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Abstract: Unmanned delivery technology using unmanned aerial vehicles (UAVs) has the potential to solve

issues such as traffic congestion and labor shortages. We investigated a method to construct a route between

the source and destination nodes in a wireless multi-hop network by installing a radio terminal in each house.

If the relay functions of all nodes in the network are in operation, the number of control messages for route

construction increases, and the message relay forwarding load of each node increases. Keeping all node pairs

multi-hop connectivity, we establish a method to operate the relay function with as few nodes as possible. End

nodes that have not activated the relay function connect to the relay node with the closest physical distance. In

this paper, we propose methods for selecting nodes to operate the relay function. Specifically, one method is based

on random selection, another method is based on the number of adjacent nodes, and a third method is based on

the Multipoint Relay (MPR) of the Optimized Link State Routing Protocol (OLSR). For each method, we evaluate

whether the route construction is available, the number of relay nodes, the total distance of constructed routes,

and the distance in population-dense regions. We clarify the characteristics of each method, and the method based

on MPR is the best for constructing a network suitable for UAV navigation routes. In addition, the smaller the

number of relay nodes, the more unexpected collisions on the links due to route conflicts. We clarify the minimum

node density required to apply the MPR method which reduces the number of relay nodes suppressing route

conflicts.

Keywords: multi-hop network; UAV delivery; ad-hoc network

1. Introduction

As the number of parcel deliveries increasing every year, the logistics industry faces problems
such as traffic congestion and labor shortages due to aging and decreasing truck drivers. Unmanned
delivery technology using unmanned aerial vehicles (UAVs) can solve these problems.

Currently, any UAV can fly freely in approved airspace. Aircraft navigate on normal routes that
connect air navigation radio facilities allowing many aircraft to fly safely without collision. In the
future, when a large number of UAVs fly over the ground for home delivery, “Route in the Air” will be
necessary, just like aircraft normal routes.

In Japan, smart meter networks are becoming popular, in which radio terminals are installed
in each house to collect electricity consumption via wireless multi-hop. This indicates that wireless
multi-hop routing between all the houses is possible if a radio terminal is installed in each house.

Therefore, we have investigated a method to create a route between the source and destination
nodes of delivery on a wireless multi-hop network. The nodes are radio terminals installed in each
house and used instead of aircraft navigation radio facilities. The UAVs fly following the nodes on the
route as if they were transmitting data packets [1].

Section 2 shows the safe and efficient route construction method for UAV navigation in a wireless
multi-hop network. Section 3 presents the issue of this route construction method, to which this paper
contributes. Section 4 presents related work on this issue. Section 5 presents proposed methods to
solve this issue. Section 6 presents the evaluation results of these proposed methods and discussion,
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showing their effectiveness and characteristics. Section ?? concludes the paper with a summary and
future work.

2. Safe and Efficient UAV Route Construction Method over Wireless Multi-Hop Network

We investigate a method to construct safe and efficient navigation paths for UAVs over a multi-hop
network with radio terminal nodes as shown in Figure 1.

Wireless multi-hop network

UAV route

Specified low-power 

radio terminals

(920MHz 

bandwidth )

Figure 1. UAV navigation path construction by wireless multi-hop network.

2.1. UAV Navigation Network Topology

Mobile Ad-hoc Networks (MANET) are typical examples of network topology construction
techniques for relaying multiple radio terminals. MANET routing protocols such as Optimized Link
State Routing Protocol (OLSR) [2], which is a typical example of the proactive type, and Ad hoc
On-Demand Distance Vector (AODV) Routing [3], which is a typical example of the reactive type,
construct the shortest path between source and destination nodes, as shown on the left side of Figure 2.

Population-dense region

Network configuration suitable 

for data packet routing

Network configuration 

suitable for UAV routing

Sparsely populated region

Figure 2. Network configuration suitable for UAV routing.

