Article

FANET Routing Protocol Analysis for Multi-UAV-Based
Reconnaissance Mobility Models

Taehwan Kim !, Seonah Lee 2*(0, Kyong Hoon Kim ** and Yong-11 Jo !

check for
updates

Citation: Kim, T.; Lee, S.; Kim, K.H.;
Jo, Y.-I. FANET Routing Protocol
Analysis for Multi-UAV-Based
Reconnaissance Mobility Models.
Drones 2023, 7, 161. https://doi.org/
10.3390/drones7030161

Academic Editor: Emmanouel T.
Michailidis

Received: 29 January 2023
Revised: 17 February 2023
Accepted: 22 February 2023
Published: 25 February 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of AI Convergence Engineering, Gyeongsang National University, 501 Jinjudaero,

Jinju-si 52828, Republic of Korea

Department of Aerospace and Software Engineering, Gyeongsang National University, 501 Jinjudaero,
Jinju-si 52828, Republic of Korea

School of Computer Science and Engineering, Kyungpook National University,

Daegu 41566, Republic of Korea

Correspondence: saleese@gnu.ac.kr (S.L.); kyong kim@knu.ac.kr (K. H.K.);

Tel.: +82-55-772-1377 (S.L.); +82-53-950-5554 (K.H.K.)

Abstract: Different from mobile ad hoc networks (MANETs) and vehicular ad hoc networks
(VANETS), a flying ad hoc network (FANET) is a very low-density network where node topol-
ogy changes rapidly and irregularly. These characteristics, the density, mobility, and speed of flight
nodes, affect the performance of FANET. Furthermore, application scenarios and environmental
settings could affect the performance of FANETSs. In this paper, we analyzed the representative
FANET protocols, AODV, DSDV, and OLSR, according to mobility models, SRWP, MP, RDPZ, EGM,
and DPR, under the multi-UAV-based reconnaissance scenario. We evaluated them in terms of the
number of nodes, network connectivity, mobility model’s reconnaissance rate, speed of nodes, and
ground control station (GCS) location. As a result, we found that AODV showed the highest PDR
performance (81%) with SRWP in multiple UAV-based reconnaissance scenarios. As for a mobility
model under the consideration of reconnaissance rate, SRWP was excellent at 76%, and RDPZ and
EGM mobility models were reasonable at 62% and 60%, respectively. We also made several interesting
observations such as how when the number of nodes increases, the connectivity of the network
increases, but the performance of the routing protocol decreases, and how the GCS location affects
the PDR performance of the combination of routing protocols and mobility models.

Keywords: FANET; routing protocol; NS-3; multi-UAVs; reconnaissance; mobility models

1. Introduction

An ad hoc network is a wireless network of mobile nodes without using an existing
network infrastructure. A flying ad hoc network (FANET) is an ad hoc network with
aircraft as nodes. FANETs can be used for communication between unmanned aerial
vehicles (UAVs) and a ground control station (GCS). The types of FANET can be classified
according to the types of aircraft (e.g., rotary wing and fixed wing), because the speed
of aircraft is different, which affects the topology of nodes in the network. The faster the
nodes, the faster the network topology changes. The more nodes, the higher the density of
the FANET is. For example, when the density of nodes is low, nodes frequently join and
leave the network. Furthermore, the network topology changes regularly or irregularly
according to mobility models. All of these characteristics of FANETs affect the performance
of communication between UAVs and GCS.

When it comes to the FANET routing protocols, it is the most important to effectively
maintain the FANET network topology in order to transmit packets from UAVs to GCS or
vice versa. However, many factors, such as the density, mobility, speed of flight nodes, and
GCS location, can affect the performance of FANET routing protocols. Therefore, there is
no particular routing protocol that can be considered superior to others in all of FANET
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applications. Therefore, an appropriate routing protocol should be identified according to
the scenarios and environments to which the FANET is applied.

Many studies have analyzed FANET routing protocols. However, as far as we know,
most of the studies did not consider the scenarios and environments to which the FANET
is applied. Many studies did not mention the mobility model, or used only simple mobility
models such as random waypoints [1-17]. Three studies used two and four mobility
models [18-20], but the studies did not consider specific FANET scenarios. The most similar
works to ours are two studies that analyzed FANET routing protocols based on specific
scenarios [21,22]. However, the study in [22] assumed different scenarios from ours. Only
one study in [21] assumed a reconnaissance scenario like ours, but their experiment is
based on a very particular circumstance that all of the nodes are connected to a satellite
system, which differs from ours.

We assume the reconnaissance scenario, where UAVs should evenly reconnoiter the
reconnaissance area. Meanwhile, the moving patterns of UAVs should be irregular so that
the enemy must not be able to predict the movement of UAVs. With our assumed scenario,
we analyze and evaluate three routing protocols (AODV, DSDV, and OLSR) with five
mobility models (SRWP, RDPZ, DPR, EGM, and MP). It helps identify routing protocols
and mobility models suitable for reconnaissance scenarios. We also evaluate combinations
of routing protocols and mobility models under various conditions, such as the number,
connectivity, and speed of nodes, and GCS location, so as to understand how the factors
can affect the performance of transmitting packets from UAVs to GCS.

As a result, AODV showed the highest PDR performance in multiple UAV-based
reconnaissance scenarios. In the combination of routing protocols and the mobility models,
SRWP showed the highest PDR performance with AODV. RDPZ and EGM also showed
reasonable performance under the consideration of the reconnaissance rate. We also observe
interesting facts, as follows. First, even if network connectivity (i.e., density) increases, the
performance of a routing protocol does not improve, rather degrades after at some point.
Second, the GCS location affects the PDR performance of the combination of a routing
protocol and a mobility model.

Our contributions are as follows. First, we defined a multi-UAV-based reconnaissance
scenario to analyze routing protocols with mobility models. Second, based on the scenario,
we analyzed fifteen combinations of three representative routing protocols (AODV, DSDV,
and OLSR) with five reconnaissance mobility models (SRP, RDPZ, EGM, MP, and DPSR)
in terms of PDR performance. Third, with consideration of a reconnaissance scenario, we
measured the connectivity of nodes as well as the reconnaissance rate of a mobility model in
our analysis. Based on these metrics, we could identify a protocol and a mobility model for
the reconnaissance scenario. Last, for a fair evaluation of routing protocols, we developed
and used our own mobility model simulator to generate the trace file of each mobility
model. With the trace file, we could analyze each protocol under the same condition of a
mobility model. Furthermore, the repeated simulation of the same trace file helped us to
analyze the effect of node connectivity on the PDR performance of routing protocols and to
analyze the effect of GCS location on the PDR performance of routing protocols.

