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ABSTRACT Vehicular delay tolerant networks (VDTNSs) enable information sharing among mobile nodes
in scenarios where cellular base stations are unavailable and the connections between the mobile nodes are
intermittent. While unmanned aerial vehicles (UAVs) have shown to improve the performance of VDTN,
existing routing protocols, such as PROPHET, consider the encounter probability between mobile nodes only,
which does not fully address the characteristics of UAVs in route selection. In this paper, we propose a routing
protocol, which considers both the encounter probability and the persistent connection time between mobile
nodes for each encounter, in UAV-assisted VDTNs. By introducing the persistent connection time in route
selection, the proposed protocol is able to evaluate the stability of a communication link more accurately
in the UAV-assisted VDTN environment. The proposed protocol is evaluated using realistic simulations by
comparing it with existing baselines. The simulation results verify that the proposed protocol can improve
the reliability of message forwarding while reducing network overhead and end-to-end delay.

INDEX TERMS Delay tolerant network, unmanned aerial vehicle, routing protocol.

I. INTRODUCTION

Delay Tolerant Networks (DTNs) can support communica-
tions in extreme environments where a continuous network
connection is impossible [1]-[5]. In DTNs, the communica-
tions between mobile nodes experience a high latency and
low data rate due to intermittent and unstable connections.
Since mobile nodes in DTN are intermittently connected with
each other, relay node selection has become more important
for improving message delivery ratio. Recent studies have
advocated the need for a new routing protocol to address
specific characteristics of DTNs including intermittent con-
nections of mobile nodes and low end-to-end packet delivery
ratio [6]-[8]. However, the selection of a next-hop relay node
has been mainly based on the encounter probability between
mobile nodes.

In DTNSs, mobile nodes face different kinds of harsh and
challenging environments in which the success rate of mes-
sage delivery is affected significantly by the design of the rout-
ing protocols. Therefore, various DTN routing protocols have
been proposed to improve the multi-hop routing performance,
including flooding-based routing to cater for intermittent
connectivity [9], historical-based routing to cater for limited
chance of encountering destination [10], and social-awareness
routing to cater for social behavior of mobile nodes [11].

As compared with the conventional DTNs, it is more
challenging to design routing protocols for vehicular delay
tolerant networks (VDTNs) which are characterized by
the distinguishing features of high mobility and varying
densities of vehicles [12], [13]. In the VDTN environment,
the effective transmission range of vehicle-to-everything
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(V2X) is limited by the surrounding environment. In a sparse
and highly mobile vehicular network, the encounter period
between vehicles could be small, and therefore it is difficult
to achieve a satisfactory end-to-end message delivery ratio.
In addition, network performance can be further degraded by
network partitioning in some extreme environments, such as
areas where infrastructure has been damaged by earthquakes,
fires, or floods. Besides, the quality of V2X links is likely
to deteriorate due to obstacles or complex terrain, and the
links can even be broken in the worst case. Unmanned
aerial vehicles (UAVs) have great potential in enhancing
the performance of mobile communication due to its
advantages over ground vehicles, particularly higher freedom
of movement and better wireless channel condition [14]-[16].
UAV has been widely used in traffic monitoring, disaster
rescue, military reconnaissance, and other fields.

The introduction of UAVs in VDTNs forms an integrated
collaborative network that can further enhance the informa-
tion exchange capability of VDTN. UAVs can extend the
dimension of information exchange among ground vehicles
by using air-ground integrated communications. When the
V2X links are interrupted, the UAV can act as an aerial base
station to set up a relay channel for the ground network [17].
A UAV group dispatched to the area of interest can quickly
build a network and provide timely network services to ground
vehicles, which is very useful for post-disaster scenarios.

The UAV-assisted VDTN uses UAVs as relay nodes, which
can receive and forward messages sent by ground users, im-
prove the robustness of wireless communication, enhance in-
frastructure flexibility, and provide extended communication
coverage for isolated areas. The UAV-assisted VDTN archi-
tecture is originally introduced in the military field, such as
unmanned tanks and UAVs, for joint operations of ground
and air vehicles to improve the communication efficiency. In
recent years, this architecture has gradually been applied to
civil industries, such as intelligent transportation systems [18],
earthquake relief [19], and precision agriculture [20].

However, existing VDTN protocols face some challenges
in supporting UAV-assisted VDTNs. Existing routing proto-
cols basically make a message replication decision based on
the encounter probability to the destination node (considering
multi-hop forwarding of the message). However, since the
persistent connection time of a communication link for each
encounter is not considered, a forwarder node may fail to
deliver the expected number of messages in each encounter
(meeting a neighbor node). In this work, we propose a routing
protocol that considers both the encounter probability and
persistent connection time for each encounter, resulting in a
more effective use of UAVs for message forwarding in DTN
environments. The main contributions of this paper are sum-
marized as follows.

® We introduce a new metric, namely the persistent

connection time, for the DTN routing decision. This
metric takes account of the characteristics of UAVs,
i.e., higher communication capability and freedom of
movement, more effectively in the routing decision,
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making the design of an efficient UAV-assisted message
forwarding mechanism possible.