The optimal route for UAV delivery should be safe and efficient. Route construction for UAVs
requires to bypass nodes in population-dense regions as much as possible to ensure safety [1]. We
have two levels of network configuration. Higher level is a transmission network of nodes in sparsely
populated regions. This is used as the preferred route because it is safe. Lower level is an access
network with nodes in population-dense regions that connect to the transmission network via the
shortest path. The right side of Figure 2 shows an image of the network configuration suitable for UAV
routing.
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We have studied two protocols for UAV navigation. One is the method based on OLSR, which
constructs routes using the Dijkstra method. The link cost is a danger-weighted distance [4]. The
other is the method based on AODV, in which each relay node evaluates the received Route Request
(RREQ) messages in terms of route safety and flight time. The relay node selects and forwards the
better RREQ message to construct an optimal route [5]. In this paper, we use the OLSR-based method
among the above two methods for the route construction experiments, so we describe its details in the
next section.

2.2. Method for Constructing Optimal Routes in Terms of Distance and Safety Based on OLSR

We have proposed the OLSR-based method, in which each node constructs an optimal route that
is both safe and shorter travel distance and periodically updates the optimal route [4].

2.2.1. Optimized Link State Routing Protocol (OLSR)

Because OLSR [2] creates the routing table in advance, the source node can send packets imme-
diately after the communication request. Therefore, each node periodically sends HELLO and TC
messages to update the routing table.

The HELLO message performs the task of link discovery, neighbor discovery and Multipoint
Relay (MPR) set discovery. The HELLO message contains the address and other information of the
node, and each node sends it to its adjacent nodes. Each node periodically sends and receives HELLO
messages to obtain and update information called Local Link Information of its adjacent nodes.

The Local Link Information manages the relationship with the sender node of the HELLO message,
that are the link set and the set of adjacent nodes. If the HELLO message contains information about
the node two hops away, the receiving node updates the set of nodes two hops away and determines
the MPR set.

TC messages perform the task of topology declaration (advertising link states). Each node sends
a TC message after a certain period of time after sending a HELLO message. TC messages advertise
topology information to the entire network by flooding. Each node sends TC messages periodically
in the same manner as HELLO messages. Each node sends TC messages based on its Local Link
Information. When each node receives a TC message, it updates the received topology set and updates
its routing table.

MPR is one of the features of OLSR, which provides an efficient method of flooding TC messages
to the entire network by specifying the nodes that forward TC messages as an MPR set.

2.2.2. Dijkstra Method

The Dijkstra method [6] is a popular shortest path algorithm. Each node can determine the
minimum cost path between any nodes by inputting the cost of all links into the Dijkstra method.

Because OLSR evaluates routes by the number of hops, it cannot see the actual distance which
is important for UAV delivery. The optimal route construction method for UAV delivery uses the
Dijkstra method to construct a route that takes into account the UAV’s travel distance. In addition,
by weighting the danger level with the distance of each link, this method can construct safe and
short-distance routes.

2.2.3. Method for Constructing Optimal Routes Based on OLSR

All nodes are given information about whether they are located in sparsely populated regions or
population-dense regions.

The OLSR-based method added parameters to the HELLO message header. One is the region
information of the HELLO message sending node, the other are region information and inter-node
distances corresponding to each adjacent node “Neighbor Interface Address”.

In order to search for the optimal route considering distance and safety, the distance and region
information obtained from the HELLO message must be advertised to the entire network. Therefore,
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the region information of the sending node and the distance between nodes and the region information
corresponding to the “Advertised Neighbor Main Address” are added to the TC message header.

When a node receives a HELLO and TC message, it updates the routing table for each node using
the Dijkstra method, which uses the link cost as the danger-weighted distance for each link. Figure 3
shows the method based on OLSR for constructing optimal route. The link where the UAV moves
toward the population-dense region is weighted by multiplying the distance by 3.0 to increase the cost
because it is dangerous, and the link where the UAV moves toward the sparsely populated region is
weighted by multiplying the distance by 0.6 to decrease the cost because it is safe.

A A A

DBBS

B�B B�A A�B A�A

�3.0 �0.6 �3.0 �0.6

A
Sparsely populated 

regions node

B
Population-dense 

regions node

Destination nodeSource node

65 6565

75 75

9090

Cost:54 Cost:99 Cost:144

Cost:198Cost:195 Cost:390
Cost:429

Figure 3. Method for constructing optimal routes based on OLSR.