This paper is organized as follows: Section 2 discusses the relevant studies and their
limitations. Section 3 describes the routing protocols, mobility models, and a reconnaissance
scenario. Section 4 describes research questions, experimental environment, performance
parameters, and experimental procedures to evaluate routing protocols. Section 5 reports
the experimental results. Section 6 discusses the additional metric, end-to-end delay, and an
additional factor, speed of nodes. The section then summarizes all experimental results and
other issues. Section 7 concludes the paper.

2. Related Work

Related studies have analyzed the performance of FANET routing protocols. We
classify the studies into four groups. Group A specifies no mobility models [1-7]. Group
B uses only one mobility model or one mobility model with a fixed one [8-17]. Group C
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uses several mobility models [18-20]. Group D analyzed routing protocols with specific
scenarios [21,22]. Table 1 summarizes the related work.

Table 1. Summary of the related work.

Reference Routing Protocols Mobility Models Scenario
[1] AODYV, DSDV, OLSR — X
[2] AODYV, DSR, LEPR - X
[3] AODV, DSDV — X
AODV, DSDV, DSR
A ’ 7 4 _
Group [41 OLSR, AOMDV, HWMP x
[5] AODV, OLSR Fixed X
[6] AODYV, DSDV, OLSR - X
[7] AODV, LAR Fixed X
AODV, DSDV, DSR, .
[8] AntHocNet Randomwaypoint X
AODV, DSDV, DSR, .
[9] BeeAdHoc Randomwaypoint X
[10-12] AODV, OLSR Randomwaypoint X
[13] AODYV, DSDV Randomwaypoint X
Group B (4] AODV, AOMDV, DSDV, Fixed. Rand y
OLSR, ZRP ixed, Random
[15] AODYV, DC-OLSR, OLSR Randomwaypoint X
[16] DSR, AODV, GRP, OLSR, Rand int «
E-OLSR andomwaypoin
BATMAN-ADYV, BABEL, . . .
[17] OLSR Fixed , Horizontal flight X
Randomwaypoint,
[18] olsr Manhattan Grid, «
Reference Point Group,
G c Pursue
rou :
P AODV, DSR, GRP, OLSR, ,  Randomwaypoint,
[19] TORA Manhattan Grid, Pursue, X
SRCM
[20] OLSR+, OLSR, G-OLSR ~ RandomWaypoint, x
Gauss—Markov
EORB-TP, LADTR, . .
[21] GEOSAW, LEPR Randomwaypoint Reconnaissance
Group D [22] AODV, DSR, OLSR, zrp ~ Croup mobility, Ergodic Disaster
waypoint
Our paper AODV, DSDV, OLSR SRW, RDII))I%I’{MP’ EGM, Reconnaissance

Group A analyzed routing protocols with no mobility models [1-7]. Garcia et al.,
Leonov et al., and Kumar et al. examined two protocols each, AODV and DSDV [3], AODV
and OLSR [5], and AODV and LAR [7], respectively. Singh et al. and Rababhi et al. analyzed
three protocols: AODV, DSDV, and OLSR [1,6]. Li et al. proposed the LEPR routing protocol
based on AODV and compared the AODV, DSR, and LEPR routing protocols [2]. Nayyar et
al. compared and analyzed six routing protocols: AODV, DSDV, DSR, OLSR, AOMDYV, and
HWMP [4]. In this group, most studies evaluated representative ad hoc routing protocols
such as AODYV, DSDV, and OLSR. However, no studies specified mobility models. As the
performance of routing protocols will differ depending on mobility models, it is necessary
to specify and analyze this information.

Group B analyzed routing protocols with only one mobility model [8-17]. Most of
the studies used the random waypoint mobility model [8-16]. Leonov et al. analyzed the
performance of AODV and OLSR routing protocols [10-12]. Leonov et al. initially analyzed
the BeeAdHoc protocol as well [9]. Maistrenko et al. analyzed AODV, DSDV, DSR, and
AntHocNet. [8]. Rahman et al. analyzed routing protocols considering two variables, node
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speed and network size [13]. Ema et al. analyzed three categories of proactive, reactive, and
hybrid routing protocols [14]. Zhang et al. proposed a routing protocol called DC-OLSR that
is applicable to heterogeneous dual-channel FANETs [15]. Tuli et al. proposed an optimized
E-OLSR by adjusting parameters and compared its performance with existing routing
protocols through simulation [16]. Guillen et al. analyzed routing protocol performance
using 2.4 GHz and 5 GHz WiFi networks under real-world conditions [17]. Because those
studies used only one mobility model, they could not demonstrate different protocol
performances with different mobility models.

Group C analyzed routing protocols with various mobility models [18-20]. Singh et al.
sought to optimize OLSR in FANETs rather than analyzing several routing protocols [18].
AlKhatieb et al. analyzed various routing protocols using the random waypoint, Manhattan
Grid, Pursue, and SRCM mobility models [19]. Rahmani et al. proposed a fuzzy logic-based
routing approach called OLSR+ and compared OLSR+ with OLSR and G-OLSR [20] Those
studies analyzed the performance of routing protocols. However, those studies did not
consider specific scenarios, while the performance of FANET routing protocols is affected
by various factors embedded in the usage scenarios.

Group D analyzed routing protocols with specific scenarios [21,22]. However, their
scenarios differ from ours. For example, Ahmed et al. evaluated a disaster scenario [22].
Sang et al. evaluated protocols based on battlefield reconnaissance missions [21]. Sang et
al. focused on a very specific circumstance where all nodes are connected to the BeiDou
satellite system. While their directions are in accordance with ours in the consideration
of specific scenarios, their results did not address our research interests, what would be a
desirable routing protocol and a mobility model for a reconnaissance scenario. Differently
from theirs, we compare and analyze the performance of FANET routing protocols with
various mobility models in multiple UAV-based reconnaissance scenarios.

3. FANET Routing Protocols, Mobility Models, and Reconnaissance Scenarios

Section 3 describes the FANET protocols, mobility models, and reconnaissance sce-
narios. Section 3.1 describes three routing protocols: Ad Hoc On-demand Distance Vector
(AODV), Optimized Link State Routing Protocol (OLSR), and Destination Sequenced Dis-
tance Vector (DSDV). Section 3.2 describes five mobility models: Smooth Random WayPoint
(SRWP), Markov Process (MP), Enhanced Gauss—-Markov (EGM), Distributed Pheromon
Repel (DPR), and Random Destination with Partitioned Zone (RDPZ). Section 3.3 describes
our reconnaissance scenario.

