢ QUs is

SQUs n

ZPfq

_l
HIP _
P (20)

q
2.Pr
n=1

Similarly, we use 77 to represent the sorted index set
of the N files in the TU’s service area, where i7.
denotes the sorted file index in the TU’s service area.
The popularity of the i information in total can be
expressed as

Pl 2Py 1)
The hit ratio of the TUs is

™ (22)

The average delay can be calculated as
THIP _ r(l{-IIP(l — Py + AP (] -
+(1=APyp = HIP AP0 (23)

When QU and TU do not cache duplicate
information, HIP is the optimal caching strategy.
However, there will be some waste of storage space.

Next, we propose another caching strategy that does
not cache files repeatedly. Although the optimality of

HIP
)ty

HIP)[mlss +7y
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this strategy cannot be guaranteed, we may obtain a
higher request hit ratio under special conditions.

2) DIP caching strategy: In order to ensure diversity
of the cached information in the QUs and the TU, we
propose a new caching strategy in which QUs and TU
do not cache the same information repeatedly. From
Egs. (7) and (20), the requests missed by QUs and

0 .
Zq_l(Mq—r;”PMq), which form a new cluster to
design the information caching strategy on the TU.

Then, the popularity of the »” information in the TU
becomes

Q M,(1-r )Py

DIP” 4 fq 4 poIPE}
prey — 21 d 5 P (24)
q=1 HIP

M- ZMqr

where i, € 77 denotes the sorted file index in the TU’s
service area.

The hit ratio of the TUs is

Stu

Z PfDIPir%

.,,1

PP = (25)

Z PDIP"

The average delay is

TDIP

r’HIPtQUS +rP tTU +(1- PP rqHIP)tmiss (26)

Now the cross-layer caching strategy of multi-layer
UAVs has been obtained. Next we optimize the 3D
positions of QUs.

4 3D Deployment Strategy Design for QUs

After the caching strategy is obtained, the hit ratio of
the information request and the transmission scheme
are determined. Minimizing the maximum system
delay can be equivalent to maximize the minimum
instantaneous transmission rate between QUs and

users. The optimization problem SP2 can be
formulated as
SP2: ma>{(i1r}1ize min Rqus(ug) 27)
Uq
St hmin < Mg < Amax (27a)

Due to the complex form of Formula (27), problem
SP2 is still a non-convex and complex problem. To
solve this problem, we decompose the 3D deployment
problem of QUs into optimizing the UAVs’ horizontal
positions and hovering heights.
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Proposition 2 By introducing a lower bound of R,
the 3D hovering position optimization of the UAV can
be equivalently decomposed into the horizontal
position optimization and the hovering height.

Pq .
Proof Obviously, the 1 (1+ ) is convex
y ng /10_2 d2

with respect to 1. Let d(uq)2 = Huq—cmq based on

>
Jensen’s inequality, the lower bound of the expected

throughput accordingly comes as

(PrLos (G N PrNLos(Qq))
N\ ALos ANLoS
o2d(u,)?

Rqus(ug) > log, | 1+

Pq
> log (1 ¥ A(aq)(ﬂd(uqﬂ)
£ Rous(ty) 28)

Prp 05 (0g)1.05 +PINL0S (9 JINLos +201g f+201g 4("
10

where A(6,) = 10

First, we fix the flying height of QUs and optimize
their horizontal position. The elevation angle of the m,
user to the ¢ QU is

L] (29)

g = e,
Obviously when the QUs’ flying height is fixed, the
smaller the “uq = Cm, the larger the 6,. Besides, it can

0, = arcsin(

=
be seen that A(f,) is a monotonically decreasing

function of 6,. Combining Formula (28) and Eq. (29),
we can get a conclusion that the instantaneous
transmission rate between users and QUs is a
monotonically decreasing function of ||uq—cmq||2.
Therefore, the position optimization
problem of QUs can be equivalently described as

horizontal

SP2-1: minimize Yy 30)

{ug.x}

g = ey < x (30a)

where y is an auxiliary variable for constructing a
standard convex optimization problem. The problem in
Fomrula (30) can be solved easily with the existing
tools such as the CVX.

Next, we solve the optimal flying height of QUs.
Using y* to express the optimal solution of Formula
(30). The optimization problem of the flying height of
QUs can be expressed as

SP2-2: minimize GOV +(h))  GD)

st huin < hy < hmax (31a)
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where 6 = arcsin(h,/ Vx*). u
Proposition 3 Problem SP2-2 is a quasiconvex
optimization problem.