We observed the distance from the source node to the destination node “Total distance” and
the distance over population-dense regions “Population-dense regions distance” to see if we could
construct a safe and short path. We created simulation software by adding the OLSR-based method
to NS-3 [7] so that simulation experiments could be performed close to the actual environment. We
conducted simulation experiments using a model in which each node was located in an actual area in
Fukushima Prefecture. A cluster consists of about 100 houses, and one node per cluster has a relay
function. Figure 4 shows the models of each node location.

Population-dense 

regions node

Sparsely populated 

regions node

Minamisoma area Koriyama aria

Figure 4. Models of each node location.

3. Issue

In the previous study, we assumed about 100 houses as a cluster and assumed that the relay
function was operated in one node per cluster, as shown in Figure 4. The evaluation method randomly
selected the relay node. The reason for assuming one relay node per 100 houses was unclear.
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If the relay functions of all nodes in the network are operational and the UAV route can be
constructed through them, the optimal route is close to a smooth curve. However, as the number
of relay nodes increases, the number of control messages to construct the route increases, and the
message relay forwarding load of each node increases. In the OLSR-based method, the processing load
of each node increases with the relay forwarding of TC messages flooding the entire network and the
calculation of the weighted Dijkstra method. In the AODV-based method, the processing load of each
node increases in the RREQ message evaluation process and the relay forwarding process due to the
increase in the number of received RREQ messages.

Therefore, it is necessary to construct safe and efficient UAV routes after simplifying the network
by selecting nodes that operate relay functions. End nodes that have not activated the relay function
connect to the relay node with the closest physical distance. Figure 5 shows an image of the simplified
network.

Figure 5. Image of simplified network.

We establish a method to operate the relay function as few nodes as possible while keeping all
node pairs in the network multi-hop connectable. In the network resulting from the above method, the
routes constructed by the optimal route construction method must be safe and efficient, with shorter
“Population-dense regions distance” and “Total distance”.

On the other hand, the smaller the number of relay nodes and the simpler the network, the
fewer links are available for routes. As UAV home delivery becomes more widespread, the number of
overlapping routes (hereafter “Route conflicts”) will increase as more UAVs fly over the same region
at the same time and build routes, which may cause UAVs to collide with each other. We evaluate the
incidence of “Route conflicts” corresponding to the node density and the number of concurrent UAVs
flight.

From the perspective of sufficient number of relay nodes to avoid too many “Route conflicts”,
we clarify the minimum node density in the network required to apply the method that reduces the
number of relay nodes for control message suppression.

4. Related Works

Cluster Based Routing Protocol (CBRP) [8] is one of the protocols of MANET in a two-tier network
configuration with multi-node clusters and inter-cluster connections. Within a cluster, routing is
divided into a network layer and an upper layer, and inter-cluster routing is established at the network
layer [9]. The Cluster Head acts as the GW of the cluster, has a relay function, and performs routing.
This is a method in which clustering cope with the nodes movement, and suppresses long-distance
communication load by cascading messages over short paths. The algorithm selects the node with the
“lowest ID” among its adjacent nodes as the Cluster Head. In other words, CBPR randomly selects
nodes to operate the relay function. Therefore, it is not clear whether CBPR is an optimal method for
selecting relay nodes.

W.R. Heinzelman et al. proposed Low-Energy Adaptive Clustering Hierarchy (LEACH), a
clustering-based protocol in sensor networks [10]. This protocol randomly rotates local cluster base
stations (Cluster Heads) to distribute the energy load evenly among the sensors in the network.
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S. Mody, et al. proposed an algorithm for energy-efficient selection of Cluster Heads in sensor
network using the k-means method [11]. It applies machine learning to select nodes to build clusters,
and to select the Cluster Heads from the clusters.

As the above two papers, there have been several studies on sensor networks that create clusters
of nodes and provide relay function at the Cluster Head. These select relay nodes to increase the load
distribution among nodes and to be efficient in terms of energy consumption, rather than to optimize
the end-to-end route. As a result, these node selection algorithms are almost random.

5. Proposed Method

Four methods are proposed for selecting the node that operates the relay function, which serves
as the UAV’s route, from among all the nodes in the network. By comparing these methods, we clarify
a method to select a smaller number of relay nodes that can suppress the number of control messages
forwarded in the network without splitting the network.

