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Abstract—In this paper, we study the unmanned aerial ve-
hicle (UAV)-assisted emergency communication network, where
multiple UAVs are dispatched from emergency centers and
cruise the target region to provide service. To ensure timely
communications, a strict requirement is that the time spent on
the tour of each UAV is no greater than a delay threshold. Our
optimization task is to minimize the total cost while satisfying
the delay constraints, in which the total cost is a weighted
sum of deployment cost and cruise cost. We propose a joint
deployment and path planning scheme to address the NP-hard
task from a load-balancing perspective. Specifically, we first adopt
a continuous approximation method to estimate the number of
needed emergency centers and locate them by clustering. Then,
we assign the ground users to the emergency centers via load-
balancing region partitioning, based on which the path planning
of multiple UAVs can be reduced to independent traveling
salesman problems. Numerical results demonstrate that our
proposal can complete the delay-bounded mission at the lowest
cost as compared with other methods, providing an efficient and
cost-effective way for practical emergency communications.

Index Terms—Emergency communications, green communica-
tions, multi-depot vehicle routing, trajectory planning.

I. INTRODUCTION

The frequent natural disasters and man-made calamities

(e.g., hurricanes, floods, fires, and electrical outages) always

inflict heavy losses of lives and properties. In the case of

these emergency situations, the existing ground communica-

tion infrastructures generally cannot work properly. Therefore,

emergency communication networks are crucially important

for swiftly establishing a first contact with the affected victims

so as to adopt rescue and assistance measures.

With the fast-paced progress in design and production, un-

manned aerial vehicles (UAVs), which can act as base stations

(BSs) [1], relay nodes [2], and mobile anchors [3], have been

widely applied in various domains. Due to their mobility and

agility, UAVs mounting small BSs are a promising option for

post-disaster recovery [4]. In [5], the flight path of a single

UAV is optimized to maximize the system throughput, where

the optimization task is formulated as a multi-armed bandit

problem and solved by online learning-based algorithms. A

joint user association, power allocation and trajectory planning

problem for multiple UAVs is presented in [6] to provide
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ubiquitous coverage, solving by a deep reinforcement learning

scheme. In [7], an integrated post-disaster wireless network

with both aerial and surviving ground BSs is developed to

guarantee the quality of service experienced by a typical

ground user (GU).

The trapped individuals, however, need prompt communica-

tion to report their situation, prioritizing in-time contact over

access to long-term high data rate services. Consequently, how

to efficiently scan and scout the entire region to provide service

for all GUs is more crucial in emergency communications.

A search-and-reconnaissance scenario with multiple UAVs is

considered in [8], where the dispatching time and the flight

path are jointly optimized to minimize the total time spent

for collecting data from all the points of interests. Multiple

UAVs which are dispatched from their corresponding depot

simultaneously are investigated in [9], where an approximation

algorithm is introduced to minimize the maximum mission

time among a fleet of UAVs so as to reduce the latency of

the whole system. Observing the fact that the urgency of

communication is related to the damage severity of the area,

the authors in [10] formulate the trajectory planning problem

of the UAV as a variant of the classical traveling salesman

problem (TSP) with soft time windows, where a deep rein-

forcement learning-based scheme is proposed to deal with this

NP-hard optimization task. In [11], collecting data from GUs

with the minimum number of UAVs while satisfying the delay

constraints is considered and a graph theory-based approxima-

tion algorithm is developed. According to the investigations of

the existing work, the imperative requirement of UAV-enabled

emergency communications is the collaborative scheduling of

multiple UAVs in a cost-effective manner, ensuring serving all

GUs within stringent delay constraints.

In this paper, we investigate the joint deployment and trajec-

tory planning of multiple UAVs for delay-bounded emergency

communications. Aiming at providing service timely in a

cost-effective way, we take both deployment cost and cruise

cost into account. The former is related to the number of

deployed emergency centers which reflects the economic cost,

and the latter is related to the longest tour time among the

UAVs which reflects the timeliness and the energy-efficiency.

