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Abstract. Recent technology allows UAVs to be implemented not only
in fields of military, videography, or logistics but also in a social secu-
rity area, especially for disaster management. UAVs can mount a router
and provide a wireless network to the survivors in the network-shadowed
area. In this paper, a set covering problem reflecting the characteris-
tics of UAV is defined with a mathematical formulation. An extended
formulation and branch-and-price algorithm are proposed for efficient
computation. We demonstrated the capability of the proposed algorithm
with a computational experiment.
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1 Introduction

Over the last few years, there has been an increasing interest in unmanned aerial
vehicles (UAVs) in the various fields including military, telecommunication, and
aerial videography [1, 2]. Although it has been widely used for commercial or
military purposes, this study suggests that UAVs can also be useful for disaster
management. When a disaster occurs, activities to mitigate further damages,
such as relief logistics, casualty transportation, and evacuation, are planned.
Because of extremely varying situations in the demand (disaster) areas, it is
crucial to establishing a plan with the scientific decision. Therefore, accurate
data collection through contacting with survivors is needed to make these activ-
ities efficiently. However, large-scale disasters can cause survivors to be isolated
or disconnected in disaster areas. In this case, the reconstruction of the tem-
porary network by using the UAVs can accommodate the communication with
the survivors and gathering the real-time data [3, 4]. By using UAVs of built-in
network routers, rebuilding the network on shadow areas can be realized when
the proper amounts of UAVs are distributed in the appropriate locations. If the

? This research was supported by the National Research Foundation of Korea
(NRF) funded by the Ministry of Science, ICT & Future Planning [Grant no.
2017R1A2B2007812].



2 Y. Park and I. Moon

number of UAVs is sufficient, launching with a large number of UAVs simulta-
neously can reconnect the network easily. However, the decision maker with the
limited resource is obliged to make an optimal plan because the risk of either
under-or-over plan would result in the damage of human life. Therefore, the
following two questions can be raised naturally.

• What is the minimum number of UAVs to cover all areas?

• Where should each UAV be located?

By developing the mathematical model based on the set covering problem, the
minimum number of UAVs and their flight position to cover every survivor was
analyzed in this research.

The proposed UAV set covering problem (USCP) generalizes the classical set
covering problem by incorporating the flexible characteristic of UAVs which have
no restrictions on the position of facilities that can be located. As well as a disas-
ter situation, USCP can model various environments, including manufacturing
industry. In the smart factory, established by industry 4.0, individual resources
communicate with each other via wired or wireless network. Especially for the
wireless network, it is vital to cover every resource efficiently with minimal in-
vestment. As with the USCP, the location where the wireless network router can
be installed at this time is relatively free, making it impossible to choose over
given candidates of positions.

This study proposes a branch-and-price approach to overcome the intractabil-
ity caused by the quadratic constraint and solve USCP for efficient computation.
The overall structure of the study takes the form of 5 chapters, including this
introductory chapter. Section 2 is concerned with the description of USCP and
the standard formulation of the mathematical model. In Section 3, an extensive
formulation and a branch-and-price algorithm are presented for the problem. In
Section 4, computational experiments are conducted, and results are analyzed.
Section 5 summarizes the findings of the research.

2 Problem Definition and Mathematical Formulation

The objective of USCP is to cover every demand point with the minimum num-
ber of UAV with a fixed coverage and without a restrictions on the position. The
detailed assumptions of USCP are defined as follows: (1) Positions of demand
points are deterministic. (2) Coverage distance of UAV is identical. (3) There
are no restrictions on the position of UAV. (4) Each wireless network is unca-
pacitated and the network traffic is ignored. (5) Overlap interference between
UAVs and shadowing effect by buildings are ignored.

A mathematical model is developed based on the assumptions. Let N denote
the set of the demand points where the survivors are distributed. The following
is the notations used in the standard formulation for USCP.

Parameters
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axi a position of demand point i on x-coordinate. ∀i ∈ N
ayi a position of demand point i on y-coordinate. ∀i ∈ N
R coverage radius of a UAV.

Decision variables

yj =

{
1, if UAV j is used.