5.1. Method of Randomly Selecting Relay Nodes

Similar to the low-energy adaptive clustering method used in sensor networks [10,11], the idea
was to avoid biasing the nodes that activate the relay function toward some regions or some types
of nodes. We propose a method to randomly select nodes to activate the relay function (hereafter
“Randomly selecting”). This method controls the number of relay nodes by setting a “Relay function
activation cut-off value” as the percentage of relay nodes among all nodes in the network.

(1) When each node is activated, a value from 1 to 100 is randomly selected.
(2) The relay function is operated for the node whose value is less than the preset “Relay function

activation cut-off value”.

5.2. Method of Selecting Nodes that Connect to More Adjacent Nodes

If relay nodes are connected to more nodes, many node pairs may be connected with one hop.
This may result in an efficient network where each node can be multi-hop connected with fewer hops.
Therefore, we propose a method of selecting nodes connected to more adjacent nodes to operate the
relay function (hereafter “More adjacent nodes”).

(1) The number of adjacent nodes can be obtained from the source address of the received HELLO
message.

(2) Each node sends the number of adjacent nodes to the adjacent nodes by HELLO messages.
(3) As shown in Figure 6, each node selects the nodes among its adjacent nodes that have more

adjacent nodes and notifies the selected nodes that they should activate the relay function. Each
node is set “The number of nodes to activate relay function” in advance.

(4) The selected nodes activate the relay function.
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Figure 6. Method of selecting nodes that connect to more adjacent nodes.

5.3. Method of Selecting Nodes that Connect to Fewer Adjacent Nodes

Considering the safety of the UAV route, it is desirable to select nodes in regions with low node
density and activate the relay function preferentially. Therefore, we propose a method to activate the
relay function of nodes with fewer adjacent nodes (hereafter “Fewer adjacent nodes”).

The procedure for “Fewer adjacent nodes” is almost the same as that for “More adjacent nodes”.
The only difference is that in (3) “Fewer adjacent nodes” selects the nodes with fewer adjacent nodes,
while “More adjacent nodes” selects the nodes with more adjacent nodes. Figure 7 shows the “Fewer
adjacent nodes”.
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Figure 7. Method of selecting nodes that connect to fewer adjacent nodes.

5.4. Method Using MPR

The MPR of OLSR can connect all 2-hop adjacent nodes, and by eliminating redundant relay nodes,
it can suppress flooding and wasteful messages. We considered MPR as a reference for constructing an
efficient and reliable relay network for UAVs. Therefore, we propose a method for selecting nodes to
activate the relay function using the MPR concept (hereafter “Using MPR”).

(1),(2) are the same as “More adjacent nodes”.
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(3) The node receiving a HELLO message knows which node is two hops away (2-hop adjacent node).
(4) The node selects the minimum number of adjacent nodes (MPR set), they can connect to all 2-hop

adjacent nodes as shown in Figure 8.
(5) Starting from the node with the fewest adjacent nodes, the relay node (MPR set) is selected, and

further relay nodes are selected from the MPR set, which propagate sequentially to select relay
nodes for the whole network.

No MPR set “MPR” is  available

adjacent 

nodes

2-hop adjacent 

nodes 

Nodes that do not activate the 

relay function (End nodes) 

Nodes that activate the relay 

function (Relay nodes) 

adjacent 

nodes

2-hop adjacent 

nodes 

Figure 8. Method using MPR.

6. Evaluation

6.1. Evaluation Perspectives

We evaluate whether the proposed method can simplify the network and construct efficient routes
while maintaining safety and network connectivity from the following evaluation perspectives.

6.1.1. Parameter Values that Meet Requirements

(Eval. 1) We clarify the parameter values for each proposed method that meets the requirement
that there are no isolated nodes and that clusters are not split (i.e., relay nodes are connected to each
other). We observe “Cluster split ratio” and “The number of isolated nodes” for each method. The
“Cluster split ratio” is calculated by (the number of times the cluster split occurred) / (100 times, the
total number of simulations run under the same conditions).

6.1.2. Ratio to Activate Relay Function

(Eval. 2) We evaluate how much the “Ratio to activate relay function” decreases with each method.
It is calculated by (the number of relay nodes) / (the number of all nodes).