® Based on the joint consideration of both the persistent

connection time and message encounter probability, we
propose a new routing protocol that can achieve a much
better network performance as compared with existing
baselines.

® We generate realistic scenarios integrated with UAVs and

ground vehicles based on a real city map to evaluate the
proposed protocol in terms of message delivery ratio,
network overhead, and end-to-end delay under various
network settings. The results are compared with those of
existing baselines.

This paper is an extension of our conference paper [21].
While [21] only discusses about the basic idea of the persistent
connection time, this paper includes the details of the routing
algorithm and new results that have not been presented before.
The remainder of this paper is organized as follows. Section 11
provides a brief overview of UAV-assisted VDTNs, focusing
on VDTN-related and UAV-related studies on routing pro-
tocols. Section III introduces the proposed routing protocol
in detail and highlights our contributions. The comparative
analysis of the proposed VDTN routing protocol with some
existing protocols is provided in Section IV. Section V con-
cludes this paper.

Il. RELATED WORK

A. ROUTING PROTOCOLS IN VDTNS

Routing refers to a decision made to find a data forwarding
path based on the understanding of the network topology in or-
der to improve the successful delivery of messages to the des-
tination node. While there exists a connected end-to-end path
between a source node and a destination node in the conven-
tional networks, there is no such path in VDTNSs. Therefore,
routing protocols for conventional networks are not applicable
for VDTNs. Due to the sparse distribution and fast movement
of vehicle nodes, link disconnections and network partitions
are inevitable in vehicular environments. This makes routing
in VTDNs more challenging [22]-[24].

The Epidemic routing protocol [25] is the simplest rout-
ing protocol for DTN environments. In this multi-copy rout-
ing protocol, when the source node encounters another node
without its message, it replicates and sends the message. All
intermediate nodes forward the message in the same way until
the destination node is reached. Since all messages (packets)
are forwarded to all nodes encountered, the message repli-
cation overhead of Epidemic is extremely large due to the
redundancy of the message copies, causing a low message
delivery ratio as a result of the limited wireless resources
and buffer size at intermediate nodes. Spray-and-Wait routing
protocol [26] limits the number of message copies. Focusing
only on the reduction of message replication overhead, Spray-
and-Wait does not consider the encounter probability in the
routing decision.
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PRoPHET (or Probabilistic Routing Protocol using the His-
tory of Encounters and Transitivity) [27] is a routing algo-
rithm based on the historical encounter information of nodes.
Each node in the network maintains an encounter probabil-
ity table that records its probability of encounter with other
network nodes. When two nodes encounter, each node up-
dates its probability table. If the probability of the encoun-
tered node to the destination node is higher, the message is
copied and forwarded to the encountered node; otherwise,
the message continues to be stored in its cache, waiting for
delivery to an encountered node with a higher probability.
PRoPHET mainly relies on the encounter probability to select
relay nodes. The encounter probability between node i and
node j is P(i, jInew = P(, Jlota + [(1 = P(, j)ota)] X Pinits
where P(i, j) € [0, 1], Ppi¢ € [0, 1]is a predefined initial con-
stant, and P(i, j).4 is the previous encounter probability. The
PRoPHET routing protocol controls the number of replica-
tions for each message by calculating the encounter probabil-
ity based on historical data. However, since the valid connec-
tion time for each encounter is not considered in the message
replication process, PROPHET fails to achieve a satisfactory
result.

Bubble Rap [28] is a typical social-awareness routing pro-
tocol. It generates social contact graphs based on historical
encounters, and then builds and maintains a table to record
a ranking of network nodes according to social relationship,
which helps to discover social communities used to facilitate
the forwarding process. A network node with a higher ranking
is used with a higher probability in forwarding until the mes-
sage is delivered to the community where the destination node
is located. However, a common problem of this protocol is that
it does not consider the connection time for each encounter in
the message replication process.

Wau et al. [29] propose a Bayesian network based approach
to predict the movement pattern of vehicles in DTN scenarios.
Dong et al. [30] discuss the incentive problem in VDTN
routing, and use the Q-learning algorithm to calculate the
credit value of each candidate node. Both [29] and [30] do
not consider the link quality between two nodes in the for-
warding decision. Xia ef al. [31] study the use of fog comput-
ing in delay-tolerant communications for Internet of vehicles.
Focusing on vehicle-to-infrastructure communications, [31]
does not adequately address the routing problem for vehicle-
to-vehicle communications.

B. UAV-ASSISTED VDTNS

In order to improve the connectivity of the network and the
success rate of message delivery, Wang er al. [32] introduce
the concept of using a UAV as a ferry node, which is a kind of
node with controllable movement, that can move in a specific
area of the network and deliver messages received from other
nodes in the region. Similar concepts have been used in [33],
[34]. The main idea of the ferry node is to take account of
the non-randomness and repeatable movement of UAVs that
visit a specific area according to a certain regularity. The ferry
node can be used to assist other nodes in message delivery
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FIGURE 1. Regional center nodes in post-disaster DTN environments.

and to connect with nodes in isolated areas. UAVs can serve
as ferry nodes in the air to receive and forward data messages,
improving the reliability of wireless communication links,
enhancing infrastructure flexibility, and providing communi-
cation coverage in sparse areas [35], [36].