3.1. FANET Routing Protocol Descriptions

FANET routing protocols require different requirements from traditional ad hoc net-
works, such as low node density, high mobility, and frequent topology changes. It is diffi-
cult to design a FANET routing protocol by considering these characteristics. Researchers
sought to design routing protocols suitable for FANETs. They extended existing MANET
and VANET routing protocols [23-25] or designed new routing protocols [9,26,27]. These
FANET routing protocols can be classified in several ways. For example, Oubbati et al.
classified FANET routing protocols into three categories: topology-based, swarm-based,
and position-based protocols in 2017 [28]. In 2019, they also classified FANET routing
protocols into eight categories: topology-based, secure-based, bio-inspired, hierarchical-
based, energy-based, heterogeneous-based, and position-based protocols and delay tolerant
networks [29]. Lakew et al. classified routing protocols into four types: topology-based, ge-
ographic, hybrid (geographic and topology-based), and bio-inspired protocols [30]. Wheeb
et al. classified topology-based routing protocols into four categories: proactive, reactive,
hybrid, and static protocols [31]. Based on Wheeb et al. [31], we reviewed the basic topology-
based routing protocols to identify the protocols for our reconnaissance scenario. We then
selected AODV, DSDV, and OLSR from proactive and reactive routing protocols. Our in-
tention was to analyze fundamental protocols for a reconnaissance scenario, because we
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believed that the analysis of the fundamental protocols could be a basis for designing an
appropriate routing protocol for the target reconnaissance scenario.

Ad hoc On-demand Distance Vector (AODV) is a reactive routing protocol that
searches for a route to a node only when there is a route request. When there is a route
request from the source node, it broadcasts a route request (RREQ) to the neighbor nodes.
The route request (RREQ) is propagated to neighbor nodes until the request arrives at
the destination node. The intermediate node checks the sequence number and stores the
reverse path to prevent a loop of the route. The destination node that has received the route
request (RREQ) sends a route reply (RREP) to the source node by referring to the reverse
path stored in the neighboring node.

Destination Sequenced Distance Vector (DSDV) is a proactive routing protocol in
which all the nodes composing a network are maintained in a routing table, either as direct
paths between nodes or indirect paths formed through neighboring nodes. DSDV is a
routing protocol based on the Bellman—Ford algorithm and prevents a loop using sequence
numbers. DSDV updates the table using two mechanisms: an update is either initiated by a
trigger or occurs on a regular basis. When a node’s routing table is changed, an update is
triggered. A regular update occurs at specific intervals and broadcasts the entire routing
table from a node to neighbor nodes.

Optimized Link State Routing Protocol (OLSR) is a protocol that compensates for the
shortcomings of a proactive routing protocol, which sends and receives many messages
to manage a routing table. To reduce the number of messages, OLSR uses a multipoint
relay (MPR) node. In the OLSR mechanism, the source node finds the neighbor node using
the HELLO message and finally finds the node that is most connected to the neighbor
nodes, called an MPR node. Only the MPR node can flood the control message. To manage
the information of the nodes that constitute a network, OLSR uses topology control (TC)
messages and MPR forwarding information.

3.2. Mobility Model Descriptions

In reconnaissance scenarios, UAVs need to move irregularly. If a UAV moves regularly,
the enemy can easily predict the UAV path. Therefore, in a reconnaissance scenario, a
mobility model is required to ensure irregular movement. In this section, we introduce five
mobility models.

The random waypoint model has been used as a default model due to its simplicity [32].
In the model, a UAV randomly generates a new destination in the reconnaissance area and
then flies to the destination. When a UAV reaches the destination, it repeats this process
during a period of reconnaissance time. Smooth Random WayPoint (SRWP) operates in the
same way as the random waypoint model. The difference is that it considers a smooth turn
by considering the UAV speed [33].

The Markov Process model exhibits three types of mobility [34]. The three mobility
decisions are left turn, straight ahead, and right turn. These decisions are determined
probabilistically according to the current state. For example, if a UAV is currently turning
left, the probability of continuing to turn left is 70%, and the probability of changing to go
straight ahead is 30%. A right turn works in the same way. When a UAV is currently going
straight, the probability of continuing to go straight is 80%, the probability of turning left is
10%, and the probability of turning right is 10%.

The Enhanced Gauss-Markov (EGM) model applies the Gauss—-Markov model for UAV
reconnaissance [35]. This model accounts for smooth movement within the reconnaissance
area and a smooth turn in the border area. When a UAV approaches the border area, the
UAV avoids a collision by changing the mean directional deviation as well as the mean
variance in the directional deviation.

The Distributed Pheromone Repel (DPR) model was inspired by the pheromones of
ants [34]. Ants share their local pheromone information and move toward areas with strong
pheromones. The DPR model adopts the concept of ant movements but implements it in
an opposite fashion. Since the DPR model is designed for reconnaissance, UAVs fly to
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areas with fewer pheromones. Each UAV has its own virtual map that accumulates the
pheromone distribution and updates its map by communicating with nearby nodes.

The Random Destination with Partitioned Zone (RDPZ) model reconnoiters by com-
municating with each UAV [36]. The RDPZ model divides the reconnaissance area into
n * n zones and manages the number of reconnoitered destinations in each zone by commu-
nicating with the nearby UAVs. When a UAV flies to a destination, the UAV stochastically
chooses the intermediate zone with fewer destinations.

3.3. Reconnaissance Scenarios

A reconnaissance scenario is to discover an enemy in a targeted area. The enemy should
have difficulty predicting the path of our UAVs. Therefore, UAVs should reconnoiter in
an irregular route rather than a plan-based, regular route. Mobility models described in
Section 3.2 helps to generate an irregular route for UAVs.

We suggest a reconnaissance scenario with multiple UAVs. Multiple UAVs can cover a
larger reconnaissance area, as well as can help FANETs provide wider network coverage.
In addition, the failure of a UAV does not cause a failure of the entire FANET network. In
other words, multiple UAVs increase the redundancy and reliability of FANETs.

In our scenario, multiple UAVs reconnoiter a targeted area according to a reconnais-
sance mobility model. Once a UAV detects an enemy, the UAV should efficiently send the
information of the detected enemy to GCS. In this scenario of sending information, other
UAVs serve as communication nodes that transmit information to GCS. FANET protocols
described in Section 3.1 help to transmit information from a UAV to GCS via several UAVs.

To be more specific in our scenario, we set up the following conditions. First, the GCS
has a fixed position in the center of the reconnaissance area. Second, each UAV periodically
sends packets to the GCS during its mission. Third, we assumed that the altitudes of UAVs
are almost the same (We will discuss the altitude of UAVs in Section 6.4).