0, otherwise.
∀j ∈ N

xij =

{
1, if demand point i is covered by UAV j.

0, otherwise.

∀i ∈ N
∀j ∈ N

cxj ∈ R, position of UAV j on x-coordinate. ∀j ∈ N
cyj ∈ R, position of UAV j on y-coordinate. ∀j ∈ N

When the coverage range is given as a parameter, what we are interested
in is the minimum number of UAVs and the position of each UAV in the x-y
plane to cover all demand points. The relevant mathematical formulation based
on mixed-integer programming is developed as follows:

min

m∑
j=1

yj (1)

s.t. xij ≤ yj , ∀i ∈ N, ∀j ∈ N (2)
m∑
j=1

xij ≥ 1, ∀i ∈ N (3)

(axi − cxj )2 + (ayi − c
y
j )2 ≤ R2 +M(1− xij), ∀i ∈ N, ∀j ∈ N (4)

xij ∈ {0, 1}, ∀i ∈ N, ∀j ∈ N (5)

yj ∈ {0, 1}, ∀j ∈ N (6)

cxj , c
y
j ∈ R, ∀j ∈ N (7)

Objective function (1) minimizes the number of UAVs to cover all demand points.
Constraint (2) indicates the linking constraint between a demand point and a
UAV. That is, a UAV j is required to cover a demand point i. Constraint (3)
represents that each demand point i should be covered by one UAV. Constraint
(4) is the logical constraint to incorporate the network coverage of the UAV.
When the demand point i is covered by the UAV j, the location of the demand
point (axi , ayi ) is covered by a circle with a circumcenter placed on the point (cxi ,
cyi ). Constraints (5) and (6) mean that variables xij and yj are binary variables.
Constraint (7) means that cxi and cyi are the non-negative real variables. For
distinction, the formulation will be renamed as Euclidean standard formulation
(ES). ES contains the non-linear constraint as presented in Constraint (4). Ac-
cordingly, it is hard to obtain the optimal solution within a reasonable time,
even for small-sized problems. Since the fast decision is vital in the response for
disaster management, a branch-and-price approach for USCP is designed, which
will be introduced in the next section.
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3 Branch-and-Price Approach for USCP

Branch-and-price (B&P) approach is a well-known exact-algorithm for large-
scale optimization problems. By incorporating the column generation technique
into the branch-and-bound, it can significantly improve the bounds of the lin-
ear programming relaxation and resolve the symmetry of the solutions while
branching. For detailed information of the B&P approach, one can refer [5].

3.1 Master problem

Denote by Ω is the set of the possible patterns to cover the demand points by
one UAV. The patterns are defined with a given parameter wij indicating the
inclusion of each demand point for a pattern. The minimum number of UAVs
can be determined by an integer program as follows:

min
∑
j∈Ω

yj (8)

s.t.
∑
j∈Ω

wijyj ≥ 1 ∀i ∈ N (9)

yj ∈ {0, 1}, ∀j ∈ Ω (10)

Objective function (8) minimizes the number of UAVs required to cover all
demand points. Constraint (9) is related to an assignment constraint to the
demand points. The optimality under the current basis is determined by the
pricing subproblem.

3.2 Pricing subproblem

We have defined πi as the dual price of constraint (9). By solving the pricing
subproblem, one can identify whether there is a better assignment pattern of
demand points for a UAV. To construct a pattern (column), the decision variable
is binary to identify whether a demand point i is covered by the generated column
or not. Another decision variables cx and cy represent the position of UAV of
the generated pattern. Additional columns for the master problem is generated
by solving the following pricing problem:

min 1−
m∑
i=1

πiwi (11)

s.t. (axi − cx)2 + (ayi − c
y)2 ≤ R2 +M(1− wi), ∀i ∈ N (12)

wi ∈ {0, 1}, ∀i ∈ N (13)

cx, cy ∈ R, (14)
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4 Computational Experiments

To compare the effectiveness of the proposed solution algorithms, computational
experiments are performed. All optimization models were developed in FICO
Xpress Mosel version 7.9. Experiments were performed with Intel R© Core TM

i5-6600 CPU @ 3.30GHz and 32 GB of RAM operated on Windows 10 64 bit OS.
To be applied in the disaster management, each experiment was conducted with
the run-time limit of 1800 seconds. Data set was made based on the benchmark
data from OR-Library [6, 7]. For each size of demand points of 10, 20, and 50,
10 instances were created, and the demand points were distributed uniformly on
the 100 x 100 Euclidean plane. Three coverage radiuses of 10, 20, and 30 were
examined for each instance.