Some studies discuss about the trajectory design of UAVs
in DTN environments. Zhao et al. [37] propose four algo-
rithms, namely single routing algorithm (SIRA), multi-routing
algorithm (MURA), node relay forwarding algorithm (NRA)
and ferry relay forwarding algorithm (FRA), for flying path
optimization of UAVs in order to improve network perfor-
mance. The SIRA algorithm optimizes the UAV flying path
when all UAVs follow the same path. The MURA algorithm
optimizes multiple flying paths for UAVs. In addition to mul-
tiple flying paths, the NRA algorithm uses some pre-installed
fixed network nodes to provide information exchange between
different UAVs belonging to different flying paths. The FRA
algorithm optimizes multiple UAV flying paths by considering
the encounter probability between different UAVs from dif-
ferent flying paths but without the pre-installed fixed network
nodes.

In [38], the use of UAVs in a post-disaster scenario is dis-
cussed. Some regions are usually used as special service areas
after the disaster, such as medical aid stations, living supply
stations, and accommodation areas for the affected people.
As shown in Fig. 1, according to the crowd’s agglomeration
after the disaster and the crowd’s movement characteristics
in the area, a fixed regional center node can be deployed
at each gathering area to store and forward messages. The
regional center node can communicate with mobile nodes in
its region, and the UAVs are responsible for transferring mes-
sages between regions. Adding fixed regional center nodes
in the aggregation region can improve the contact opportu-
nities between normal nodes in the entire network and play
a role in collecting and forwarding inter-regional messages,
hence improving the message delivery ratio and average delay
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of message transmission between the source and destination
nodes. UAV-assisted VDTN is of great importance for provid-
ing communications in post-disaster scenarios.

UAV-assisted VDTN technologies have attracted increas-
ing interests in recent years. However, existing studies focus
on planning the flying paths of UAVs to improve network
connectivity. There is a lack of studies about designing com-
munication routes for UAV-assisted VDTNSs. Since different
cities have different conditions that require different designs,
it is difficult to find the optimal solution in a short time.
Therefore, in this paper, we discuss about the design of an
efficient routing protocol for UAV-assisted VDTNs.

1il. PROPOSED PROTOCOL

We first explain the use-case of the proposed protocol and pro-
vide the overview of the proposed protocol. After that, we dis-
cuss the main technical problem and introduce our solution.

A. APPLICATION SCENARIOS

The application scenarios of UAV-assisted VDTNs can be
classified into two main categories, namely the typical sce-
nario (or the non-isolated scenario) and the post-disaster sce-
nario (or the isolated scenario). Here, the typical scenario
means a daily scenario where vehicles could exchange infor-
mation without the help of UAVSs. In this case, UAVs can be
used to further enhance the communication performance. In
the post-disaster scenario, the entire region consists of mul-
tiple isolated regions, where UAV nodes patrol between the
isolated regions and provide a gateway functionality between
the regions. When a message is required to be delivered to
other regions, a UAV node must be selected as the relay node
for message forwarding. When the source and destination
nodes are in the same region, other vehicle nodes in the region
are selected for message forwarding, which is the same as the
typical scenario.

Compared with a vehicle node, a UAV node basically has
a larger transmission range and predictable moving paths. In
response to this feature, the proposed protocol puts forward
the concept of the encounter connection time between nodes
to evaluate whether a node can establish a reliable link in a
path leading to the destination node. Through the combination
of the encounter probability and the encounter connection
time between nodes, the proposed routing protocol can reduce
transmission failures caused by link disconnections and net-
work partitions.

Fig. 2 shows a UAV-assisted VDTN for emergency com-
munication in post-disaster scenario. Safe areas shall be set
up in hospitals, schools, and other places where people gather.
Within the areas, messages are stored, carried, and forwarded
by mobile devices carried by the victims and rescue workers.
UAVs embedded with communication equipment serve as for-
warder nodes to enable inter-regional message transmissions
between the isolated regions.
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FIGURE 2. Post-disaster emergency communication network based on
UAV-assisted VDTN.

B. PROTOCOL OVERVIEW

Due to the mobility of vehicle nodes and fast change of net-
work topology, VDTNs use opportunistic forwarding to trans-
mit messages in order to improve link quality. The reliability
of VDTN s can be enhanced by considering both the encounter
probability to the destination and the communication capa-
bility of each encounter in the decisions made on message
replication (or message forwarding) in order to increase the
message delivery ratio and reduce network overhead. Specif-
ically, we extend PRoPHET, which considers the encounter
probability only, by introducing a new metric, namely the
persistent connection time, to characterize the suitability of
UAVs in message forwarding.

