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Abstract

Today, we can easily utilize drones to petform a wide range of tasks, whether by employing semi or fully autonomous
flight modes or controlling them remotely. However, a significant drawback of current drone deployment methods is
the limited operational time due to battery constraints. To address the battery limitations of indoor drones, a solution is
proposed wherein wireless chargets are strategically placed within the coverage atea of the drones' flight paths. This
research paper presents an optimization algorithm that determines the ideal number of wireless charging stations needed
to cover the entire area to ensure continuous charging capability throughout the flight. This work proposes an
optimization framework that effectively solves this non-deterministic polynomial-time hardness problem. The algorithm
is assessed by comparing its results with those of other algorithms. To evaluate the performance of our proposed
approach, we compared several recent algorithms. Our algorithm has demonstrated supetior speed compared to other
algorithms.
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1| Introduction
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Uncrewed Aerial Vehicles (i.e., drones), which can perform tasks without human intervention, are
of Applied Research on

used in a wide range of applications, from manufacturing and logistics [1,2] to healthcare [3] and

Industrial Engineering. . . .. . .. .
exploration [4]. Drones are used in logistics and warehousing to move goods around the facility, pick

This article is an open . ..
access article distributed | and pack orders, and track inventory [5,6]. They can also be used for tasks such as palletizing and

under the terms and depalletizing, loading and unloading trucks, and sorting packages [7,8]. The use of drones in
conditions of the Creative | warehouses is still relatively new but proliferates in warehouses, offering numerous benefits such as
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Like any other battery-powered device, drones are limited by their battery life [9]. Depending on the drone's
size, weight, and battery capacity [10], its flight time can range from a few minutes to a few hours. The
limited battery life can be a significant challenge, particularly for commercial or industrial applications [11],
where drones must fly for extended periods to cover large areas or complete tasks [12]. One solution to
the short battery life problem is to use multiple batteries or to swap out depleted batteries with fully charged
ones [13]. This method can help extend the drone's flight time without waiting for the battery to recharge.
Another solution is using a charging system to chatge the drone's battery in the field. These charging
systems can be solar-powered, portable, or vehicle-mounted, allowing the drone to recharge its battery
while operating [14]. This solution is beneficial when the drone needs to operate in remote areas where
access to power sources is limited. However, there are some limitations to these solutions. Using multiple
batteries or swapping out batteries can add weight and cost to the drone, reducing its payload capacity and
increasing its overall cost.

Wireless charging is a promising solution for nonstop indoor drone flying. [15]. With witeless charging,
the drone can continuously fly and recharge its batteries simultaneously without requiring a manual battery
swap or docking [16]. The principle behind wireless charging is that a power source generates an
electromagnetic field [17], which a receiver coil receives in the drone. The received energy is used in
magnetic resonance or inductive charging to charge the drone's batteries. One of the challenges of wireless
charging is limited coverage [18,19], which can be a significant obstacle for indoor drone applications. The
range of wireless charging is limited by various factors, such as the distance between the transmitter and
receiver, the power of the transmitter, and the efficiency of the charging process [20,21]. Also, wireless
charging technologies can be expensive, so optimizing their use is important to minimize costs. One way
to do this is to ensure that the wireless charging capabilities are available at the necessary points in the
environment without wasting resources on areas where they are not needed.

Determining the minimum number of wireless chargers needed in an indoor warehouse requires
considering various factors, including the size of the area to be covered, the number of drones to be
charged, the desired charging speed, and the wireless charging technology being used [22,23]. In general,
the optimal placement of anchor sensors in two dimensions in a way that a single static target has access
to at least one of the sensors is thoroughly studied [24,25]. Furthermore, determining an optimal anchor
location configuration for a three-dimensional indoor space is a well-known Non-deterministic
Polynomial-time Hardness (NP-Hard) problem [26,27,28].

This paper aims to determine the optimal number of wireless charger nodes needed to ensure
comprehensive coverage of the indoor space. In other words, the objective is to ensure that a drone always
has access to at least one wireless charger while in flight. All being said, the contribution of this work is
twofold: this is a work that proposes a distributed wireless chargers’ placement to enable recharging
capability for drones at any point in the indoor environment, but also, this is a work that considers the
minimization of the number of these wireless chargers and manages to find optimal solutions in an efficient
and timely manner.