Based on the specific scenario, we conduct a routing protocol performance analysis. In
our routing protocol performance analysis for the reconnaissance scenario, we consider the
following characteristics of FANETs. In FANETS, the node density is very low and a node
is frequently disconnected from the network. In FANETSs, nodes frequently join and leave
the network, so it is difficult to maintain the connectivity of nodes. Meanwhile, to deliver
packets, a node should be connected to the network at the moment. In FANETSs, node
mobility affects network connectivity. For example, a mobility model can allocate nodes to
one side. In this case, if the nodes are close to GCS, the packet delivery performance can
be high, while the mobility model fails to achieve the original reconnaissance purpose to
reconnoiter the target area. A mobility model that evenly reconnoiters the target area has a
high reconnaissance rate. Therefore, in this paper, we evaluate routing protocols from the
perspective of mobility models to be used for our reconnaissance scenario.

4. Experimental Setup

Section 4 explains research questions, experimental setup, evaluation metrics, and
experiment procedure.

4.1. Research Question

To analyze protocols under the consideration of FANET characteristics and reconnais-
sance scenarios, we asked the following research questions:

RQ1. Which routing protocol of AODV, DSDV, or OLSR shows the highest PDR performance
in the reconnaissance scenario?

RQ2.How does the connectivity of nodes in a network affect the performance of a protocol?

RQ3. Which mobility model shows the highest PDR performance in the reconnaissance
scenario?

RQ4. How does the reconnaissance rate of a mobility model affect the performance of the
mobility model in the reconnaissance scenario?
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RQ5.How does the GCS location affect the performance of the mobility model in the
reconnaissance scenario?

We first identified the first two questions to understand the performance of protocols
that can be used in FANETs where a network topology frequently changes. In the evaluation
of FANET protocols, we anticipated that a reactive routing protocol AODV would show
higher PDR performance than other proactive routing protocols OLSR and DSDV. We also
anticipated that, as the number of nodes N in FANETs increased, the connectivity of nodes
NC improved; however, at some point, due to the overhead for updating a routing table,
the PDR performance of routing protocols could decrease.

N « NC, NC ¢ PDR 1)

We then identified the last three questions to understand the effect of other factors,
such as mobility models, their reconnaissance rates R;, and GCS locations on the PDR
performance of FANET protocols. We first anticipated that SWRP yields the best PDR
performance in the five mobility models, because the mobility SWRP model randomly
chooses the destination and flies to the destination in a straight line. The mobility patterns
of the nodes could have many chances to pass through the center of the reconnaissance
area, and the nodes have high possibility of being close to the GCS in the center of the

reconnaissance area. 1

distance(GCS, nodes) =

However, if we consider the reconnaissance rate as one of the performance factors
of a mobility model, we anticipated that a mobility model with a high reconnaissance
rate Ry, RDPZ, would show higher RPDR performance than other mobility models. Last,
we anticipated that the GCS location could affect the performance of a routing protocol. It
is because the previous study [33] observed that a mobility model tends to have a biased
direction in the reconnaissance area. The movements of nodes to the biased direction place
nodes far from or close to the GCS location. The distance of a node to GCS could make a
difference.

PDR ()

4.2. Experiment Environment

To simulate the reconnaissance scenario based on a mobility model and to conduct
a performance analysis of routing protocols based on the simulation, we linked the self-
developed mobility model simulator with the network simulator NS-3. First, we used
our mobility model simulator so that nodes with a FANET protocol move according to
the mobility model for reconnaissance. In detail, we generated a trace file for each of the
5 mobility models (RDPZ, RWP, DPR, EGM, MP) described in Section 3. We used the
mobility model simulator developed in a previous study [33].

Next, we input the trace file of the mobility model into NS-3, a network simulator, and
we simulated three routing protocols: AODV, DSDV, and OLSR. We linked the trace file
generated by our mobility model simulator using the NS-2 MobilityHelper in NS-3. We
implemented the three routing protocols by modifying the protocols provided by NS-3,
and we analyzed their performance based on a reconnaissance mobility model.

We conducted this protocol simulation using the trace files of these reconnaissance
mobility models to match the same experimental conditions in the evaluation of each
routing protocol. Additionally, since the movement of the mobility model is random, a
single trace file can produce different results depending on a specific movement path.
Therefore, we created 10 trace files for each mobility model in the experiment. We derived
the result of the experiment by averaging the resulting values of the 10 experiments.

Based on the scenario presented above, we analyzed the performance of three ad hoc
routing protocols (AODV, DSDV, and OLSR) by setting up several configuration parameters
for a network simulator in NS-3. We fixed the simulation area at 4000 m x 4000 m. We set the
simulation time to 3600 s, the transmission range to 1000 m, and the node speed to 10 m/s.
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We ran the simulation by changing the number of nodes. Table 2 shows the parameters
of the simulator in detail (As shown in Table 2, we used Friis transmission formula as the
propagation model. Friis transmission formula includes the Free Space Path Loss (FSPL).
FSPL is a mathematical model used in telecommunications to predict the decrease in power
density (attenuation) of an electromagnetic wave as it propagates through free space. The
FSPL model assumes an ideal free-space environment with no obstructions or reflections.
Based on the assumptions, The FSPL model estimates the maximum distance a radio signal
can travel. The FSPL model is expressed as an algebraic equation and is used to design and
optimize wireless communication systems).

Table 2. Parameters of the network simulator.

Parameter Value
Network simulator NS-3 (Version 3.30)
Mobility model simulator Direct Development
Routing protocols AODYV, DSDV, OLSR
Mobility models RDPZ, SRWP, EGM, DPR, MP
Propagation model Friis (Free Space Path Loss)
Simulation area 4000 x 4000 m?2
Simulation time 3600 s
Simulation runs 10
Transmission range 1000 m
Number of nodes 5,10, 15, 20, 25, 30
Node speed 10, 20, 30, 40,50 m/s
Number of packet transmissions per node 100
GCS location Left Top, Top, Middle, Bottom

4.3. Performance Metrics
4.3.1. Packet Delivery Ratio

We assume that forwarding a packet is successful when the packet is successfully
delivered from the source node to the destination node and returned to the source node.
Our assumption is that the source node knows what to send as the next packet by receiving
a packet and checking whether a packet sent from the source arrives at the destination.
Therefore, we express the packet delivery ratio (PDR) metric as the ratio of packets deliv-
ered and returned to the source node compared to the packets sent from the source node as
follows:

P, = Number of packets delivered and returned

P; = Total number of packets sent

by

_ I 3
PDR P, 3)

4.3.2. Network Connectivity Ratio

The possibility that packets are successfully delivered to a destination node is limited
by the percentage of the nodes that are connected in the network. Additionally, the ratio
of connecting nodes in a network at each time point varies according to the mobility
model. Therefore, we measured how many nodes are connected in a mobility model at
each time point.