The optimization task is to minimize the weighted sum of

deployment cost and cruise cost under delay constraints,

which is a variant of the min-max multi-depot vehicle routing

problem (MDVRP) [12]. Due to its NP-hardness, we first979-8-3503-1090-0/23/$31.00 © 2023 IEEE
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analyze the objective under the continuous approximation

paradigm, and then propose an equitable region partitioning-

based path planning approach to optimize the deployment of

emergency centers and the trajectories of UAVs cooperatively.

Numerical results verify that our proposal is effective and

efficient, shedding light on constructing a green emergency

communication network.

The rest of this paper is organized as follows. Section II

introduces the system model and the formulation of the

optimization task. Section III presents our proposed joint

deployment and path planning algorithm in detail. Section IV

evaluates the performance of our proposal through extensive

numerical experiments, followed by conclusions in Section V.

II. SYSTEM MODEL AND PROBLEM FORMULATION

A. Network Description

Fig. 1. An illustration of dispatching two UAVs to provide emergency
communications.

We consider a square region of interest R, where the

existing network infrastructures are overloaded or broken.

Timeliness of communication is critical in this case, thus

multiple UAVs are dispatched as mobile aerial BSs to provide

temporary communication connection for the GUs while satis-

fying a given delay threshold B (e.g., 30 minutes). As depicted

in Fig. 1, the emergency communication network consists

of M GUs, and K emergency centers, each with one UAV.

Assume that the GUs follows a distribution f(u) and the set of

GUs’ locations is denoted by U = {u1, u2, ..., uM}, the traffic

demand of GU um is denoted by Dm. The set of deployed K
UAVs is denoted by K = {1, 2, ...,K}, the locations of their

corresponding emergency centers are collected in set X =
{x1, x2, ..., xK}. The k-th UAV takes off from the emergency

center located at xk to cruise the area, during which it hovers

directly above each GU to establish a communication link. The

index set of GUs assigned to the UAV k is denoted by Uk, and

the sequence of visiting GUs in Uk is denoted by σk. Taking

Fig. 1 as an instance, we have U1 = {u1, u3, u4, u6, u12},

|U1| = 5, and σ1 = {1, 12, 3, 4, 6}.

B. Channel Model

Let P denote the transmission power by the UAV and let N0

denote the power spectral density of noise at the GU receiver.

The communication bandwidth is denoted by W , the average

signal to noise ratio of the channel between the UAV and the

GU is expressed as [13]:

Υ =
Pω−α

WN0

(
pLoS

ηLoS
+

1− pLoS

ηNLoS

)
, (1)

where α is the path-loss exponent, ω is the distance between

the GU and the UAV. ηLoS and ηNLoS are the mean excessive

path-loss values of line-of-sight (LoS) and non-light-of-sight

(NLoS), respectively. And pLoS is the probability of LoS,

which is closely approximated to a modified sigmoid function

of the following form:

pLoS(φ) =
1

1 + aexp [−b (φ− a)]
, (2)

where φ is the elevation angle between the devices and the

UAV, a, b are environment constants, for instance, a = 4.88
and b = 0.43 for suburban environment.

The average communication data rate between the GUs and

the UAV can be written as:

rtran = W log2 (1 + Υ) . (3)

C. Problem Formulation

Denote by V the flying speed of the UAV, and the flying

time between two locations is represented by tf (·, ·) = d(·,·)
V ,

where d(·, ·) is the Euclidean distance between two locations.

The spent time of each cruise consists of the traveling time

between GUs and the hovering time for communicating with

GUs. Let T (xk, Uk) denote the mission time of UAV k, which

can be written as:

T (xk, Uk) = tf (xk, uσk(1)) + tf (uσk(|Uk|),xk
)+

|Uk|−1∑
i=1

tf (uσk(i), uσk(i+1)) +
∑
i∈Uk

ρ(ui),
(4)

where ρ(ui) = Di

rtran
is the time that the UAV takes to

communicate with the GU.