2 | Literature Review

Wireless charging placement optimization shares similarities with the Wireless Mesh Network (WMN)
problem and Gateway Node Placement (GNP) problem. WMN [29] and GNP [30] have been proven to
be in the class of NP-hard problems. Consequently, previous work has focused on providing efficient
heuristic-based and meta-heuristics-based algorithms to find near-optimal solutions to the problem.
Typically, the GNP problem is defined in terms of an Integer Linear Program (ILP) defined to find a
minimum number of gateway nodes for a given WNM backbone network that satisfies a given set of
Quality-of-Service (QoS) constraints [31,32]. Three QoS constraints that influence network performance
are commonly considered. These include the communication delay, relay load, and gateway throughput.



Bacanli et al. [33] aim to tackle the issue of positioning charging stations in a UAV-assisted opportunistic
network by utilizing three distinct clustering techniques: K-means, Density-Based Spatial Clustering of
Applications with Noise (DBSCAN), and random clustering. It was observed that employing K-means
clustering with three clusters to determine the charging station locations yielded superior results
compared to randomly selecting the locations regardless of the routing strategy used between nodes.
Wang et al. [34] propose beacon placement algorithms that leverage the floor plan geometry with
provable theoretical guarantees. Firstly, a greedy algorithm is presented, utilizing the properties of sub-
modular functions. Additionally, a random sampling algorithm is proposed, strategically placing beacons
to ensure all targets' localization. Wang et al. [35] focus on addressing the problem within a constraint
network model, where the traffic demand is distributed non-uniformly, and the potential positions for
mesh routers (MRs) are predetermined. After formulating the MR placement problem, the authors
conduct theoretical analysis to validate the traffic demand and identify the optimal position for the
Internet gateway. Li et al. [36] explore the challenge of cooperatively deploying chargers and sink stations
in wireless sensor networks while minimizing their number. The authors propose a near-optimal
algorithm that tackles this problem by breaking it down into two subproblems and optimizing the

deployment of chargers and sink stations iteratively.

Ding et al. [28] investigate the problem of determining the optimal placement of wireless chargers
considering deployment costs. The authors approach the problem from two perspectives: the first
focuses on minimizing costs in charger placement, while the second aims to maximize the charging level
in charger placement. He et al. [37] examine the deployment of wireless chargers in a network to
minimize their number while ensuring that any static node positioned in the network can receive enough
wireless energy to operate continuously. Li et al. [38] examine the problem of minimal charger placement
to deploy the fewest chargers while ensuring sufficient recharge power for battery-free nodes to sustain
their operation. To tackle this challenge, the network area is divided into grids, and the researchers
develop both greedy and efficient heuristics to address this problem effectively.

Having considered the existing literature, it is evident that certain gaps persist in the current body of
knowledge. As a result, this research endeavors to address these deficiencies, and the primary objective
of this study is to ascertain the ideal quantity of wireless charger nodes essential for achieving complete

coverage throughout the indoor environment.

3 | Optimization Formulation

To solve this Mixed Integer Programming (MIP) problem, we modified the MIP problem to incorporate

all the constraints. A modified WMN planning problem presented in [39] can be defined where let S =

{1, 2, ..., n} denotes the set of possible positions where to install charger devices and I ={1,2, ..., m} is

the set of positions in the warechouse for drones that can fly (i.e., receiving positions in the warehouse).

The cost associated with installing an MR in s; € S is denoted by ¢, while the additional cost required to

install a (Mesh Access Points) MAP in s;€ S is denoted by pj. Therefore, the total cost for installing a

MAP in S is given by ¢ + pj. The connectivity parameters define which network elements can be

‘JAR[E

Author's LastName | J. Appl. Res. Ind. Eng. X(x) (xx) x-x



{JAR[E

Paper Title

connected through wireless links. They depend on i € Iand s € S locations and can be determined by using

proper propagation prediction tools. For each pair i € I;j € S, the coverage parameters are considered aj;

g = {1 if a MAP or MR in S; covers i
K 0 otherwise

the wireless connectivity parameters bj;:

b = {1 if S; and i can be connected with a link
J 0 otherwise

the decision variables of the problem include i assignment variables x;;,
Xj = {1 if iis assigned to s