The network connectivity ratio counts the number of packets that have a possibility
of being delivered while considering the nodes that are connected in FANETSs. Different
from PDR, NCR does not consider a specific routing protocol but considers the locations of
nodes and their communication distances when a source node sends a packet. We express
the network connectivity ratio metric as the ratio of the nodes in connection over the total
number of packets as follows:

Py = 1 when the Kth packet could be delivered in the network connection; 0 otherwise
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P; = Total number of packets sent

P
. P

NCR = Lt P )
D

4.3.3. Reconnaissance Packet Delivery Ratio

How well reconnaissance is performed can be interpreted as how evenly UAVs scout
through the reconnaissance area. The reconnaissance performance and packet delivery
ratio have a trade-off relationship. If nodes are spread over an area, the reconnaissance
performance increases, but the packet delivery ratio decreases. If nodes are concentrated in
one place, the packet delivery ratio increases, but the reconnaissance performance decreases.
Therefore, it is important to consider both the reconnaissance performance and the packet
delivery ratio for a reconnaissance scenario of UAVs in FANETs.

We evaluated FANETS in a reconnaissance scenario using the reconnaissance rate R;
over time T = 10 min, 30 min, and 60 min. The reconnaissance rate per time refers to
the probability of finding an event during a specific time period, and it is one of the
evaluation criteria of reconnaissance. The reconnaissance packet delivery ratio is obtained
by multiplying the reconnaissance rate per time by the packet delivery ratio.

R, _ Area covered by the mobility model per time T 5)
L total operational area

Reconnaissance Packet Delivery Ratio = Ry x PDR (6)

4.3.4. End-to-End Delay

The end-to-end delay represents the time taken for a packet to be delivered from
the source node to the destination node. We measured the end-to-end delay only when
the packet was successfully delivered. The end-to-end delay metric is defined as the time
period between when the packet is sent from the source node and when the packet arrives
at the destination node as follows:

T, = Time the packet arrived at the destination node

T; = Time the packet was sent by the source node

E2E=T,— T, (7)

4.4. Experiment Procedure

To answer RQ1, we analyzed the PDR performance of routing protocols AODV, DSDV,
and OLSR. For the simulation of each protocol, we created the trace file of each mobility
model. This is to set up the same experimental condition to evaluate each protocol based
on making the same movements of nodes. In the simulation, we changed the number of
nodes to observe the changes in the protocol performance as the density of nodes increases.

To answer RQ2, we first measured the NCR value. The NCR value represents network
connectivity. Therefore, we increased the number of nodes in the experiment and measured
the change in network connectivity by calculating the NCR. Here, we already measured the
PDR of each protocol for RQ1. By using these two performance metrics, NCR and PRD, we
analyzed how changes in network connectivity affect the performance of routing protocols.

To answer RQ3, we found the mobility model that showed the highest PDR per-
formance in the combination of mobility models and FANET protocols (AODYV, DSDV,
and OLSR).

To answer RQ4, we measured the reconnaissance rate on our own mobility model
simulator. We calculated the reconnaissance packet delivery ratio (RPDR) for each mobility
model. This analysis helps identify mobility models suitable for reconnaissance scenarios.
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Finally, to answer RQ5, we changed the GCS location. Whenever we changed the GCS
location, we measured the PDR performance of the mobility model to analyze how the
change in the GCS location affected the performance of the mobility model.

5. Experimental Results
5.1. RQ1: Which Network Protocol of AODV, OLSR, or DSDV Shows the Highest PDR
Performance in the Reconnaissance Scenario?

First, we compared the FANET protocols, AODV, DSDV, and OLSR in terms of PDR
to identify a suitable protocol for the reconnaissance scenario. In FANETs, node density
is sparse, making communication between nodes difficult. Therefore, we evaluated the
performance of AODV, DSDV, and OLSR by increasing the number of nodes by five in
our simulation. By doing so, we also could understand the impact of node density on the
performance of FANET protocols.

Figure 1 shows the packet delivery ratio for each mobility model used for reconnais-
sance. In the figure, the x-axis represents the number of nodes, and the y-axis represents
the packet delivery ratio. From Figure la—e, AODV shows the highest PDR. In our re-
connaissance scenario, the topology of nodes changes quickly and frequently. Therefore,
AODYV, a reactive method that determines routes whenever needed, yields relatively high
PDR performance. On the other hand, DSDV stores and manages all nodes in a table. The
excessive overhead of updating the table could be one of the reasons that DSDV yields the
lowest PDR performance.

1.09 1.0

PDR

10 15 20
Number of nodes

-~ AODV -mE- DSDV -4

(@)

25 30 5 10 15 20 25 30 5 10 15 20 25 30
Number of nodes Number of nodes
OLSR -~ AODV -m- DSDV - OLSR -~ AODV -m- DSDV -Aa: OLSR
(b) (c)
1.0
0.8+

0.6

PDR

10 15 20 25 30
Number of nodes Number of nodes
-e- AODV -m- DSDV -A- OLSR -e- AODV -m- DSDV -A- OLSR

(d) (e)

Figure 1. Packet delivery ratio: (a) SRWP, (b) MP, (c¢) RDPZ, (d) EGM, and (e) DPR.

In addition, we checked our assumption that the PDR performance of a FANET
protocol would increase as the node density increases. As expected, the PDR performance
of AODV and OLSR increased to some extent and then began to decrease. For example, in
Figure 1a, the PDR performance of AODV increases up to 15 nodes (81%) and then decreases.
The PDR performance of OLSR increases up to 15 nodes (60%), and then degrades from
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20 nodes. However, in the case of DSDV, the PDR performance did not increase even if the
node density increased. DSDV shows the best performance (46%) with five nodes.

Findings. The FANET routing protocol suitable for our reconnaissance scenario is the
reactive routing protocol AODV. In addition, the PDR performance of a FANET protocol
does not continue to improve as the density of FANET nodes increases.

5.2. RQ2: How Does the Connectivity of Nodes in a Network Affect the Performance of a Protocol?

We first use a performance metric called network connectivity ratio (NCR) to find out
how node connectivity in a network affects protocol performance. We define and use the
NCR metric to understand the connectivity of nodes. The underlying assumption of NCR
is that the higher the density of FANET nodes, the better the connectivity of the network.