For the purpose of cruising the entire region timely as well

as saving the deployment cost, we define the mission’s total

cost as a weighted sum of deployment cost and cruise cost,

which can be written as follows:

Ctotal = γK + max
k∈{1,...,K}

T (xk, Uk), (5)

where the first term is related to the number of emergency

centers, and the second term is the longest mission time among

the fleet of UAVs. γ is a coefficient reflecting the importance

of the deployment cost and the cruise cost.

The key point of our optimization task is to jointly plan

the deployment of the emergency centers and the trajectories

of UAVs to minimize the total cost, where the number and

locations of emergency centers, the user assignment, and

the path of UAVs need to be optimized. We collect the
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assignment sets of GUs and the paths of the UAVs into sets

U = {U1, ..., UK} and S = {σ1, ..., σK}, respectively. The

task can be mathematically formulated as follows:

minimize
K,X,U,S

Ctotal

s.t. C1 : T (xk, Uk) ≤ B, ∀k ∈ K,

C2 : ∪K
k=1Uk = U,

C3 : Uk ∩ Ul = ∅, ∀k �= l,

(6)

where constraint C1 guarantees that the mission time of each

UAV is no greater than the delay threshold, constraint C2 and

C3 ensures that the GU is served by and only by one UAV.

Note that problem (6) can be reduced to a min-max MDVRP

when setting γ = 0 and setting C1 aside [12]. Thus, (6)

is difficult to solve since the MDVRP is NP-hard, which is

featured by discrete search space and intractable computation

to seek the optimal solution.

III. OUR PROPOSED ALGORITHM

The complex quantities of cruise cost make the optimization

task (6) intractable, we first adopt the continuous approxima-

tion paradigm to analyze the cruise cost, based on which the

total cost is transformed into a function of K. Then, the cruise

cost under the given number and locations of deployed emer-

gency centers is minimized from a load-balancing perspective,

based on which a joint deployment and trajectory planning

algorithm is proposed.

A. Analysis of Cruise Cost

Eq. (6) is equivalent to minimizing the longest tour time

among a fleet of UAVs when given K, which can be addressed

from the following two aspects. On the one hand, the shortest

path, i.e., the TSP tour, which traverses and serves each

assigned GU once and returns to the starting emergency center

should be found for each UAV. On the other hand, the mission

time of UAVs should be approximately balanced. Otherwise,

the cruise cost would be large if the tour time of a UAV is

much longer than that of others.

Let Ttsp(x, U) denote the cruise cost of serving the entire

region by a single UAV following the TSP tour. Under ideal

assignment where the tour times of K UAVs are exactly equal,

we have:

T (xk, Uk) =
1

K
Ttsp(x, U), ∀k ∈ K. (7)

Eq. (7) is still intractable since finding the TSP tour is also

NP-hard. However, as we focus on the time of the tour, we

can adopt the continuous approximation paradigm to estimate

the tour time, where the combinatorial quantities that are

difficult to compute are replaced with simpler mathematical

formulas, thus (under certain conditions) can provide accurate

estimations of the desired quantity.

The following classical theorem, known as BHH theorem

[14], relates the length of a TSP tour of a sequence of points

with the distribution from which they were sampled:

Theorem 1: Suppose that X = {X1, X2, ..., XN} is a
sequence of random points independent and identically dis-
tributed according to an absolutely continuous probability
density function f defined on a compact planar region D.
Then with probability one, the length TSP (X) of the optimal
traveling salesman tour through X satisfies

lim
N→∞

TSP (X)√
N

= β

∫∫
D

√
f(x)dA, (8)

where 0.6250 ≤ β ≤ 0.9204 is a constant [15].

Then, the expected cruise cost Ttsp(x, U) consisting of the

hovering time and the flying time can be expressed as follows:

Ttsp(x, U) = Mρ̄+ β
√
M/V

∫∫
R

√
f(u)dA, (9)

where ρ̄ represents the mean value of the time spent for

communicating with one GU.

It is noteworthy that the expected cruise cost mainly depends

on the number, the traffic demand, and the distribution of GUs,

which can be regarded as a constant under a given instance.