0 otherwise

installation variables z;:

4 = {1 if a MAP or a MR is installed in S;
! 0 otherwise

wireless connection variables Y ¥ j,leS:

o {1 if there is a wireless link between S; and |
4 0 otherwise

and finally, flow variables f; which denotes the traffic flow routed on a link j, 1), where the special variable
fin denotes the traffic flow on the wired link between MAP, and the backbone network. Accordingly, the
problem can be formulated as follows in this case, and wired backbone connection variable w;y will be

ignored.

min E CiZj + piwiN

jeS

Here, Vi€ I & Vj,1 € S, Subject to:

2% ¢

jes
Xjj < Ziajj @
Vi <z, Y <z, Y < by ?3)

xij;zj; Y € {01} 4)



The objective function accounts for the total cost of the network including installation costs ¢ and costs pj.

Constrains (1) guarantee full coverage of all Vi € I, while constraints (2) are coherence constraints assuring
respectively that i € [ can be assigned to S; only if a device is installed in j and if  is within the coverage set of j.
Constraints (3) defines the existence of a wireless link between S; and S;, depending on the installation of nodes
in j and I and wireless connectivity parameters bj. Constraints force the assignment of a i to the best j in which
a MAP or MR is installed, while constraints (4) restrict the decision variables to take binary values. The resulting
model includes the set of s* € S which covers Vi € I.

Also, a modified GNP problem presented in [31,40] can be defined without considering QoS
constraints. For each WMN generated, a network topology graph, G = (V, E), can be constructed and
used for analysis. The topography network is inconsequential in our specific case since the warehouse
is a straightforward cube shape. In the literature for RNPs [24, 27], the set of vertices (V) in a graph
consists of mesh clients and mesh routers. The edges (E) represent connectivity, where: 1) for two
router nodes to be connected, they must be in their communication range, and 2) the client/router edge

is added when the client is in the communication range of a router.

In this case, a WMN for the RNP problem [30] is defined as a set of interconnected devices in a universe

U = SUI, where S ={1,2,...,n} is a set of n mesh router nodes and I = {1,2,...,m} is a set of m

mesh clients. The ; represents the i mesh router and consists of a tuple (r;,y;, ;) where r; = (x;,y;) €

S, is the position of the router node, y; is its nominal communication range, and Y is the circle
representing its radio coverage centered at the #; position with radius y; fori € {1,2,...,n}. A binary
variable g; is used to indicate if a corresponding mesh router s; € S has been selected as a gateway. For
i€elandse€S:

v = {1 if nodes; € S is selected as a gateway
' 0 otherwise

In order to represent a router node assignment to a gateway, a binary variable b;; is used. Data traffic

generated by each router node will be served by a single gateway.

b = {1 if node i; is assigned to gateway s
K 0 otherwise

Finally, the objective function for the GNP problem is defined as:

n
min E pe
i

Subject to:
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|| ri =t ||< min YirVi (D

Vo eV, Vo el Y bij=1 2
viel

VojeV,v;€l: bi,j <xi 3)

VUI‘ eV&Vu el x; bi,]' € {0,1} 4

The ILP searches for the optimal value for gateway assignment, minimizing their number. The condition
defined in Eq. (2) ensures that each router node is only assigned to one gateway. The inequality specified
in Eq. (3) guarantees that a node i; is only assigned to a node that has been selected as a gateway. The
constraints defined in Eq. (4) indicate that x; and b;; are binary variables. This ILP formulation for the
GNP problem is NP-hard since it can be reduced to the minimum set cover problem [25,41].

In this study, to add realism to our study, we introduce the constraint that chargers cannot be installed on
the floor. Furthermore, it is reasonable to make an assumption of a 4-meter height for the warehouse,

considering the typical dimensions observed in real-world warehouses. Our analysis considers the ceiling

and walls as the feasible locations (S) for the chargers. The designated drone space (I) represents the area

within the environment where the drone can freely navigate. The optimization constraint is employed to

ensure that the resulting charger configuration effectively covers all points within the set I, guaranteeing

accessibility to at least one wireless charger for each point with a radius of y. In this case, Python was
employed to simulate and assess the performance of our proposed scheme. Algorithm 1 provides both
pseudocode and an implementation for the algorithm. Initially, the code generates coordinate points for
the watrehouse area, computing the Euclidean distances (Dj) between these points. Constraints are
established for each node in the range of points outside the warchouse; it checks if the Euclidean distance