6.1.3. Optimality of the Route

(Eval. 3)
We evaluate optimality of the route constructed after the selection of relay nodes by each method,

in terms of “Total distance” and “Population-dense regions distance” of UAV route’ from the source
node to the destination node.

6.1.4. Route Conflicts Ratio at Relay Nodes Density

(Eval. 4) We clarify the “Route conflicts ratio” decreases as the relay node density increases
depending on the number of UAVs, and clarify a sufficient node density to avoid too many “Route
conflicts”.
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6.2. Evaluation Method

For Eval. 1 and Eval. 2, we created a simulator in C++ to experiment about relay node selection
by each method. In addition to the four proposed methods, we also experimented with a method in
which all nodes have the relay function enabled (hereafter “All nodes”).

Simulation experiments were carried out using the node placement model in Figure 9. A
population-dense region is located in the center, surrounded by sparsely populated regions. 30
nodes were placed in densely populated areas and 20 nodes in each of 8 blocks in sparsely populated
areas.

Model of experimental 

environment node placement

Sparsely populated regions 

(20 nodes in a block)

Population-dense region 

(30 nodes)

Sparsely populated region

Population-dense  region

Network configuration 

suitable for UAV routing

Figure 9. Random node placement model.

Depending on Eval.1 to 4, the simulation randomly places nodes in each block with the node
densities shown in Table 1. For Eval. 4, it is necessary to measure the characteristics of low node
density in detail. We have assumed node placement models in which a node is placed out of every 100
houses in various local towns.

Table 1. Node arrangement models in Eval.1 to 4.

Node density Model size Applicable experiments
[/km2] [km2] Eval.1 to 4

1.31 12km ×12km Eval.4
1.57 11km ×11km Eval.4
1.72 10.5km ×10.5km Eval.4
1.90 10km ×10km Eval.1-4
2.35 9km ×9km Eval.1-4
2.97 8km ×8km Eval.1-3
3.88 7km ×7km Eval.1-3
5.27 6km ×6km Eval.1-4

Eval. 3 and Eval. 4 use the OLSR-based method for route construction. Using the NS-3 network
simulator, we modified the OLSR simulation software to add the signal processing and information
repository of the OLSR-based method, and conducted simulation experiments.

Eval. 3 randomly selects source and destination nodes from sparsely populated regions. Eval. 4
randomly selects source and destination nodes from both population-dense regions and sparsely
populated regions.

The radio propagation range of each node is 1.5 km, and nodes are not added, deleted, or moved.
We repeat the relay node selection and route construction 100 times for each method and obtain the
mean and standard deviation for each evaluation perspective.
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6.3. Evaluation Results

6.3.1. Parameter Values That Meet Requirements, Ratio to Activate Relay Function

Method of Randomly Selecting Relay Nodes

(Eval. 1) For “Randomly Selecting”, Figure 10 shows “Cluster split ratio” and Figure 11 shows
“The number of isolated nodes” for “Relay function activation cut-off value” at each node density. The
“Cluster split ratio” in Figure 10 is the percentage of experiments in which cluster splitting occurred
out of 100 experiments. The red box indicates the regions that meet the requirements. When the
“Relay function activation cut-off value” was about 50, “The number of isolated nodes” was almost
zero. However, setting the “Relay function activation cut-off value” to 50 was not sufficient to meet
all requirements, as cluster splitting is likely to occur in models with low node density. Since node
density has a significant impact on the “Cluster splitting ratio”, the “Relay function activation cut-off
value” should be set to a value corresponding to the node density. If the node density is 1.90, the
“Relay function activation cut-off value” must be greater than 90 to prevent cluster splitting.
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Figure 10. “Randomly Selecting”’ - “Cluster split ratio” at “Relay function activation cut-off value”.
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(Eval. 2) Figure 12 shows the “Ratio to activate relay function” at each “Relay function activation
cut-off value”. The “Ratio to activate relay function” becomes close to 90% when the “Relay function
activation cut-off value” is greater than 90 to meet the requirement of no cluster splitting regardless of
node density.
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Figure 12. “Randomly Selecting” - “Ratio to activate relay function” at “Relay function activation
cut-off value”.