C. PROBLEM DISCUSSION

In general, communication links in the VDTN environment
are unstable, and messages are delivered through the store-
carry-forward mechanism. Considering poor network connec-
tivity and intermittent communications between forwarding
nodes, the store-carry-forward mechanism forwards a copy of
a message to the destination node by replicating the message
to some nodes that possibly encounter the destination node in
future via a path leading to the destination node. We explain
the research problem here using PRoPHET since it is a well-
known probabilistic DTN protocol. The message replication
process of PROPHET” is shown in Fig. 3. Two neighbor nodes
(i.e., nodes A and B) are located in the transmission range of a
source node S. Without considering the persistent connection
time, node S chooses the node with a higher encounter proba-
bility as the relay node to forward a message to its destination
node D.

Suppose nodes A and B have the same encounter probabil-
ity. Following the traditional PROPHET routing mechanism,
node S transmits the message to both nodes A and B without
considering the encounter connection time. Since multiple
copies of the same message are forwarded in the network, it
causes an excessive consumption of network resources.

Another VDTN scenario is shown in Fig. 4, where the
encounter probability of nodes A and B are very close. As
explained in the introduction of the PROPHET protocol (see
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FIGURE 3. Forwarding decision made when two neighboring nodes have

the same encounter probability (the white boxes are buildings, and dotted
lines are roads).
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i“n
o
BNode D Node B
Node Al )e— 11

Node S

FIGURE 4. Forwarding decision made when neighboring nodes have
slightly different encounter probabilities (the white boxes are buildings,
and dotted lines are roads).

Section II-A), the source node S forwards the message to node
A. However, node A is moving out of the transmission range
of node S. If we choose node A as the relay node, it could lead
to a data transmission delay and performance degradation due
to the unpredictable behavior of node A. Node B, which is a
UAV patrolling in the region, has a larger transmission range
to form a more reliable connection. However, the encounter
probability of the UAV is lower than that of node A. The
disadvantages of PROPHET are summarized as follows.

1) When neighbor nodes have the same encounter prob-
ability, the source node may choose an inappropriate
relay node, causing network resource wastage.

2) When a neighbor node has a slightly lower encounter
probability, but with a larger transmission range and
more predictable movement path as compared with
other neighboring nodes, the source node may not
choose this node as the forwarder node.

In order to solve the above disadvantages of PRoPHET,
we design a routing algorithm with the consideration of the
connection time for each encounter. The algorithm considers
whether the nodes are reliable and effective throughout the
communication process, and flexibly uses UAV nodes in the
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FIGURE 6. The encounter history of two nodes.

VDTN environment to improve the transmission performance
of the network.

D. DEFINITION OF THE PERSISTENT CONNECTION

TIME RATIO

In the message transmission process, due to the fast movement
of nodes and limited communication link rate, the connection
time between nodes is very short, and the intermittent connec-
tivity nature of the underlying network topology causes the
communication link unstable. The introduction of UAVs can
solve this problem. Here, we introduce persistent connection
time, which is the connection time for each encounter, to
select nodes that can establish stable communication links. As
shown in Fig. 5, at time 71, two moving nodes form a direct
communication link. At time 2, when the two nodes leave
the transmission range of each other, communication becomes
disconnected and message forwarding cannot be completed
successfully. The time period of (12 —¢1) is the effective
connection time when two neighbor nodes are located in the
transmission range of each other.

We introduce the persistent connection time ratio, which
shows the average connection time between two nodes in the
encounter history. Taking the persistent connection time as
an important reference can ensure the stability of message
transmissions.

Consider the occurrences of the encounters between two
nodes as shown in Fig. 6. The two nodes meet and connect
with each other for n times in a predefined time interval,
where T, Tr, T3, T4, and T; represent the connection time
between them for the corresponding encounters. The longer
the connection time of an encounter between the two nodes
in the history, the longer the link interaction time that the
nodes can maintain in subsequent connections, contributing
to a more reliable message forwarding.
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1
4

FIGURE 7. Comparison of the UAV-vehicle communication link and the
inter-vehicle link.

The persistent connection time ratio is calculated as
follows:

> g1 Tro(q)

Tcon (1)

Tr.p) =
where Z;”Zl Trp(q) represents the total length of the connec-
tion time between a relay node R and the destination node D,
and w represents the number of encounters between nodes R
and D. T,,, represents the total time since the wireless inter-
face of node R starts to work. Hence, Tz py € (0, 1) shows
the ratio between the connection time of relay node R and
destination node D, and the connection time between relay
node R and all other nodes in the network.

E. ROUTING ALGORITHM
As shown in Fig. 7, UAV nodes possibly have a larger trans-
mission coverage than vehicle nodes. This is because a com-
munication link involving a UAV is not easily blocked by
obstacles. So, the achievable communication rate is basically
higher than that in the communication between ground vehi-
cles. Taking this aspect into consideration in the routing proto-
col has become a key move to improve network performance.
The proposed protocol considers both the encounter prob-
ability and persistent connection time by defining a Q value,
which is calculated using the following formula to evaluate
whether a candidate node is suitable for relaying messages.