between the point inside the warehouse (I) (indexed by i) and the point outside the warehouse (S) (indexed

by k) is less than or equal to y. If it is, the index k is appended to the list K. After checking all the points
outside the warchouse, the function calculates the product of the binary variable X and the sum of the
distances of the points in K. It ensures that the resulting sum is greater than or equal to 1, indicating that
some points have a binary variable value of 1, ensuring the existence of a charger within a distance of y
from that specific node. This step effectively ensures that each point inside the warehouse is covered by at
least one charger placed within a radius of ¥ positioned within a predefined radius. The subsequent step
involves setting the binary variables corresponding to the designated points in the warehouse. In the next

section, we will present the performance evaluation outcomes conducted on our optimization framework.



Algorithm 1. Placement Optimization Algorithm

Algorithm 1: Placement Optimization Algorithm
Input: Warehouse Dimensions (X, Y,Z), wireless charger range of operation ().
Output: Optimal Charger placement with coverage over the entire room (z).
Initialization;
Organize the lists of coordinates to differentiate between internal and external points.
Arrange possible charger positions set (S «+ n),
Arrange receiving positions set (I < m)
while z is being constructed do

Arrange Obj Func;

return > i z; for k in S;

Arrange Cons(i, k);

for s; in S do

Compute the Euclidean distance between two points ¢ and sy, Vi € I;

if D(i,s;) <=~ then
| keep k in K;

end

Compute the product of the binary variable z; and the sum of the distances of the
points in K.

ConsVar = (3 >; D(i,s) *zx) ,Vi € I & Vk € K,

return ConsVar >= 1,
It indicates that one (some) point(s) have a binary variable value of 1, ensuring the
existence of a charger within a distance of 5 from that specific node.

end
end

4 | Results and Evaluations

In this section, the performance evaluation results of the algorithm are presented. We conducted a comparison
between our algorithm and the theoretical approach in scenarios with smaller room dimensions, where the
theoretical approach, although capable of determining the optimal placement, exhibited slower performance.
This finding reinforces the proposed algorithm's reliability, assuring its applicability to larger room dimensions

and faster performance.

Table 1 displays the outcomes of the proposed algorithm across various room dimensions. It is crucial
to recognize that the resolution to each problem may not be singular and can vary depending on the
algorithm's combination and assortment of constraints. We present the outcomes for a selection of
warehouse dimensions, considering large-scale scenarios. We determine the optimal number of wireless
chargers for each room size needed to achieve complete coverage while acknowledging that multiple
solutions may exist. Figure 1 illustrates the arrangement of wireless chargers in two different scenarios.
In (a), we have a room with dimensions of 16X10X4, while in (b), the room has dimensions of
20x18x4. The figure visually represents the optimal placement strategy for the wireless chargers in each

room configuration.

Table 1. Result of the proposed algorithm.

Room Number of (x,y,z) of placement # of # of
dimensions chargers variables constraints
10,10,4 4 (2,5,4),(3,0,1), (5,10, 1), (10, 5, 1) 282 91045
16,10,4 6 (3,0,0),3,7,4),9,5,4), (9,10, 0), (12, 396 213301
0,2), (16,7, 2)
16,16,4 9 See Appendix 546 490501
20,18,4 13 See Appendix 704 908277
20,20,4 14 See Appendix 762 1098885
27,274 27 See Appendix 1217 3288065

30,244 26 See Appendix 1208 3220277
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Fig. 1. Optimal placement of the wireless chargers: (a) room with 16 X 10 X 4 dimension; (b) room
with 20 X 18 X 4 dimension.

5 | Conclusion and Future Research

This article introduces a solution to address the limited battery life of drones, allowing for uninterrupted
flights through the utilization of wireless charging technology. As this fall within the NP-Hard category of
optimization problems, we have presented our algorithm, which efficiently and promptly finds a solution
and has superior speed compared to other algorithms [42]. While the proposed system allows drones to
recharge while in flight or while quickly hovering, without the need to deviate from their primary mission
path, it has limitations due to certain real assumptions and needs more sensitivity analysis to understand
the robustness of the solution.