Let ψ := Mρ̄+ β
√
M/V

∫∫
R
√
f(u)dA, problem (6) can be

transformed into the following problem, where the ideal cruise

cost is expressed as an inversely proportional function of K:

minimize
K

γK + ψ/K

s.t. ψ/K ≤ B, ∀k ∈ K.
(10)

Solving (10), we can obtain the expected number of needed

emergency centers as follows:

K =
⌈
max

{
ψ/B,

√
ψ/γ

}⌉
, (11)

which is also a lower bound of K since the objective function

decreases first and then ascends as K increases.

B. Load-Balancing User Assignment

Set the delay constraint aside, problem (6) is equivalent to

minimize the cruise cost when given the number and locations

of deployed emergency centers, which can be written as the

following min-max MDVRP:

minimize
U,S

max
k∈{1,...,K}

T (xk, Uk)

s.t. C2, C3 in (6).
(12)

Denote Rk the service zone of the k-th UAV, (12) can be

transformed to the following region partitioning problem:

minimize
R1,...,RK⊂R,S

max
k∈{1,...,K}

T (xk, Uk)

s.t. C1 : Rk ∩Rl = ∅, ∀k �= l,

C2 : ∪K
k=1Rk = R.

(13)

According to (7) and (9), the tour time of the k-th UAV can

be measured by
∫∫

Rk

√
f(u)dA. Thus, (13) can further be

written as follows:

minimize
R1,...,RK⊂R

max
k∈{1,...,K}

∫∫
Rk

√
f(u)dA

s.t. C1, C2 in (13),

(14)
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We introduce Ψk(u) = ‖u− xk‖ to guarantee the connec-

tivity. (14) can be reformulated as:

minimize
t,I1(·),I2(·),...,IK(·)

t

s.t. C1 : t ≥
∫∫

Rk

√
f(u)Ψk(u)Ik(u)dA, ∀k ∈ K,

C2 :

K∑
k=1

Ik(u) = 1, ∀u,

C3 : Ik(u) = {0, 1}, ∀k, u.

(15)

The integer variables Ik(u)’s make (15) difficult to solve. We

relax the integer variables into continuous ones, the linear

programming relaxation of (15) is given by:

minimize
t,I1(·),I2(·),...,IK(·)

t

s.t. C1, C2 in (15),

Ik(u) ≥ 0, ∀k, u.
(16)

Then, we discretize (16) to get an approximate formulation.

The region is discretized into J grid cells Δj with the area ε.
fj represents the average values of

√
f(u) on Δj . Let zkj be

the fraction of Δj served by UAV k. Ψkj denotes the average

value of Ψk(u). The discretization of (16) is given by:

minimize
t,z(·)

t

s.t. C1 : t ≥
M∑
j=1

εfjzkjΨkj , ∀k,

C2 :
K∑

k=1

zkj = 1, ∀j,

C3 : zkj ≥ 0, ∀k, j.

(17)

The dual problem to (17) is:

maximize
ξ(·),μ(·)

M∑
j=1

μj

s.t. C1 : −εfjΨkjξk + μj ≤ 0, ∀k, j,

C2 :
K∑

k=1

ξk = 1,

C3 : ξk ≥ 0, ∀k.

(18)

Let λj :=
μj

εfj
, (18) can be simplified to:

maximize
ξ(·),λ(·)

M∑
j=1

εfjλj

s.t. C1 : λj ≤ Ψkjξk, ∀k, j,
C2, C3 in (18),

(19)

which is a discretization of the following problem

maximize
ξ(·),λ(·)

∫∫
R

√
f(u)λ(u)dA

s.t. C1 : λ(u) ≤ ξkΨk(u), ∀k, u,
C2, C3 in (18).

(20)

We can find that (20) is equivalent to the following problem:

maximize
ξ(·)

∫∫
R
min
k

{
√
f(u)ξkΨk(u)}dA

s.t. C1 :
K∑

k=1

ξk = 1,

C2 : ξk ≥ 0, ∀k.