Ow,p) =a x Pgrp)y+ (1 —a) x T p (2)

where o € (0, 1) is the smooth factor. When the value of « is
greater than 0.5, the encounter probability plays the dominant
role in the selection of the relay node. When the value of o
is less than 0.5, the persistent connection time ratio becomes
the dominant factor in the selection of the relay node. Hence,
the o value has a notable impact on the performance of the
proposed routing protocol. The results of multiple simula-
tion experiments presented in the following section show that
when the value of « is 0.35, the combination of the encounter
probability and encounter connection time ratio is the best,
which leads to the best network performance. Therefore, the
value of the smooth factor « is set as 0.35 in our experiments.

Fig. 8 shows the selection of relay nodes in the proposed
protocol. Assuming there are two nodes A and B in the trans-
mission range of a source node S. The Q value of node A is
greater than that of node B, so the source node S chooses node
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FIGURE 8. The selection of a relay node A in the proposed protocol.

Algorithm 1: The Proposed Routing Algorithm.
D is the destination node;
Each source/forwarder node (A) does the following steps:
1: for each node X that the current node A meets
2:  Drop the message with an expired lifetime.
3:  Receive Tx p) from X.
4: Calculate Q value for X according to Eq. (2).
5: if Q(A,D) > Q(X,D) then
6.
7
8

Continue to carry the message.
else
Replicate the message and forward it to node X .
9: endif
10: end for
Each candidate node (for forwarder) does the following
steps:
1: Calculate Tix, p).
2: Send T(x,p) to node A.

A as the relay node and send a message to it. The calculation
of the QO value combines the encounter probability and the
persistent connection time ratio between the two nodes. By
comparing the Q value, the source node can select a relay
node with a higher probability of encountering the destination
node with a more reliable link, thereby improving network
performance.

The routing procedure of the proposed protocol is shown
in Algorithm 1. Each node maintains own 7 based on the
encounter history maintained by each node. Then the sender
node updates Q as the basis for selecting the relay node.
Finally, a more reliable relay node is selected by comparing
Q values of all candidate nodes.

IV. SIMULATION RESULTS

In this section, the ONE simulator [39] is used to evaluate the
network performance of the proposed protocol. The proposed
protocol is compared with Epidemic routing, Spray-and-Wait
routing, and PRoOPHET. The simulation parameters are shown
in Table 1 and Table 2. We use four performance metrics,
specifically, message delivery ratio (the ratio of successfully
delivered messages over the total sent messages), the average
end-to-end delay of messages, the number of hops, and the
overhead (or the ratio of the number of message replications
divided by the number of messages for deliveries). The traffic
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TABLE 1. Simulation Parameters for Vehicles in Typical Scenarios

Values
43200
40, 80, 120, 160, 200

Parameters
Simulation Time (s)
Number of Nodes
Interface Wi-Fi Interface
Movement Speed (m/s) 2.4-13.9
Transmission Rate (Mbps) 7.5

Transmission Range (m) 50
Buffer Size (MB) 5
Message TTL (s) 300
Message Interval (s) 50

Nodes Movement Model
Message Size (B)
Simulation Area Size

ShortestPathMapBasedMovement [39]
500K-1M
4500mx3400m

TABLE 2. Simulation Parameters for UAVs in Typical Scenarios

Parameters Values
Number of UAVs 0, 5, 10, 15, 20
Interface Wi-Fi Interface
Movement Speed (m/s) 5-15

Transmit Speed (Mbps) 7.5

Transmit Range (m) 50

Buffer Size (MB) 100

Nodes Movement Model ~ MapRouteMovement [39]

flows are randomly generated from all the ordinary vehicles
(UAVs do not generate traffics).

A. EFFECTS OF THE SMOOTH FACTOR o IN THE
PROPOSED PROTOCOL

Before comparing the proposed routing protocol with existing
baselines, it is necessary to determine the best possible value
for the smooth factor o of the proposed routing protocol. The
« value is used to balance the impact of the encounter proba-
bility and the persistent connection time ratio for the selection
of relay nodes so that the optimal relay node can be selected
for message forwarding. The number of vehicle nodes is 80,
and the number of UAVs is 10. We conduct simulations to
find the best possible value of o by observing the change in
the message delivery ratio.

Based on Eq. (2), the closer the value of « to 0, the more
reliable is the link between the selected relay node and the
destination node. The closer the value of « to 1, the greater
the likelihood that the selected relay node encounters the des-
tination node. In our experiment, Fig. 9 shows that, when the
value of « is 0.35, the proposed protocol shows the best possi-
ble performance, contributing to the highest possible delivery
ratio. Therefore, in our simulations, we set « = 0.35.

B. SIMULATIONS IN TYPICAL SCENARIOS

In general, the typical scenario does not have isolated regions.
In the simulation, the city map of Helsinki as shown in Fig. 10
is used, and the vehicle movement is generated based on the
simulation parameters presented in Tables 1 and 2. The red
path is the patrol route of UAVs. Two sets of simulations
are conducted to evaluate the proposed routing protocol with
respect to the different numbers of UAVs and regular nodes
(vehicles).
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FIGURE 11. The message delivery ratio of the routes established by the
proposed routing protocol is generally higher than that of the other
routing protocols for different numbers of UAVs.