For future research, conducting a site survey to identify areas of drone operation and wireless charging
requirements would optimize the placement of wireless chargers. Based on the survey findings, the optimal
placement of chargers and the required power output can be determined, ensuring that the drones can
recharge their batteries as needed. To further improve the system, it is recommended to consider real
assumptions such as capacity constraints of the hubs and apply QoS constraints in the sense of the strength
of wireless charger signals to ensure a specific strength. This guarantees a continuous and uninterrupted
charging process, minimizing any potential interruptions or disruptions. Incorporating a cost function into
the optimization process is advisable for future investigations, considering the variations in installation
costs across different warehouse areas. This cost function would enable the consideration of installation
expenses when determining the optimal locations for charging stations, accounting for the differing costs
associated with each specific location within the warehouse. Also, conducting sensitivity analysis could be
an area for further exploration in future research endeavors, enabling a more comprehensive understanding

of the solution's robustness and performance under vatious conditions.

References

[1] Mohammadnazar, A., Patwary, A. L., Moradloo, N., Arvin, R., & Khattak, A. J. (2022). Incorporating driving
volatility measures in safety performance functions: Improving safety at signalized intersections. Accident
Analysis & Prevention, 178, 106872. https://doi.org/10.1016/j.aap.2022.106872

[2] Khattak, A.]J., Harris, A., Sartipi, M., Mahdinia, I., Moradloo, N., & SafariTaherkhani, M. (2023). Connected
and Automated Vehicles Investment and Smart Infrastructure in Tennessee Part 3: Infrastructure and

Vehicular communications: From Dedicated Short-Range Communications to Cellular Vehicle-to-Everything.
arXiv preprint arXiv:2304.02885. https://doi.org/10.48550/arXiv.2304.02885



https://doi.org/10.1016/j.aap.2022.106872
https://doi.org/10.48550/arXiv.2304.02885

(3]

(4]

(5]

(8]

(9]

(10]

(11]

(12]

(13]

(14]

(13]

(16]

(17]

(18]

(19]

Bakhshi, A., Hassannayebi, E., & Sadeghi, A. H. (2023). Optimizing sepsis care through heuristics
methods in process mining: A trajectory analysis. Healthcare Analytics, 3, 100187.
https://doi.org/10.1016/j.health.2023.100187

Rajabi, M., Habibpour, M., Bakhtiari, S., Rad, F., & Aghakhani, S. (2023). The development of BPR
models in smart cities using loop detectors and license plate recognition technologies: A case study.
Journal of Future Sustainability, 3(2), (pp. 75-84). https://doi.org/10.5267/j.jfs.2022.11.007

Sadeghi, A. H., Bani, E. A,, Fallahi, A., & Handfield, R. (2023). Grey Wolf Optimizer and Whale
Optimization Algorithm for Stochastic Inventory Management of Reusable Products in a Two-Level
Supply Chain. IEEE Access, 11, 40278-40297. https://doi.org/10.1109/ACCESS.2023.3269292
Motvallian Naeini, H., Shafahi, Y., & SafariTaherkhani, M. (2022). Optimizing and synchronizing
timetable in an urban subway network with stop-skip strategy. Journal of Rail Transport Planning &
Management, 22, 100301. https://doi.org/10.1016/j.jrtpm.2022.100301

Sadeghi, M., Nikfar, M., & Rad, F. (2024). Optimizing warehouse operations for environmental

sustainability: A simulation study for reducing carbon emissions and maximizing space utilization.
Journal of Future Sustainability, 4(1), (pp. 35-44). https://doi.org/10.5267/;.jfs.2024.1.004

Sadeghi, A. H., Sun, Z., Sahebi-Fakhrabad, A., Arzani, H., & Handfield, R. (2023). A Mixed-Integer
Linear Formulation for a Dynamic Modified Stochastic p-Median Problem in a Competitive Supply
Chain Network Design. Logistics, 7(1). https://doi.org/10.3390/logistics7010014

Mohsan, S. A., Khan, M. A., Noor, F., Ullah, L., & Alsharif, M. H. (2022). Towards the Unmanned
Aerial Vehicles (UAVs): A Comprehensive Review. Drones, 6(6).
https://doi.org/10.3390/drones6060147