(21)

Eq. (21) is a convex problem and can be efficiently solved by

standard convex optimization techniques. Then, we obtain the

optimal dual variables ξ∗. For any GU, it will be assigned to

emergency center xk which minimizes
√

f(u)ξkΦk(u), k ∈
K. Therefore, the boundaries between service zones are:

∂(R∗
i ) ∩ ∂(R∗

j ) ⊆ {u|u ∈ R, ξ∗i Φi(u) = ξ∗jΦj(u)}. (22)

Then, we explain that the solution to (14) can be recovered

from the optimal solution to (21).

Algorithm 1 Load-balancing deployment and path planning

1: Input: region of interest R, the set of GUs U , the traffic

demand D(·) of each GU, the delay threshold B, the

coefficient γ, and the flying speed V of the UAV.

2: Initialize K = 1, randomly deploy the emergency center

at x1;

3: Use LKH algorithm to construct the TSP tour σ1 of U
with a start point x1;

4: Calculate T (x1, U) by (4);

5: if T (x1, U) > B then
6: Calculate K by (11);

7: Use K-means algorithm to find clusters, the locations

of emergency centers X = {x1, ..., xK} are set as the

centroids of the clusters;

8: Calculate ξ that satisfies the problem (21);

9: Recover the service zones {R1, R2, ..., RK} from ξ by

(22), find GUs Uk in the corresponding service zone

Rk, update U ;

10: for k ∈ K do
11: Use LKH algorithm to solve the TSP tour σk of Uk

with a start point xk;

12: Calculate T (xk, Uk) by (4);

13: end for
14: if maxk∈{1,...,K} T (xk, Uk) > B then
15: K ← K + 1;

16: Return to step 7;

17: else
18: Calculate Ctotal by (5), set S = {σ1, ..., σk};

19: end if
20: else
21: Calculate Ctotal by (5);

22: Set X = {x1}, U = {U}, S = {σ1};

23: end if
24: Return K, X , U , S , and Ctotal.

Let {I∗1 (·), ..., I∗K(·)} denote the optimal solution to (16).

Consider any point u ∈ R and suppose k̄ is the index such that

ξ∗kΨk(u) is minimal, we can know from the complementary
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(c) Tour-splitting

Fig. 2. The deployment and trajectory planning results. The locations of emergency centers are denoted by the black crosses, and the trajectories of the UAVs
are represented by solid lines with different colors.

slackness conditions of (20) that it should be the case that

I∗k(u) = 0 for all indices k other than k̄, and consequently

I ∗̄
k
(u) = 1.

C. Joint Deployment and Trajectory Planning of Multi-UAV

We then propose an efficient algorithm to jointly optimize

the number of emergency centers and their locations, as well

as the service zone and the trajectory of each UAV. The details

are given in Algorithm 1, which can be summarized as follows:

• First, we initialize the network with a randomly deployed

emergency center and one UAV. The initial trajectory of

the UAV is set as the optimal TSP tour of serving all

the GUs. The methods to solve TSP are diverse, here,

we adopt an LKH solver constructed in [16] to find a

promising TSP solution.

• We check whether the delay threshold is violated or not. If

not, the algorithm stops, otherwise, the number of needed

emergency centers is calculated by (11). Considering the

locations of GUs, the emergency centers are deployed by

a clustering method. Here we use the classical K-means

algorithm [17] to find the clusters, the centroids of which

are chosen as the locations of the emergency centers.

• Then, we refine the assignment of GUs by the load-

balancing region partitioning, where the entire region is

divided into several service zones to achieve approxi-

mately equal mission time among UAVs. The optimal

assignment of the GUs can be found by solving (22).

• We construct the TSP tour for each UAV and check the

feasibility of serving all the GUs. If the delay threshold is

violated, we add another emergency center and go back

to step 7 to restart the clustering process and update the

corresponding variables. The algorithm will stop until

the mission time of all the UAVs is within the delay

threshold.