Method of Selecting Nodes that Connect to More Adjacent Nodes

(Eval. 1) In the “More adjacent nodes” and “Fewer adjacent nodes”, there are no isolated nodes
because each node selects a relay node from its connected neighbors. As shown in Figure 13, the
“Cluster split ratio” improves by about 50% as “The number of nodes to activate relay function”
increases. Regardless of node density, it is expected that the requirements can be satisfied by selecting
more than 4 nodes. Since node density has a significant impact on meeting the requirements, the
“The number of nodes to activate relay function” should also be set to a value corresponding to node
density.
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Figure 13. “More adjacent nodes” - “Cluster split ratio” in “The number of nodes to activate relay
function”.
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(Eval. 2) The red box in Figure 14 indicates the “Ratio to activate relay function” to satisfy the
requirement in all node densities. The “Ratio to activate relay function” to satisfy the requirement is
lower than that of “Randomly Selecting”, which indicates that “More adjacent nodes” is more suitable
for selecting relay nodes.
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Figure 14. “More adjacent nodes” - “Ratio to activate relay function” in “The number of nodes to
activate relay function”.

Method of Selecting Nodes that Connect to Fewer Adjacent Nodes

(Eval. 1) As shown in Figure 15, “Fewer adjacent nodes” has a higher “Cluster split ratio” than
“Randomly Selecting” and “More adjacent nodes”. Compared to other methods, “Fewer adjacent
nodes” is more difficult to meet the requirements.
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Figure 15. “Fewer adjacent nodes” - “Cluster split ratio” in “The number of nodes to activate relay
function”.

(Eval. 2) As shown in Figure 16, “Fewer adjacent nodes” causes higher “Cluster split ratio” than
the other methods, and also had a higher “Ratio to activate relay function” than “More adjacent nodes”.
“Fewer adjacent node” proved to be a poor method.
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Figure 16. “Fewer adjacent nodes” - “Ratio to activate relay function” in “The number of nodes to
activate relay function”.

Method Using MPR

(Eval. 1) With “Using MPR”, nodes are never isolated or clusters split, and requirements are
always met.

(Eval. 2) Figure 17 shows the evaluation results of “Ratio to activate relay function”. Regardless
of the node density, the “Ratio to activate relay function” is about 70%. Compared to other methods,
“Using MPR” can suppress the “Ratio to activate relay function” in models with low node density.
However, in models with high node density, the “Ratio to activate relay function” cannot be suppressed
as much as the other methods.
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Figure 17. “Using MPR” - “Ratio to activate relay function” at node density.

6.3.2. Optimality of the Route

We selected relay nodes and constructed routes in the high node density 5.27 model, which could
easily meet the requirements. To meet the requirements with this node density, we set the “Relay
function activation cut-off value” to 50 for “Randomly Selecting”, set “The number of nodes to activate
relay function” to 1 for “More adjacent nodes”, and set it to 4 for “Fewer adjacent nodes”.
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Ratio to Activate Relay Function

(Eval. 2) As shown in Figure 18, for each method, the “Ratio of activate relay function” is
significantly reduced compared to “All nodes”, which indicates that an efficient network can be
constructed.
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Figure 18. “Ratio to activate relay function” in each method.

Total Distance

(Eval. 3) Figure 19 shows the “Total distance” of the routes constructed after selecting relay nodes
by each method. In the “More adjacent nodes” and “Fewer adjacent nodes”, the “Total distance”
increased by almost 1 km compared to the “All nodes”, since the “Ratio to activate relay function”
decreased significantly. For all methods, the “Total distance” increased when the number of relay
nodes was reduced. In particular, “More adjacent nodes” and “Fewer adjacent nodes” confirmed that
the distance increased too much when the number of relay nodes was reduced too much. “Using MPR”
resulted in a small reduction in the “Ratio to activate relay function”, but did not increase the “Total
distance” and did not result in worse routing.