Figure 2 shows how network connectivity affects routing protocol performance. Given
the communication distance of UAV nodes and the topology of the nodes, NCR only
indicates the percentage of packets that can be sent from a node to GCS in the network.
Therefore, the PDR performance of a routing protocol cannot be higher than the value of
NCR. In Figure 2, the center line indicates the maximum performance of PDR. Interestingly,
when the NCR value is low, the PDR value is close to the center line. However, when the
NCR value becomes higher, the PDR values are farther away from the center line. This
means as the NCR value becomes higher, the performance of PDR decreases.

1.0

0.0 0.2 0.4 0.6 0.8 1.0
Network Connectivity Ratio

e AODV = DSDV OLSR
Figure 2. Packet delivery ratio per network connectivity ratio.

In Figure 2, AODV, a reactive routing protocol, shows a reasonable PDR performance
even when the NCR value is close to 1. The PDR performance of AODV is close to the
center line. In contrast, the performance of DSDV, a proactive routing protocol, is stuck
between 0.2 and 0.4, even if the NCR value becomes higher.

To understand the reasons, we marked the NCR values in Figure 3. For example,
in Figure 3a, the gray area represents the NCR values. In the figure, as the number of
nodes increases, the NCR value increases. If the number of nodes is 30, the NCR value is
close to 1.0. It means that almost all nodes are connected. In this case, we expected that
most of the packets could be sent from a node to GCS, and the PDR performance would
increase. However, in our simulation, we observed that the PDR performance of AODV,
OLSR, and DSDV decreased from when the number of nodes was 20, even if the number of
nodes increased.

Findings. Even if the connectivity of nodes become higher, the FANET routing protocol
performance does not consistently increase. We inferred that it is because the increasing
number of nodes causes the overhead of managing a routing table in a protocol.
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Figure 3. Packet delivery ratio and network connectivity ratio: (a) SRWP, (b) MP, (c) RDPZ.

5.3. RQ3: Which Mobility Model Shows the Highest PDR Performance in the Reconnaissance Scenario?

We compared the PDR performance of the mobility models to identify the mobility
model that shows the best PDR performance with routing protocols. Figure 4 shows the
packet delivery ratio of the mobility models for each routing protocol. Figure 4a shows
those for AODYV, Figure 4b shows those for OLSR, and Figure 4c shows those for DSDV.
Through the three figures, the SRWP mobility model shows the highest PDR performance.
The MP mobility model comes next, followed by RDPZ and EGM, which yield similar
performances. The DPR mobility model shows the lowest performance.

% DPR

Number of nodes

Number of nodes Number of nodes

EGM ‘A MP =¥. RDPZ == SRWP -®- DPR EGM ‘A MP =¥. RDPZ == SRWP - DPR EGM ‘A MP =¥. RDPZ == SRWP

(@)

(b) ()
Figure 4. Packet delivery ratio: (a) AODV, (b) OLSR, and (c) DSDV.

As a reason that mobility models show different PDR performances, we attribute to
the proximity of nodes in the UAV-to-GCS communication. In the experiment, we placed
the GCS in the center of the area. SRWP, which yields the best performance (81%), randomly
selects a destination and then moves in a straight line from the current position to the
destination. When moving in this way, it often passes more closely through the center of
the operation area compared to other mobility models. It is the reason that SRWP shows
the best performance because the nodes in SRWP are close to the GCS, which is located in
the center.

Meanwhile, in DPR, which shows the worst performance (42%), the nodes tend to
be concentrated in a specific area, but the location is concentrated on the outside rather
than the center. Because the nodes are far from the GCS, the PDR performance of DPR
could not be high. In the case of RDPZs, nodes move evenly throughout the operational
area. As a result, RDPZ has the highest reconnaissance rate among the mobility models for
reconnaissance but has a lower PDR than SRWP. Each mobility model may yield different
PDR results depending on the location of the GCS, the starting point of the UAVs, and the
communication distance.
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Findings. The mobility model suitable for protocol communication is SRWP. Many fac-
tors, including the distance between GCS and UAVs, could affect the PDR performance
of mobility models.

5.4. RQ4: How Does the Reconnaissance Rate of a Mobility Model Affect the Performance of the
Mobility Model in the Reconnaissance Scenario?

RQ3 only evaluated the PDR performance of routing protocols with different mobility
models. The RQ3 result is not enough to identify a suitable mobility model for our recon-
naissance scenario, because a mobility model is also expected to evenly reconnoiter the
reconnaissance area. For example, there is a mobility model that moves only near the GCS.
In this case, the mobility model yields high PDR performance but is not desirable in the
reconnaissance scenario. There is another mobility model that moves evenly throughout
the reconnaissance area. The mobility model is desirable in the reconnaissance scenario.
However, is the mobility model desirable for communication between GCS and nodes? In
RQ4, we consider both factors, PDR and a reconnaissance ratio.

When we conducted the experiment, we set up the routing protocol to AODV, because
AODYV was identified as the best routing protocol through RQ1 and RQ2. Figure 5a—c show
the reconnaissance rates of 10 min, 30 min, and 60 min, respectively. The reconnaissance
rate becomes higher as time increases. The reconnaissance rate also becomes higher as the
number of nodes increases. For instance, Figure 5a shows a 0.4 reconnaissance rate for
10 nodes and shows 0.8 for 30 nodes. Figure 5c shows that when there are 30 nodes, most
mobility models cover the operational area. In the experiment, RDPZ shows the highest
reconnaissance rate.

Figure 5d—f show Reconnaissance PDRs for 10 min, 30 min, and 60 min, respectively.
Reconnaissance PDR is the value obtained by multiplying the Reconnaissance Rate by the
PDR. In Figure 5d, the SRWP model shows the highest Reconnaissance PDR performance
(42%) up to when the number of nodes is 20. After that, the RDPZ model shows the highest
Reconnaissance PDR performance (40%). EGM also shows a reasonable Reconnaissance
PDR performance (33%). In contrast, DPR and MP show relatively low Reconnaissance
PDR performance (19% and 24%, respectively). Figure 5f shows the Reconnaissance PDR
performance over 60 min. The highest performance is 76% with SRWP when the number of
nodes is 15. The second highest performance is 65% with MP when the number of nodes is
20. The performance of RDPZ is 62% when the number of nodes is 20. The performance of
EGM is 59% when the number of nodes is 15. The lowest performance is 41% with DPR
when the number of nodes is 20. The average PDR performance is 61% for SRWP, 50% for
RDPZ, 49% for EGM, 48% for MP, and 30% for DPR.