An analysis of algorithmic performance and sensitivity analysis are provided
for the managerial insight in disaster management. Table 1 lists the computa-
tional results. The columns in this table are defined as follows. #Opt/#Feas:
the number of solved/feasible-solution-provided problems within the time limits.
Time: the average of the computation time to solve the problems. For the prob-
lems not solved within the time limit, we used 1800 seconds while calculating
the average. GapL: the average of the gap between lower (LP) bound and the
feasible solution. # of UAVs: the average of the objective value of the feasible
solution. Gap: the average of the gap between # of UAVs of ES and B&P algo-
rithm, calculated by {(# of UAVs of ES)-(# of UAVs of B&P)}/(# of UAVs).

Table 1. Computational results

ND Rd #Opt/#Feas T ime(s) GapL(%) # of UAVs Gap(%)

ES B&P ES B&P ES B&P ES B&P B&P

10 10 1/9 10/10 1661.2 0.2 33.32 - 7.6 7.2 -4.43
20 9/9 10/10 388.8 1.1 4.00 - 4.6 4.0 -6.00
30 10/10 10/10 11.2 2.7 - - 2.8 2.8 -

20 10 0/0 10/10 1800* 17.9 85.00 - 20.0 10.7 -46.50
20 0/9 10/10 1800* 91.9 46.00 - 6.9 5.5 -7.00
30 5/10 10/10 944.8 78.3 12.50 - 3.5 3.5 -

50 10 0/0 10/10 1800* 447.9 96.00 - 50.0 16.5 -67.00
20 0/0 5/10 1800* 1594.7 96.00 26.77 50.0 11.6 -85.56
30 0/2 1/10 1800* 1765.1 88.47 68.61 41.0 17.8 -75.64

1800*: No problem is finished within the time limits.

As shown in Table 1, ES was not capable of providing optimal solutions even
for the smallest problems. Long computation time and high GapL of ES were
caused by both factors of weak LP bound and scarce feasible solution. ES could
not provide feasible solutions for 49 of 90 problems and it led to the high average
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of the number of UAVs required to cover the demand points. Especially for the
problems with the 50 demand points, GapL were higher than 88% and showed
the intractability of ES. B&P algorithm solved 76 of 90 problems and provided a
feasible solution for every problems. Thus, for 7 of 9 classes of problems showed
0 for GapL. For every data set used for the computational experiment, Gap was
always the same or less than zero, which meant that B&P algorithm makes a
better plan to use fewer UAVs to cover the area.

Certainly, there was a tendency that the smaller the radius of the coverage
be, the more UAVs were required. For the same coverage with the different
number of demand points, the number of UAVs grew with the number of demand
points, too. However, under the fixed-size area, the growth rate was less than
1. In other words, 7.2 UAVs with coverage radius 10 were required to cover 10
demand points, but only 10.7 UAVs were required to cover 20 demand points.
In extreme cases, there is an upper bound of the number of UAVs, which will
cover the whole area without any network-shadow area.

5 Conclusions

We introduced a UAV set covering problem with fixed coverage and without
restrictions of positions for planning an emergency wireless network in disaster
areas efficiently. Due to the intractability of quadratic constraints, proposed ES
could not provide an optimal solution by a commercial solver within a practical
time. An extended formulation of ES was proposed to implement B&P algorithm
for USCP, which provided a better LP-bound and removed the symmetry of
the solution. The computational experiment showed that B&P algorithm can
provide an optimal solution for small-sized problems within reasonable time
limits. Sensitivity analysis was conducted to show the tendency between the
number of demand points, radius, and the number of UAVs required.
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