IV. NUMERICAL RESULTS

We consider a region of interest with a size of 5 × 5km2,

where 100 to 500 GUs are randomly distributed. The traf-

fic demand Dm of the GU um is randomly chosen from

an interval from 40MB to 60MB. The carrier frequency is

fc = 2 GHz. The environment parameters are for the urban

one (a, b) = (9.61, 0.16), (ηLoS , ηNLoS) = (1, 20) [13].

The communication bandwidth is W = 10 MHz, the trans-

mission power and the noise power are P = 10 dBm and

N0 = −170 dBm/Hz, respectively. The flying speed and height

of the UAV is set as 10m/s and 100meters, respectively. The

coefficient γ is set as 1 without loss of generality. Unless

otherwise specified, the delay threshold B is set as 30 minutes.

We compare our proposed joint deployment and trajec-

tory planning scheme (Load-balancing) with the following

two baseline methods: cluster and Voronoi diagram-based

method (Cluster-Voronoi) and tour-splitting-based approxima-

tion method (Tour-splitting) proposed in [11]. The former only

differs from our proposal in the region partitioning, where

the plane is divided according to the nearest neighbor rule

and each GU is assigned to the emergency center closest

to it [18]. The latter is a state-of-the-art 4-approximation

algorithm proposed based on graph theory, where the tours

are found by splitting the entire tour according to the delay

threshold.

First of all, taking one randomly generated instance of 300
GUs as an example, we illustrate the deployment and trajectory

planning results of different methods in Fig. 2. The number

of deployed emergency centers are 7, 8, and 7 for Load-

balancing, Cluster-Voronoi, and Tour-splitting, respectively,

the corresponding total costs of which are 7.4375, 8.4449,

and 7.4988, respectively. We can see that the required number

of emergency centers obtained by our proposal is fewer than

that of the Cluster-Voronoi. Moreover, although the numbers of

emergency centers are the same, the cruise cost of our proposal

is smaller than that of the Tour-splitting since the sub-tours are

split based on the delay threshold in the Tour-splitting.

Then, we investigate the average system performance. Each

value in the following figures is the average result by applying

each algorithm to 20 randomly generated instances with the

same network size. Let Ideal define the optimal values derived

by (10) under the ideal assignment.

In Fig. 3, we present the total cost as a function of the

number of GUs. As expected, the total cost is approximately

proportional to the number of GUs since the number of

required emergency centers would grow to support the in-
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creasing number of GUs within the bound of delay. The total

cost of our proposal is about 17.14% and 4.62% less than

those of the Cluster-Voronoi and the Tour-splitting on average,

respectively. The gap between our proposal and the Ideal is

19.22% in average.

Fig. 4 gives the total cost as a function of the delay thresh-

old. The total cost of our proposal is 13.64% on average less

than that of the Cluster-Voronoi. Our proposed load-balancing

scheme slightly outperforms the Tour-splitting, which can save

1.84% cost on average. In addition, the performance of our

proposal approaches that of the Ideal as the delay threshold

extends, the gap is 3.4% when B = 60 min. The reason is that

the process of adding a new emergency center is unnecessary

to execute when the bound of delay is relatively loose.

V. CONCLUSION

In this paper, we investigated the multi-UAV-assisted emer-

gency communications, where UAVs are dispatched to serve

all the ground users while satisfying the given delay threshold.

Aiming at minimizing the total cost consisting of deployment

cost and cruise cost, the deployment of the emergency centers

and the trajectories of the UAVs were jointly optimized. Since

the formulated task is a combinatorial optimization problem,

which is NP-hard, we first adopted the continuous paradigm to

replace the complex combinatorial quantities, based on which

the number of required emergency centers is estimated. Then,

we proposed a load-balancing deployment and path planning

algorithm based on clustering and equitable region partitioning

to solve the optimization task. Numerical results validated

that our proposal can complete the mission at less cost than

the compared algorithms. Moreover, the performance of our

proposal is close to the optimal, especially when the delay

threshold is loose relative to the number of users.
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