We compare the results for RQ4 with the results for RQ3. The results for RQ3 showed
good performance in the order of SRWP, MP, RDPZ, EGM, and DPR. The results for RQ4
showed good performance in the order of SRWP, RDPZ, EGM, MP, and DPR. From the com-
parison, we can see that SRWP reasonably performs in terms of PDR and a reconnaissance
ratio. RDPZ model with excellent reconnaissance rate could be suitable for communication
between GCS and nodes, as well. In contrast, MP showed high PDR performance. However,
when a reconnaissance ratio was considered, MP was not appropriate for our reconnais-
sance scenario. The reason for this is that we observed that the MP model moves only near
the GCS (center of the reconnaissance area) in our simulation.

Findings. If we consider both the reconnaissance rate of a mobility model and the PDR
performance of a mobility model, the mobility models suitable for protocol communica-
tion in the reconnaissance scenario is SRWP. Alternatively, RDPZ and EGM can be used
for our reconnaissance scenario.
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Figure 5. Reconnaissance packet delivery ratio: (a) reconnaissance rate by the mobility model for
10 min, (b) reconnaissance rate by the mobility model for 30 min, (c) reconnaissance rate by the
mobility model for 60 min, (d) RPDR for 10 min, (e) RPDR for 30 min, and (f) RPDR for 60 min.

5.5. RQ5: How Does the GCS Location Affect the Performance of the Mobility Model in the
Reconnaissance Scenario?

Figure 6 shows the results of the performance analysis according to the change in the
GCS location. In the experiment, we used the AODV routing protocol, which has shown
good performance, and we analyzed the performance changes in five mobility models. We
set the starting position of the UAV at the bottom. Even if the position of the GCS changes,
the starting position of the UAV remains the same. Figure 6a shows the position of the GCS
in the simulation area, Figure 6b shows the PDR when the GCS is located at the left top,
Figure 6¢ shows the PDR when the GCS is located at the top, Figure 6d shows the PDR
when the GCS is located at the middle, and Figure 6e shows the PDR when the GCR is
located at the bottom.

When the GCS is located in the middle of the reconnaissance area, the mobility models
yield high PDR values overall. The PDR values become lower when the GCS is located
at the bottom, at the top, and at the left top. Additionally, the five mobility models show
different trends across the different GCS locations.
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Figure 6. Performance analysis according to the GCS location: (a) GCS location in the simulation area,
(b) left top, (c) top, (d) middle, and (e) bottom.

At each different GCS location, a different mobility model shows the highest PDR
value. When the GCS is located at the left top, RDPZ shows the highest PRD value. When
the GCS is located at the top or in the middle, SWRP shows the highest PRD value. When
the GCS is located at the bottom, MP shows a higher PDR value.

The mobility models show different performances according to different GCS locations
due to the different mechanisms of the mobility models. For example, in the SRWP model,
a UAV moves in a straight line by setting an arbitrary destination from the current location,
and this method often passes through the middle. In the MP model, a UAV often hovers at
the bottom. The RDPZ model maintains uniform reconnaissance of the operational area, so
it is not affected much by the GCS location.

Findings. the GCS location affects the performance of the mobility model. It is recom-
mended to locate GCS at the center of the reconnaissance area.

6. Discussion

This section discusses additional experiments that were not addressed in the previ-
ous section. Section 6.1 reports the experimental results for the end-to-end delay perfor-
mance. Section 6.2 reports the experimental results of PDR by changing the speed of nodes.
Section 6.3 summarizes all of the experimental results.

6.1. End-to-End Delay

We evaluated the end-to-end delay performance of AODV, DSDV, and OLSR in re-
connaissance scenarios. To evaluate the end-to-end delay performance, we measured the
end-to-end delay values from 5 nodes to 30 nodes in increments of 5 nodes and averaged the
values. Figure 7 is the averaged end-to-end delay of AODV, DSDV, and OLSR. In Figure 7,
OLSR yields the lowest end-to-end delay performance, while DSDV yields the highest
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end-to-end delay performance. AODV yields reasonable end-to-end delay performance.
In this end-to-end delay performance, the smallest value represents the best performance,
so OLSR has the best performance, followed by AODV and DSDV. Interestingly, DSDV
and OLSR are proactive routing protocols, and AODYV is a reactive routing protocol. In the
reconnaissance scenario, because the topology of nodes frequently changes, many control
messages are generated to update the routing table. OLSR selects MPR nodes to manage
the routing table, so the control messages do not make much overhead. In contrast, DSDV
makes all nodes manage their own routing tables, so the control messages create a great
deal of overhead compared to OLSR. AODV updates the routing table only when the
updates are needed. As AODV takes time to search the path among nodes, the end-to-end
delay performance of AODV is worse than that of OLSR.

20

@ AODV

OLSR

a
1

Average End-to-End Delay(s)
g

Figure 7. Average end-to-end delay of routing protocols.

6.2. Speed of Nodes

We also evaluated the PDR performance of AODV, DSDV, and OLSR by changing the
speed of nodes. In the experiment, we simulated AODV, DSDV, and OLSR using the SRWP
mobility model, which showed the best PDR performance in Section 5.3. When it comes
to the number of nodes, we set up 15 nodes which showed the best PDR performance in
Section 5.3 overall. Figure 8 shows the experimental results. In our experiment, we find no
significant changes in the PDR performance of AODV, DSDV, and OLSR according to the
change in the node speed. Our results contradict the findings in the previous studies that
reported the speed of nodes influenced the PDR performance changes [8].
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Figure 8. Packet delivery ratio per speed.
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6.3. Summary of Experiments

In this paper, we simulated AODV, DSDV, and OLSR, which are representative routing
protocols of FANETS, according to the mobility models when performing multi-UAV-based
reconnaissance. As a result, the AODV protocol yielded reasonable PDR performance,
while OLSR showed good end-to-end delay performance. Therefore, AODV appears to be
suitable for scenarios in which UAV movement is irregular and packet delivery is important,
while OLSR is applicable when UAVs need to deliver packets quickly.

We also expected that the more UAVs forming the FANET, the denser the network con-
nectivity; the denser the connectivity, the higher the PDR values. To verify this hypothesis,
we conducted a simulation by increasing the number of nodes. However, in our simulation,
the PDR decreased as the number of nodes increased. These simulation results help us
infer that PDR performance does not improve as the node density increases. Rather, we
observed that as the connectivity improves, more route searching overhead and routing
table management overhead occur and affect the PDR performance. In FANETs, where
topology changes are fast and irregular reconnaissance scenarios are used, the overhead is
the largest cause of performance degradation.