Beigi, P., Rajabi, M. S., & Aghakhani, S. (2021). An Overview of Drone Energy Consumption
Factors and Models. In M. Fathi, E. Zio, & P. M. Pardalos (Eds.), Handbook of Smart Energy Systems
(pp- 1-20). Springer International Publishing. https://doi.org/10.1007/978-3-030-72322-4 200-1
Khojastehpour, M., Sahebi, S., & Samimi, A. (2022). Public acceptance of a crowdsourcing platform

for traffic enforcement. Case Studies on Transport Policy, 10(4), (pp. 2012-2024).
https:/doi.org/10.1016/j.cstp.2022.08.013

Rajabi, M. S., Beigi, P., & Aghakhani, S. (2021). Drone Delivery Systems and Energy Management:
A Review and Future Trends. In M. Fathi, E. Zio, & P. M. Pardalos (Eds.), Handbook of Smart Energy
Systems (pp. 1-19). Springer International Publishing. https//:doi.org/10.1007/978-3-030-72322-

4 196-1

Morbidi, F., Cano, R., & Lara, D. (2016). Minimum-energy path generation for a quadrotor UAV.
2016 IEEE International Conference on Robotics and Automation (ICRA), (pp. 1492-1498).
https://doi.org/10.1109/ICRA.2016.7487285

Simic, M., Bil, C., & Vojisavljevic, V. (2015). Investigation in Wireless Power Transmission for UAV
Charging. Procedia Computer Science, 60, (pp. 1846-1855). https:/doi.org/10.1016/j.procs.2015.08.295
Lu, M., Bagheri, M., James, A. P., & Phung, T. (2018). Wireless Charging Techniques for UAVs: A
Review, Reconceptualization, and Extension. IEEE Access, 6, (pp. 29865-29884).
https://doi.org/10.1109/ACCESS.2018.2841376

Mohsan, S. A., Othman, N. Q., Khan, M. A,, Amjad, H., & Zywiotek, J. (2022). A Comprehensive
Review of Micro UAV Charging Techniques. Micromachines, 13(6).
https://doi.org/10.3390/mil13060977

Panda, B., Rad, F. M., & Rajabi, M. S. (2021). Wireless Charging of Electric Vehicles Through
Pavements: System, Design, and Technology. In M. Fathi, E. Zio, & P. M. Pardalos (Eds.), Handbook
of Smart Energy Systems (pp. 1-26). Springer International Publishing. https://doi.org/10.1007/978-3-
030-72322-4 212-1

Junaid, A. B., Lee, Y., & Kim, Y. (2016). Design and implementation of autonomous wireless

charging station for rotary-wing UAVs. Aerospace Science and Technology, 54, (pp. 253-266).
https:/doi.org/10.1016/j.ast.2016.04.023

Mou, X., Gladwin, D, Jiang, J., Li, K., & Yang, Z. (2023). Near-Field Wireless Power Transfer
Technology for Unmanned Aerial Vehicles: A Systematical Review. IEEE Journal of Emerging and
Selected Topics in Industrial Electronics, 4(1), (pp. 147-158).
https://doi.org/10.1109/JESTIE.2022.3213138

‘JAR[E

Author's LastName | J. Appl. Res. Ind. Eng. X(x) (xx) x-x


https://doi.org/10.1016/j.health.2023.100187
https://doi.org/10.5267/j.jfs.2022.11.007
https://doi.org/10.1109/ACCESS.2023.3269292
https://doi.org/10.1016/j.jrtpm.2022.100301
https://doi.org/10.5267/j.jfs.2024.1.004
https://doi.org/10.3390/logistics7010014
https://doi.org/10.3390/drones6060147
https://doi.org/10.1007/978-3-030-72322-4_200-1
https://doi.org/10.1016/j.cstp.2022.08.013
https://doi.org/10.1007/978-3-030-72322-4_196-1
https://doi.org/10.1007/978-3-030-72322-4_196-1
https://doi.org/10.1109/ICRA.2016.7487285
https://doi.org/10.1016/j.procs.2015.08.295
https://doi.org/10.1109/ACCESS.2018.2841376
https://doi.org/10.3390/mi13060977
https://doi.org/10.1007/978-3-030-72322-4_212-1
https://doi.org/10.1007/978-3-030-72322-4_212-1
https://doi.org/10.1016/j.ast.2016.04.023
https://doi.org/10.1109/JESTIE.2022.3213138