������������������
������������������
������������������
������������������
������������������
������������������
������������������
������������������
������������������
������������������
������������������
������������������
������������������
������������������
������������������
������������������

������������������
������������������
������������������
������������������
������������������
������������������
������������������
������������������
������������������
������������������
������������������
������������������
������������������
������������������
������������������
������������������
������������������
������������������

������������������
������������������
������������������
������������������
������������������
������������������
������������������
������������������
������������������
������������������
������������������
������������������
������������������
������������������
������������������
������������������
������������������

������������������
������������������
������������������
������������������
������������������
������������������
������������������
������������������
������������������
������������������
������������������
������������������
������������������
������������������
������������������

0

1

2

3

4

5

6

7

All 

nodes

Randomly 

selecting

More 

adjacent nodes

Fewer 

adjacent nodes

Using 

MPR

T
o

ta
l 

d
is

ta
n

ce
 o

f 
U

A
V

 r
o
u
te

Method

[km]

Figure 19. “Total distance” in each method.
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Population-Dense Regions Distance

(Eval. 3) Figure 20 shows the “Population-dense regions distance” of the constructed routes. The
“All nodes“ did not construct any routes through the population-dense regions. However, the “More
adjacent nodes” and “Fewer adjacent nodes” routes go through population-dense regions. Since
“More adjacent nodes” gives priority to nodes with more adjacent nodes as relay nodes, nodes in
population-dense regions are easily selected as relay nodes. Nodes in sparsely populated regions
are less likely to be relay nodes. As a result, only large circuitous routes or short routes through
population-dense regions can be constructed. The reason why the routes in “Fewer adjacent nodes”
pass through the population-dense regions node is that nodes connected to the relay node in the
population-dense regions have been likely selected as source and destination nodes.
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Figure 20. “Population-dense regions distance” in each method.

Overall, the evaluation found that “Using MPR” was the most appropriate method.

6.3.3. Route Conflicts Ratio at Relay Nodes Density

(Eval. 4) Figure 21 shows the “Route conflicts ratio” at each node density. The source and
destination nodes are located in sparsely populated regions. The experimental results confirm that
the “Route conflicts ratio” increases as the node density decreases. When node density is low, nodes
are sparsely and the number of adjacent nodes per node is small. Fewer adjacent nodes means fewer
route candidates. This makes it easier to construct routes that relay certain nodes. As a result, “Route
conflicts ratio” are likely to increase.
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Figure 21. “Route conflicts ratio” at node density (between sparsely populated regions nodes).

Figure 21 shows the “Route conflicts ratio” at each node density when the source and destination
nodes are located in population-dense regions. The “Route conflicts ratio” was lower than that for
route construction between nodes in sparsely populated regions. Although there were routes that
bypassed nodes in population-dense regions, many routes were constructed in small population-dense
regions. Therefore, the number of relay links in almost routes was low. There were few cases where
multiple routes overlapped at relay links. As a result, the “Route conflicts ratio” was low. This suggests
that “Route conflicts ratio” can be suppressed by constructing short-distance routes in addition to
increasing node density.
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Figure 22. “Route conflicts ratio” at node density (between population-dense regions nodes).

To suppress the “Route conflicts ratio”, a node density greater than 5nodes/km2 is desirable,
considering both routes between sparsely populated regions nodes and routes between population-
dense regions nodes. “Using MPR” can reduce the number of relay nodes to nearly 70%, but since the
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node density must be greater than 5nodes/km2, it was found that the node density to which “Using
MPR” should be applied is 5/0.7 = 7.12nodes/km2 or greater.

7. Conclusions

In order to construct an efficient network suitable for UAV route construction, we proposed the
following methods for selecting nodes to operate the relay function: “Randomly Selecting”, “More
adjacent nodes”, “Fewer adjacent nodes”, and “Using MPR”. Evaluation experiments confirmed that
“Using MPR” is the best way to construct a safer route with less total distance, while always meeting
the requirements. We confirmed that “Using MPR” should be applied when the node density is greater
than 7.12nodes/km2 to suppress “Route conflicts”.

We evaluated the “Relay function activation cut-off value”, but did not evaluate the number of
control messages and link crossings, so further evaluation and analysis will be conducted. Although
there were limitations due to “Route conflicts”, it is desirable to establish a method to suppress “Route
conflicts” by overlaying multiple routes at high altitudes in the airspace for further study.
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