Proof Define g(h,) =1g(A(0,)((x*)* +(hy)?). We
obtain Eq. (32), where
h
exp(~h[6, — ])g A4
dg(hq) 1LoS ~ TINLoS +hy
dh, 10 (1+ gexp(—h[6, —g]))2
2I’lq Zl(hq)
= , 32
T Int00 +12)  20hy) 42
21(hg) = (Les — INLes) eXp(—h[0, — ggh \x*
_ _ 2
+2hq(1+8eXP( hl8,—gl) (33)

In10 ’

22(hg) = 10(1 + gexp(—hl0, — gD)* (" +h])  (34)

dzi(hy) dey
h h— hé;
ah, = VX" (17Los — NLos)ghexp(g )( dh,
2
2(1+gexp(gh—ht))
In10
4hy(1+gexp(gh—he)) de;
+ 10 * gexp(gh — he;, )( T )

de*
= V" (7Los — INLos)ghexp(gh — h6], )( dh)

* 2 %
. 20y (1+gexp(gh—ho})) B dey
In10 dh,

+

2
2hy (1 + gexp(gh— h@;)) —h%
In10 dhy

L \2
2(1+gexp(gh—ht)))
+

In10
2hy(1+ gexp(gh—ho})) , de;
i n10 ( d_hq)
2
2hg (1+gexp(gh—h) [ d6;
=z1(hg) + —h—
9 In10 ( dhq)

L \2
2(1+gexp(gh—ht)))

In10
2hy (1+gexp(gh—ht})) [ de,
+ —_—
In10 ( dhq)

(35)
when z;(hy) =0

dzi(hy)  2he(1+gexp(gh- ho;))? hde;;
dh, In10 dhy
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2(1 + gexp(gh—ho}))*
In10
. 2hg(1+gexp(gh—ho})) (h de; )
In10 dh,
_ 21+ gexp(gh—ho,))’ (1 \/thh)
In10 X+ hé
. 2hg(1+gexp(gh—ho})) (h de; )
In10 dh,
2(1 + gexp(gh—he}))? ( h)
> i

In10 2
2hy(1 +gexp(gh—ho,)) N de
i In10 ( dh,

)>0 (36)

d?g(hy)  dzi(hg)za(hy) —z1(hg)dza(hy)
dh; ZZ(hq)2
From Eq. (34) and Formula (36), we know that
dzi(hy)
d

(37

22(hy) > 0, and >0 when z;(hy) =0. It means

dg(hy) _ - ds(hy)

dh, dn2
is therefore quasiconvex. '(i"he problem SP2-2 is a
quasiconvex optimization problem. u

that when

> 0. The function g(h,)

According to Proposition 3, problem (SP2-2) is a
quasiconvex optimization problem, which can be
transformed into a set of feasible solution problems and
solved by the CVX. Now the optimal solution for the
3D deployment of QUs has been obtained.

5 Simulation Result

This section simulates the performance of multi-layer
UAVs equipped with proactive caching technology in
reducing the information delivery delay. The related
system parameters for simulation are summarized in
Table 1.

Let the number of users be M = 500. To simplify the

Table 1 Parameter values of the system setting for
simulations.

Parameter Value
Number of QUs 0=9
Power spectral density of AWGN —174 dBm/Hz
Communication bandwidth 1 MHz
Number of users M =500
Additional loss on the LoS channel NLos = 1.6 dB
Additional loss on the NLoS channel NLos = 23 dB
LoS occurrence probability parameter g=9.6,h=0.28
Files size y=5Mb

experimental setup, we assume that all users adhere to
a zero-inflated generalized Poisson distribution and are
distributed within a square region of side length 1200
meters. The region is divided into Q =9 clusters. The
flying altitude of TU is set to hry =400 m. The 3D
deployment positions of QUs are obtained using the
method proposed in Section 4. We first observe the
impact of the size of the information library on the
transmission delay when the caching capacities of QUs
and TU are fixed at Squs=100 and Sty =200,
respectively. The Zipf exponent is set as @ =1. The
simulation results are shown in Fig. 2.

Figure 2 indicates that when the caching capacities of
QUs and TU are limited, the delay in information
delivery is positively correlated with the total number
of files in the information library. The comparison
schemes include the dominant most popular content
(MPC), largest content diversity (LCD), and random
caching (RC) techniques!?* 231, The latency increases
with N in the HIP, DIP, and the comparison methods.
Both HIP and DIP significantly outperform the three
comparison methods. DIP performs better when the
number of files is small because the DIP cache
enhances information diversity on QUs, improving the
hit ratio of user requests. HIP replicates popular files,
which makes it slightly inferior to DIP in this scenario.
As the number of files N increases, the weight of each
individual file gradually decreases, reducing the
negative impact of repeated caching. Caching files with
higher popularity is more effective in minimizing
information transmission delays, causing HIP’s delay
to eventually decrease below that of DIP.

Next, we examine the correlation between system
delay and the information popularity distribution
parameter a. The caching capacity of QUs is given as
Squs = 100. The TU’s caching capacity is Sty =200.
Figures 3 and 4 illustrate the effect of @ on system
latency for both large and small information library

1.80

e RC
—+—MPC
LCD
= * -HIP+Deployment
DIP+Deployment

1.75

= 170

Delay

1.65 -

1.60 -

155 : : !
550 800 1050 1300 1550 1800 2050 2300 2550

Fig. 2 Relationship between the information delivery delay
and the number of files.
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—#— MPC
== LCD
= »= * HIP+Deployment
DIP+Deployment

Delay (s)

Fig. 3 Relationship between the information delivery delay
and @, N = 600.

e RC
—s—MPC
=0 LCD
— » HIP+Deployment
DIP+Deployment

Delay (s)

1.6

1.5 L L L
0.5 0.9 13 1.7 2

Fig. 4 Relationship between the information delivery delay
and @, N = 1400.

sizes, respectively. The overall file count in Fig. 3 is
N =600, while in Fig. 4, it is N = 1400.