‘JAR[E

Paper Title

[20]Dunbar, S., Wenzl, F., Hack, C., Hafeza, R., Esfeer, H., Defay, F., Prothin, S., Bajon, D., & Popovic, Z. (2015).
Wireless far-field charging of a micro-UAV. 2015 IEEE Wireless Power Transfer Conference (WPTC), (pp. 1-4).
https://doi.org/10.1109/WPT.2015.7140154

[21]Wu, M., Su, L., Chen, J., Duan, X., Wu, D., Cheng, Y., & Jiang, Y. (2022). Development and Prospect of
Wireless Power Transfer Technology Used to Power Unmanned Aerial Vehicle. Electronics, 11(15).
https://doi.org/10.3390/electronics11152297

[22] Alburaikan, A. (2022). Automated street light system by using wireless sensor networks. Computational
Algorithms and Numerical Dimensions, 1(4), (pp. 137-140). https://doi.org/10.22105/cand.2022.161805

[23]Osintsev, N. (2023). Contribution of Wireless Sensor Networks in Domestic and Hostile Environment.

Computational Algorithms and Numerical Dimensions, 2(1), (pp. 17-22).
https://doi.org/10.22105/cand.2023.163355

[24]Wang, H., Rajagopal, N., Rowe, A., Sinopoli, B., & Gao, ]J. (2019). Efficient Beacon Placement Algorithms for
Time-of-Flight Indoor Localization Proceedings of the 27th ACM SIGSPATIAL International Conference on
Advances in Geographic Information Systems ,Chicago, IL, USA. https://doi.org/10.1145/3347146.3359344

[25]Sharma, R., & Badarla, V. (2019). Analysis of a Novel Beacon Placement Strategy 3D Localization in Indoor
Spaces. 2019 11th International Conference on Communication Systems & Networks (COMSNETS), (pp. 320-327).
https://doi.org/10.1109/COMSNETS.2019.8711359

[26]Sekhar, P., Lydia, E. L., Elhoseny, M., Al-Akaidi, M., Selim, M. M., & Shankar, K. (2021). An effective
metaheuristic based node localization technique for wireless sensor networks enabled indoor
communication. Physical Communication, 48, 101411. https:/doi.org/10.1016/j.phycom.2021.101411

[27] Kritter, ]., Brévilliers, M., Lepagnot, J., & Idoumghar, L. (2019). On the optimal placement of cameras for

surveillance and the underlying set cover problem. Applied Soft Computing, 74, (pp. 133-153).
https:/doi.org/10.1016/j.as0c.2018.10.025

[28]Ding, X., Wang, Y., Sun, G., Luo, C,, Li, D., Chen, W., & Hu, Q. (2020). Optimal charger placement for
wireless power transfer. Computer Networks, 170, 107123. https:/doi.org/10.1016/j.comnet.2020.107123

[29] Taleb, S. M., Meraihi, Y., Gabis, A. B., Mirjalili, S., & Ramdane-Cherif, A. (2022). Nodes placement in
wireless mesh networks using optimization approaches: a survey. Neural Computing and Applications, 34(7),
(pp- 5283-5319). https://doi.org/10.1007/s00521-022-06941-y

[30]Drabu, Y., & Peyravi, H. (2008). Gateway Placement with QoS Constraints in Wireless Mesh Networks.
Seventh International Conference on Networking (icn 2008), (pp. 46-51). https://doi.org/10.1109/ICN.2008.89

[31] Aoun, B., Boutaba, R., Iraqi, Y., & Kenward, G. (2006). Gateway Placement Optimization in Wireless Mesh
Networks With QoS Constraints. IEEE Journal on Selected Areas in Communications, 24(11), (pp. 2127-2136).
https://doi.org/10.1109/JSAC.2006.881606

[32]Seyedzadegan, M., Othman, M., Ali, B. M, & Subramaniam, S. (2013). Zero-Degree algorithm for Internet
GateWay placement in backbone wireless mesh networks. Journal of Network and Computer Applications, 36(6),
(pp- 1705-1723). https:/doi.org/10.1016/j.jnca.2013.02.031