1) EFFECT OF THE NUMBER OF UAVS

Here, each routing protocol is evaluated with different num-
bers of UAVs. Fig. 11 shows the message delivery ratio of
the routes established using the routing protocols for different
numbers of UAVs. When more UAVs participate in the rout-
ing process, the message delivery ratio increases for all the
protocols. However, since other protocols do not adequately
address the characteristics of UAVs in the route selection,
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FIGURE 12. The overhead of the proposed routing protocol is generally
lower than that of the other routing protocols for different numbers of
UAVs.
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FIGURE 13. The average latency of the routes established by the proposed
routing protocol is generally lower than that of the other routing protocols
for different numbers of UAVs.

the increase is less significant than the proposed protocol. In
the process of selecting relay nodes, the proposed protocol
considers the encounter probability and persistent connection
time ratio, therefore UAV's can be utilized more efficiently.

Fig. 12 illustrates the overhead of the routing protocols for
different numbers of UAVs. When the number of UAV nodes
increases, there is a trend of increase in the overhead because
more message copies are generated with the increased number
of forwarding nodes. The proposed protocol shows a low
overhead. When the number of UAVs is large, the advantage
of the proposed protocol over other protocols is notable. This
is because the use of persistent connection time ratio makes it
possible to find a better relay node and reduce the average
number of hops to the destination node, thus reducing the
number of message replications.

Fig. 13 shows the average delay of the routes established
using the routing protocols for different numbers of UAVs.
We can observe that the average delay of the proposed pro-
tocol is lower than that of other protocols. It is also clear
that the proposed protocol can efficiently utilize the UAVs
to reduce the message delivery delay. While PROPHET also
shows a notable reduction of delay, particularly when more
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FIGURE 14. The average number of hops of the routes established by the
proposed routing protocol is generally lower than that of the other routing

protocols for different numbers of UAVs.
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FIGURE 15. The message delivery ratio of the routes established by the
proposed routing protocol is generally higher than that of the other
routing protocols for different numbers of vehicles.

UAVs are participating in message forwarding, the improve-
ment provided by the proposed protocol shows the importance
of considering the persistent connection time ratio in message
forwarding.

Fig. 14 shows the average number of hops of the routes
established using the routing protocols for different numbers
of UAVs. Since the other protocols do not adequately address
the characteristics of UAVs in message replication, increasing
the number of UAVs increases the average hop count. The
proposed protocol considers the persistent connection time
ratio, therefore its message forwarding decisions reduce the
average number of hops successfully. The consideration of the
persistent connection time ratio ensures that a message can be
transmitted from a sender node to a next-hop forwarding node
successfully as expected.

2) EFFECTS OF VEHICLE DENSITY TO THE TYPICAL SCENARIO
In this section, comparative simulations are carried out to
show the effects of vehicle density on the message delivery
ratio, network overhead, average latency, and average number
of hops. Ten UAVs and different numbers of vehicles (or
nodes) are used in the simulations to facilitate the message
transmission process.
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FIGURE 16. The overhead of the proposed routing protocol is generally
lower than that of the other routing protocols for different numbers of
vehicles.
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FIGURE 17. The average latency of the routes established by the proposed
routing protocol is generally lower than that of the other routing protocols
for different numbers of vehicles.

Fig. 15 shows the message delivery ratio of the routes es-
tablished using the routing protocols for different numbers of
vehicles. When the number of vehicles in the network is small,
the sparse node density leads to fewer available relay nodes in
the network, and so the established message forwarding link
is unstable. Therefore, it is difficult to complete a message
forwarding task to the destination, and the rate of success-
ful message forwarding is low. As the number of vehicles
increases, the rate of successful message forwarding of each
routing protocol increases. However, other routing protocols
do not effectively utilize the UAV nodes, and therefore the
message delivery ratio is lower than that of the proposed
protocol. Simulation results show that the proposed protocol
can achieve a significantly higher message delivery ratio as
compared with other protocols, and therefore it is suitable for
scenarios with different vehicle densities.

Fig. 16 shows the overhead of the routing protocols for
different numbers of vehicles. We can observe that as the num-
ber of vehicles increases, the overhead also increases due to
the increased number of message replications. The proposed
protocol achieves the lowest overhead due to the use of the
persistent connection time ratio, making it possible to find a
better relay node and reduce inefficient message replications.

Fig. 17 shows a comparison of the average latency of the
routes established using the routing protocols for different ve-
hicle densities. When the number of vehicles increases, all the
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FIGURE 18. The average number of hops of the routes established by the
proposed routing protocol is generally lower than that of the other routing
protocols for different numbers of vehicles.

routing protocols show a decrease in latency. This is because
the chance of encountering the destination node increases with
more vehicles involved in message forwarding. In particular,
in a dense network, the proposed routing protocol uses both
the encounter probability and the persistent connection time
ratio to select the best possible relay node, thus reducing the
transmission delay caused by inefficient relay nodes carrying
copies of the message for a long time.