Figures 3 and 4 illustrate that « exerts negligible
influence on the transmission latency of the RC
approach. However, as «a increases, the latency of HIP
and DIP has progressively decreased. The latency of
both the HIP and DIP is inferior to that of the MPC and
LCD. When N is small, the efficiency of DIP surpasses
that of HIP. When N is large, Fig. 4 illustrates that for
relatively small values of «, the delay associated with
the DIP strategy is inferior to that of the HIP technique.
Nonetheless, when « is large, the HIP exhibits a
reduced latency compared to the DIP. This can be
explained as a higher concentration of user requests
correlating with the increased applicability of the HIP,
determined by the prioritization of popularity as a
proactive caching approach. Conversely, when users
seek scattered information, storing diversified contents
is more efficient in reducing information transmission
latency.

We jointly examine the influence of @ and N on the
system delay as depicted in Fig. 5. Consistent with the
findings illustrated in Figs. 2, 3, and 4, Fig. 5
demonstrates that when the total number of files N and
a are small, the delay of the DIP is at the lowest level.
As a or N increases, the performance of HIP

Tsinghua Science and Technology, xxxx Xxxx, x(x): 1-13

I HIP+Deployment
DIP+Deployment

Delay (s)

Fig.5 Effect of the number of files and alpha on the
information delivery delay.

progressively surpasses that of DIP, establishing it as a
superior proactive caching approach.

We subsequently examine the effect of the caching
capacity of QUs and TU on the delay. Let N = 600 and
a =0.5. Figure 6 illustrates that when the total number
of files is small and user requests are scattered, the
information delivery delay of the DIP is minimal. As
the caching capacity of QUs expands, the information
transmission delay of the five caching strategies all
decreases.

In Fig. 7, we examine the impact of TU’s caching
capacity on information delivery delay when N = 600,
a=0.5. As illustrated in Fig. 6, the information
transmission delay of all caching strategies
progressively decreases with the growth in TU’s
caching capacity. The delays of the DIP and HIP are
less significant than those of the comparison strategies,

1.78

1.72

Delay (s)

1.65 e

~G-- LCD
— % - HIP+Deployment

DIP+Deployment
1.58

I
60 90 120 150
Caching capacity of QUs

Fig. 6 Relationship between the information delivery delay
and Squs, N = 600.
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Fig. 7 Relationship between the information delivery delay
and Sty, N = 600.



Lingfeng Shen et al.: Multi-layer UAV Deployment and Proactive Caching Optimization for Timely Information... 11

with the DIP being the most beneficial caching strategy
in this specific case.

Let N =1400, @ =1.5. Figures 8 and 9 illustrate the
impact of the caching capacity of QUs and TUs on
information delivery delay. As illustrated in Figs. 6 and
7, the DIP and HIP exhibit significantly reduced delays
compared to the comparison strategies. Figures 8 and 9
demonstrate that when N and « are large, an increase
in the caching capacity of QUs and TUs results in a
decrease of the information delivery delay. In this case,
the HIP exhibits the lowest delay, while the DIP
performs inferiorly compared to the HIP.

The conclusion can be summarized as follows: When
user requests concentrate, the popularity of a single file
considerably influences the information request hit
ratio, making HIP an efficient proactive caching
approach. On the contrary, DIP is a better caching
strategy.

6 Conclusion

This paper proposes a multilayered, heterogeneous
UAV-assisted framework for emergency catastrophe
mitigation, designed to information
dissemination delay. To address the joint design of
cross-layer information caching and QUs* 3D
deployment, we decouple this complex problem into
two subproblems: One focused on

minimize

cross-layer

1.8
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1.7 - b LCD
— N
n P RN —&— MPC
z "oy X
B N DIP+Deployment
= = » - HIP+Deployment
C 0
L |
1.6 Wyl —_—
-———--—-.._--K—-u———-:—----—-——»---.———"
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Caching capacity of QUs

Fig. 8 Relationship between the information delivery delay
and Squs, N =1400.
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Fig. 9 Relationship between the information delivery delay
and Sty, N = 1400.

information caching and the other on QUs’ 3D
deployment. To the NP-hard information
caching problem, we prove that minimizing delay is
equivalent to minimizing the missing request ratio.
Based on this insight, we develop two novel caching
principles, HIP and DIP, to derive optimal caching
strategies. The 3D deployment problem is then divided
into its horizontal and vertical dimensions. The
optimization of the QUs’ horizontal positions is
formulated as a convex optimization problem, while
the corresponding hovering height optimization is
proven to be quasiconvex. Both subproblems are
efficiently solved using the CVX toolbox. Simulation
results demonstrate that our proposed proactive
caching strategies, when combined with the optimized
UAYV deployment, can significantly reduce information
dissemination delay.

solve
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