[33]Bacanli, S. S., Elgeldawi, E., Turgut, B., & Turgut, D. (2022). UAV Charging Station Placement in
Opportunistic Networks. Drones, 6(10), 293. https://doi.org/10.3390/drones6100293

[34]Wang, H., Rajagopal, N., Rowe, A., Sinopoli, B., & Gao, J. (2019). Efficient Beacon Placement Algorithms for
Time-of-Flight Indoor Localization Proceedings of the 27th ACM SIGSPATIAL International Conference on
Advances in Geographic Information Systems ,Chicago, IL, USA. https://doi.org/10.1145/3347146.3359344

[35]Wang, ]., Xie, B., Cai, K., & Agrawal, D. P. (2007). Efficient Mesh Router Placement in Wireless Mesh
Networks. 2007 IEEE International Conference on Mobile Adhoc and Sensor Systems, (pp. 1-9).
https://doi.org/10.1109/MOBHOC.2007.4428616

[36]Li, S, Fu, L., He, S., & Sun, Y. (2017). Near-optimal co-deployment of chargers and sink stations in
rechargeable sensor networks. ACM Transactions on Embedded Computing Systems (TECS), 17(1), (pp. 1-19).
https://doi.org/10.1145/3070721

[37]He, S., Chen, |, Jiang, F., Yau, D. K. Y., Xing, G., & Sun, Y. (2013). Energy Provisioning in Wireless
Rechargeable Sensor Networks. IEEE Transactions on Mobile Computing, 12(10), (pp. 1931-1942).
https://doi.org/10.1109/TMC.2012.161

[38]Li, Y., Fu, L., Chen, M., Chi, K,, & Zhu, Y. h. (2015). RF-Based Charger Placement for Duty Cycle Guarantee
in Battery-Free Sensor Networks. IEEE Communications Letters, 19(10), (pp. 1802-1805).
https://doi.org/10.1109/LCOMM.2015.2468212



https://doi.org/10.1109/WPT.2015.7140154
https://doi.org/10.3390/electronics11152297
https://doi.org/10.22105/cand.2022.161805
https://doi.org/10.22105/cand.2023.163355
https://doi.org/10.1145/3347146.3359344
https://doi.org/10.1109/COMSNETS.2019.8711359
https://doi.org/10.1016/j.phycom.2021.101411
https://doi.org/10.1016/j.asoc.2018.10.025
https://doi.org/10.1016/j.comnet.2020.107123
https://doi.org/10.1007/s00521-022-06941-y
https://doi.org/10.1109/ICN.2008.89
https://doi.org/10.1109/JSAC.2006.881606
https://doi.org/10.1016/j.jnca.2013.02.031
https://doi.org/10.3390/drones6100293
https://doi.org/10.1145/3347146.3359344
https://doi.org/10.1109/MOBHOC.2007.4428616
https://doi.org/10.1145/3070721
https://doi.org/10.1109/TMC.2012.161
https://doi.org/10.1109/LCOMM.2015.2468212

(39]

(40]

[41]

[42]

Amaldi, E., Capone, A., Cesana, M., Filippini, 1., & Malucelli, F. (2008). Optimization models and
methods for planning wireless mesh networks. Computer Networks, 52(11), (pp. 2159-2171).
https:/doi.org/10.1016/j.comnet.2008.02.020

Wzorek, M., Berger, C., & Doherty, P. (2021). Router and gateway node placement in wireless

mesh networks for emergency rescue scenarios. Autonomous Intelligent Systems, 1(1), 14.
https://doi.org/10.1007/s43684-021-00012-0
Kochakkashani, F., Kayvanfar, V., & Haji, A. (2023). Supply chain planning of vaccine and

pharmaceutical clusters under uncertainty: The case of COVID-19. Socio-Economic Planning
Sciences, 87, 101602. https:/doi.org/10.1016/j.seps.2023.101602
Famili, A., & Stavrou, A. (2022). Eternal Flying: Optimal Placement of Wireless Chargers for

Nonstop Drone Flights. 2022 International Conference on Electrical, Computer and Energy Technologies

(ICECET), (pp. 1-6). https://doi.org/10.1109/ICECET55527.2022.9873507

Appendix: Result of the proposed algorithm
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