In regard to the mobility models, we found that the SRWP model is an adequate model
for the reconnaissance scenario because the model shows a high reconnaissance rate and a
high packet delivery ratio. However, the SRWP model has an insufficient reconnaissance
rate in the outer part of the reconnaissance area. As an alternative model, the RDPZ and
EGM models could be used because these models also show a reasonable reconnaissance
rate and a reasonable packet delivery ratio. In contrast, the MP model should not be
used in the reconnaissance scenario because nodes are flocked to a specific area, so the
reconnaissance rate is low. The DPR model should also not be used because of its low
packet delivery ratios.

In addition, it was observed that the mobility model with good performance is different
according to the GCS location. For example, SRWP shows high performance when the
GCS is located in the middle of the reconnaissance area because, in the SRWP model, the
node moves in a straight line from the source to the destination and has many chances to
be near the GCS. RDPZ shows high performance when the GCS is located at the left top
of the reconnaissance area because nodes move around the area evenly. MP shows high
performance when the GCS is located at the bottom because nodes move to the bottom
because of the mechanism of MP.

6.4. Remaining Issues

There are four remaining issues that we have not experimented with yet. The first
issue is an energy-efficient analysis, the second issue is an analysis of the altitudes of UAVs,
the third issue is an analysis of different routing protocols, and the last issue is an analysis
of the physical characteristics of UAVs.

When it comes to the first issue, a flying ad hoc network (FANET) requires an energy-
efficient routing protocol due to the limited battery life of unmanned aerial vehicles (UAVs).
In FANETs, UAVs communicate with each other without centralized infrastructure support.
Therefore, the energy efficiency of routing protocols is critical to the overall performance
and longevity of the network. There are routing protocols that are energy-inefficient and
energy-efficient. Energy-inefficient routing protocols may waste energy by selecting paths
that are not optimal in terms of energy consumption. It can rapidly deplete battery life,
leading to UAV failures and network outages. Energy-efficient routing protocols can choose
a route that minimizes energy consumption while maintaining network connectivity. It
can extend a UAV’s battery life. Overall, energy-efficient routing protocols are essential
to the successful operation of FANETs and can significantly improve the reliability and
longevity of networks. To evaluate the performance of FANET routing protocols in terms
of energy efficiency, we need to consider several factors, such as the residual energy of a
UAV, the distance between nodes, and the quality of the communication link. We leave
such an evaluation as future work.
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When it comes to the second issue, the choice of altitude for a reconnaissance mission
depends on a number of factors such as objectives, threat environment, and capabilities of
the reconnaissance UAVs. If a UAV operates at a higher altitude, the UAV’s camera has a
wider field of view and can observe a larger area. However, lower image resolution can
make it more difficult to identify specific objects. On the other hand, if a UAV operates at a
lower altitude, the UAV’s camera may provide a better image resolution. Furthermore, we
need to consider the risks of UAVs being detected by air defense systems or enemy forces.
We have not experimented with the diversity of altitudes, leaving it as future work.

When it comes to the third issue, there are continuously evolving technologies such as
hierarchical swarm scenarios [37] and hybrid routing methods of topology-based routing
and geocast routing [28]. As a different direction from the topology-based routing protocols
used in this paper, we can set up a new reconnaissance scenario with such technologies.
With swarm scenarios, various reconnaissance scenarios could be identified. For example,
a reconnaissance scenario in which a fixed wing flies at a high altitude and a rotary wing
performs a mission at a lower level could be possible. In this case, we can consider forming
a hierarchical network according to the operating altitudes of UAVs. In another case, such
as geocast routing, we can consider routing protocols using GPS information maintained
by UAVs for various reconnaissance scenarios.

When it comes to the last issue, the physical aspects of a UAV can affect its perfor-
mance in reconnaissance scenarios. In reconnaissance scenarios, UAVs are used to collect
information about a target or area of interest. The UAV’s physical characteristics can affect
its ability to perform this effectively. For example, the size, shape, and color of a UAV can
affect its ability to covertly collect information without being detected. A UAV’s propulsion
system and battery life can affect its ability to stay in the air for a long period of time
and cover a large area. A UAV’s payload capacity can also affect the determination of the
type and the number of sensors or cameras it can carry to collect information. A UAV’s
weight and aerodynamics can affect its stability and maneuverability, which are essential
for capturing high-quality images. Therefore, the physical characteristics of a UAV should
be designed for specific reconnaissance scenarios to achieve optimal performance and
mission success. However, we only consider the communication distance and speed of the
UAVs, which is implementable in our network simulator. We leave the considerations on
the physical characteristics of the UAVs as future work.

In this paper, we did not include these issues as our experimental conditions. However,
we could consider these issues in future research for a reconnaissance scenario closer to a
more realistic environment and for adoption of more advanced technologies.

7. Conclusions

In this paper, we analyzed the performance of routing protocols and mobility models
that could be used for the multi-UAV-based reconnaissance scenario. In RQ1, we analyzed
the PDR performance of AODV, DSDV, and OLSR in the reconnaissance scenario, and
we found that AODYV, a reactive routing protocol, yielded the highest PDR performance
(81%) with SRWP in the reconnaissance scenario. In RQ2, we analyzed routing protocols
AODYV, DSDV, and OLSR under the consideration of network connectivity in FANET.
We found that as the density of nodes increases, the connectivity increases. However,
we also found that, even if the connectivity continuously increases, the performance of
the routing protocol does not continuously improve. In RQ3, we identified the mobility
model with the highest PDR performance in the reconnaissance scenario. We found SWRP
as the appropriate mobility model, only if we considered the PDR performance. As a
reconnaissance rate was also important for a mobility model, we identified a mobility model
adequate for the reconnaissance scenario in consideration of both the PDR performance and
the reconnaissance rate in RQ4. As a result, SRWP showed the highest PDR performance
of 76%, and RDPZ and EGM models were found to be effective at 62% and 59%. Finally,
in RQ5, we analyze the impact of the GCS location on the PDR performance of mobility
models in reconnaissance scenarios. We found that as the distribution of nodes was different
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depending on the mechanism of the mobility model, the GCS location has an impact on the
PDR performance of mobility models.

In the future, we would like to evaluate routing protocols and mobility models in more
realistic scenarios. For that, as we already discussed in Section 6.4, we could consider the
remaining issues, an energy-efficient analysis, an analysis of altitudes of UAVs, an analysis
of different routing protocols, and an analysis of the physical characteristics of UAVs. By
considering these issues, we will first refine reconnaissance scenarios and classify them.
We will then set up a physical environment or develop a simulator that can set up such
conditions. Based on the scenarios and environment, we will experiment with and develop
a FANET routing protocol that can show excellent performance in reconnaissance scenarios.
We will finally evaluate the performance of FANET routing protocols more objectively by
scaling up reconnaissance scenarios and experimental environments.
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