Fig. 18 shows the average number of hops of the routes
established using the routing protocols for different numbers
of vehicles. When the number of vehicles increases, more
messages can be successfully transmitted to the destination
before the messages expire otherwise, resulting in a higher
number of hops as compared with the case where those mes-
sages are dropped and not counted in the average end-to-end
delay. By taking into account both the encounter probability
and the persistent connection time ratio in the relay selection,
the proposed protocol can deliver a message to the destination
with a smaller number of hops.

3) EFFECTS OF VEHICLES JOINING AND LEAVING THE
TYPICAL SCENARIO

Vehicles that newly join a network do not have sufficient
information about it, which can affect the forwarding deci-
sion of each node. Here, we use simulations to evaluate the
routing protocols in a typical scenario with vehicles joining
and leaving. Two groups of vehicle nodes are included in the
simulation. The activity time of one group of vehicles is set
from 0 to 18 000 seconds (1! to 5™ hour). The activity time
of the other group of vehicles is set from 36 000 to 43 200
seconds (11" and 12" hours). Each group contains 20 vehicle
nodes.

Fig. 19 shows the message delivery ratio of the routes
established using the routing protocols for different numbers
of UAVs. Compared with the existing routing protocol, the
proposed protocol makes a better use of the UAV nodes in the
map. Therefore, when the number of UAV nodes increases,
the message delivery rate increases significantly. As for newly
joined nodes, the existing nodes have limited historical en-
counter information about them, so the possibility of the
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FIGURE 19. The message delivery ratio of the routes established by the
proposed routing protocol is generally higher than that of the other
routing protocols under typical scenarios with joining and leaving vehicles
for different numbers of UAVs.
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FIGURE 20. The overhead of the proposed routing protocol is generally
lower than that of the other routing protocols under typical scenarios with
joining and leaving vehicles for different numbers of UAVs.
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FIGURE 21. The average latency of the routes established by the proposed
routing protocol is generally lower than that of the other routing protocols
under typical scenarios with joining and leaving vehicles for different
numbers of UAVs.

newly joined nodes being selected as relay nodes is low. In
this case, the use of persistent connection time ratio becomes
more important. We can also observe from Fig. 20 that the
proposed routing protocol achieves the lowest overhead under
most circumstances, proving its superiority.

Fig. 21 shows the average delay of the routes established
using the routing protocols for different numbers of UAVs. In
general, the proposed protocol can effectively use UAV nodes
to reduce the average delay. Compared with vehicles, UAVs
have larger transmission ranges due to their elevated look
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FIGURE 22. The average number of hops of the routes established by the
proposed routing protocol is generally lower than that of the other routing
protocols under typical scenarios with joining and leaving vehicles for
different numbers of UAVs.
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FIGURE 23. The simulation scenario with regional center nodes.

angle. More importantly, the proposed protocol considers the
persistent connection time ratio between nodes, allowing the
sender node to select a relay node to establish a more reliable
connection towards the destination node.

Fig. 22 shows the average number of hops of the routes
established using the routing protocols for different numbers
of UAVs. For existing routing protocols, as the number of
nodes increases, more nodes can be selected as relay nodes, so
the average number of hops increases slightly. The proposed
protocol can select the best possible relay nodes as compared
with other protocols, which prevents from excessive message
replications and saves network resources.

C. EFFECT OF ISOLATED REGIONS

When a disaster strikes, such as an earthquake or a tsunami,
roads are often damaged. So, rescue vehicles are unable to
reach designated locations, making the message forwarding
task difficult to complete as required. We discuss VDTN for
post-disaster scenarios into two categories, namely, the sce-
nario with and without regional center nodes. In the scenario
with regional center nodes, there is a single regional center
node for each region as shown in Fig. 23, which is usually a
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FIGURE 24. The simulation scenario without regional center nodes.

TABLE 3. Simulation Parameters for Regular Nodes in Isolated Scenarios

Without Regional Center Nodes

Parameters Values
Simulation Time (s) 43200

Number of Nodes 80

Interface Bluetooth Interface
Movement Speed (m/s) 0.5-1.5
Transmission Rate (Mbps) 2

Transmission Range (m) 10

Buffer Size (MB) 5

Message TTL (s) 300

Message Interval (s) 50

Nodes Movement Model ClusterMovement
Message Size (B) 500K-1M
Simulation Area Size 4500mx3400m

refuge, a hospital, or a disaster relief command center. Com-
pared with other network nodes, a regional center node has a
larger buffer space and a larger transmission range.

1) SCENARIO WITHOUT REGIONAL CENTER NODES

Here, we first use simulations to evaluate the performance of
the proposed protocol in a scenario without regional center
nodes. As shown in Fig. 24, several areas, such as shelters and
command centers, become isolated after a disaster. Vehicles
in each area use the ClusterMovement model [39]. UAVs
patrol along the red path following the MapRouteMovement
model while establishing communication between isolated ar-
eas. Considering the limited power supply, the UAVs have
a random stay after a certain time period (such as for the
replacement of a UAV’s spare battery). Here, the regular
network nodes are pedestrians, and they use Bluetooth for
communication. UAVs have both Bluetooth and Wi-Fi inter-
faces. Specific simulation parameters are shown in Table 3 and
Table 4 below.

We evaluate the performance of the routing protocols with
respect to the different number of UAVs. Fig. 25 shows the
message delivery ratio. Since a communication between two
isolated regions must require the help from a UAV, the number
of UAVs has a significant impact on the message delivery
ratio for all routing protocols. It is clear that the message
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TABLE 4. Simulation Parameters for UAVs in Isolated Scenarios Without
Regional Center Nodes

Parameters Values
Number of UAVs 0, 5, 10, 15, 20
Interface Wi-Fi Interface
Movement Speed (m/s) 5-15

Transmission Rate (Mbps) 7.5

Transmission Range (m) 40

Buffer Size (MB) 100

Nodes Movement Model MapRouteMovement
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FIGURE 25. The message delivery ratio of the routes established by the
proposed routing protocol is generally higher than that of the other
routing protocols for different numbers of UAVs in isolated scenarios
without regional center nodes.
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FIGURE 26. The overhead of the proposed routing protocol is generally
lower than that of the other routing protocols for different numbers of
UAVs in isolated scenarios without regional center nodes.

delivery ratio of the proposed protocol is better than that of
other protocols for different numbers of UAVs. The efficient
message forwarding decision considering the persistent con-
nection time ratio contributes to this improvement.

Fig. 26 shows the overhead. The simulation results show
that the proposed protocol achieves the lowest overhead for
different numbers of UAVs. This proves that the relay node
selection strategy of the proposed protocol is efficient so that
the message can be delivered through the best possible relay
nodes in the forwarding process, resulting in a more efficient
network resource utilization.

Fig. 27 shows the end-to-end delay. When the number of
vehicles changes from 0 to 5, we observe an increase in the
end-to-end delay. This is because the communication between
two isolated regions becomes possible. By further increasing
the number of UAVs, we observe a smaller delay due to the
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FIGURE 27. The average latency of the routes established by the proposed
routing protocol is generally lower than that of the other routing protocols
for different numbers of UAVs in isolated scenarios without regional center
nodes.

TABLE 5. Simulation Parameters for Regular Nodes in Isolated Scenarios
With Regional Center Nodes

Parameters Values
Number of vehicles 5
Interface Wi-Fi Interface
Transmission Rate (Mbps) 7.5
Transmit Range (m) 50
Buffer Size (MB) 100
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FIGURE 28. The message delivery ratio of the routes established by the
proposed routing protocol is generally higher than that of the other
routing protocols for different numbers of UAVs in isolated scenarios with
regional center nodes.

increased number of forwarder nodes for inter-region commu-
nications. The proposed protocol shows a significantly lower
delay as compared with other protocols.

2) SCENARIOS WITH REGIONAL CENTER NODES

We also evaluate the routing protocols in a scenario with
regional center nodes. The simulation parameters of regional
center nodes are shown in Table 5.

The comparison of the message delivery ratio is shown
in Fig. 28. By comparing this result with Fig. 25, we can
observe that the introduction of regional center nodes can im-
prove the message delivery ratio. The regional center node can
store more messages, which helps to keep waiting messages
in the intra-region message forwarding process. Meanwhile,
the regional center node also has a large transmission range,
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FIGURE 29. The overhead of the proposed routing protocol is generally
lower than that of the other routing protocols for different numbers of
UAVs in isolated scenarios with regional center nodes.
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FIGURE 30. The average latency of the routes established by the proposed
routing protocol is generally lower than that of the other routing protocols
for different numbers of UAVs in isolated scenarios with regional center
nodes.

therefore it can establish stable links with UAVs, resulting in
more efficient message forwarding between regions.

Fig. 29 shows the overhead. When none of the UAVs arrives
in a region, messages are only forwarded in each isolated
area. By using UAVs, the isolated areas are connecte. While
the messages are successfully forwarded to different regions,
there is an increased network overhead. However, by selecting
stable relay nodes, the proposed protocol is able to control the
overhead better as compared with other protocols. The pro-
posed protocol also achieves the shortest delay for different
numbers of UAVs, which can be seen from Fig. 30.

The network performance of the proposed protocol is gen-
erally better than other protocols, which proves its superior-
ity. Although the introduction of regional center nodes can
improve DTN’s performance after disasters, the aftermaths
are often difficult to predict. Damage to infrastructure or
secondary disasters sometimes causes the unavailability of
regional center nodes. Therefore, the proposed protocol does
not specifically differentiate the regional center nodes from
ordinary network nodes for the sake of generality.

V. CONCLUSION

This paper proposes a new routing protocol for UAV-assisted
vehicular delay tolerant networks (VDTNSs). The proposed
protocol takes into account the encounter probability and
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the persistent connection time for each encounter in the for-
warding decision. By considering the persistent connection
time, the proposed protocol is able to evaluate the stability
of a communication link more accurately in the UAV-assisted
VDTN environment. Extensive simulations in various sce-
narios confirm the advantage of the proposed protocol over
existing baselines in terms of message delivery ratio, network
overhead, and end-to-end delay.
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