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Abstract - In several papers, analytical calculations of the
mean value of the end-to-end delay in highway vehicular
ad-hoc  networks (VANETs) have been presented.
Unfortunately, none of these papers presented calculations
of the probability stribution of this delay, which is
necessary to give probabilistically guaranteed upper
bounds on the end-to-end delay in such VANETs. In a
previous work [1], we scovered the first analytical
framework for the calculation of the probability
stribution, and not only the mean, of the end-to-end delay
in multi-lane one-way highway vehicular ad-hoc networks
(VANETS). This made it possible to provide guarantees of
transmission in a given time frame with known confidence.
In this paper, that previous work is extended to two-way
multi-lane highways by taking into consideration vehicles
travelling in both rections.

The probability stribution of the end-to-end delay is
calculated herein and its dependence on system parameters
such as speed stributions in the two rections,
communication range, and vehicle densities, are analyzed.
Computer simulations are used to verify the analytical
model. The good agreement between simulation results and
the analytical calculations demonstrates the correctness and
accuracy of the proposed analytical model.

Vehicle networks have very unique characteristics due to
the nature of the vehicles, namely, the mobility, storage
capacity, and battery life. However, there are many
challenges in the reliability of such networks due to the
highly rapid topology change. This paper proposes
Connecting Autonomous Vehicles (CAV), which is a new
decentralized approach for routing autonomous vehicles in
order to enhance network coverage. Routes for vehicles
are decided based on a cooperative game theoretic
problem. We show that allowing the autonomous vehicles
to cooperate in a game theory approach enhances the
overall network connectivity in a geographical area. We
evaluate and validate our design using simulations. The
results show that CAV enhances the network connectivity, as it
improves it up to 140% compared to regular VANET, while
minimally compromising the average travel stance for
vehicles.

Index Terms— Vehicular Network, VANET, Probability
Density Function, End-To-End Delay, Two-Way, Analytical
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I. INTRODUCTION
1.1 Overview

Vehicular ad-hoc networks have witnessed great
advancements over the past decade, and an extensive amount
of research has been de cated to improve the performance of
these networks. In VANETS, the connectivity is categorized to
be either between vehicles (i.e. V2V) or between vehicles and
infrastructure (i.e. V2I). The main objective of VANETS, the
connectivity is categorized to be either between vehicles (i.e.
V2V) or between vehicles and infrastructure (i.e. V2I). The
main objective of VANET is the vehicle. In literature, the
vehicle is considered to be an or nary vehicle with fferent
sensors and connectivity devices. However, over the past few
years, vehicles have witnessed great advancements in their
electronic hardware and capabilities, which led to the
introduction of autonomous vehicles. Autonomous vehicles
are becoming a reality in the recent years. For example, BMW
has started testing autonomous vehicles since 2005 [2]. Tesla
has its new models completely equipped with autonomous
vehicle hardware [3]. In these types of vehicles, the path is
decided based on the best available routes that minimizes the
travel stance and time.

In this paper, we aim to manipulate the route selection in order
to provide a reliable VANET in geographical areas such as
cities and highways. This is achieved through a stributed
game theoretic approach named CAV. The premise of CAV is
that it allows the autonomous vehicle to change its route
slightly and decide on what is the best possible street to select
to the destination based on the objective of enhancing the
connectivity of the whole VANET. This can be demonstrated
through figure 1. The dotted circles around the (a) (b) (c)

Fig. 1: Possible choices for vehicles arriving at intersections,
which can lead to the vehicle stribution in (b) or (c). vehicle
represent the communication range of the vehicles. If two
vehicles are approaching an intersection as in figure 1a, in
normal circumstances, they will take the routes that lead to
their destination faster, as in figure 1b, however, in CAV, they
will take the route that lead to maximizing the network
coverageasinfigure 1c.
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Fig. 1: Possible choices for vehicles arriving at intersections, which
can lead to the vehicle stribution in (b) or (c).

This paper is organized as follows: we start by scussing the
motivation to solve this problem, followed by the related work
regar ng vehicular network performance optimization and the
game theory techniques. Following that, we scuss CAV in
details, and present the simulation results to validate it. We
conclude the paper witha scussionand conclusion.

1.2 Routing Protocols Classification

First, In [6] the authors classify VANET routing protocols into
three principal groups: Position-based greedy V2V protocols,
this approaches use information about the geographic coor
nate’s nodes to generate an efficient route through the
network. In the greedy forwar ng strategy, an interme ate node
forwards messages to the farthest neighbor in the rection of
the next destination. Delay tolerant protocols, in delay tolerant
networks DTN, router are replaced with DTN nodes, that can
store and later forward packets, if a link is down a DTN node
will hold the packet until the link comes back up, this store and
forward mechanism may handle sruptions in the end-to-end
path, so all packets can get through. Delay Tolerant
Networking is an emerging field that attempts to develop a
networking philosophy revolving around asynchronous
message delivery with custody transfer for networks that are
subject to long delays and frequent sconnections. Motion
Vector routing algorithm MOVE [7] and Vehicle Assisted
Data Delivery VADD [8] are delay tolerant routing protocols.
Quality of service protocols, this category attempt to provide a
robust route among vehicles. Factors such as link delay, node
velocity and trajectory, node position, the stance between
nodes, and reliability of links, all contribute to the stability of a
particular route. The MultiHop Routing Protocol for Urban
VANET, MURU [9] and Pre ction-Based Routing algorithm
PBR [10] is most aptly described as a set of «Best effort»
routing protocols.

1.3 Motivation

The main motivation behind CAV is that fixed
communication infrastructure and cellular networks have
been suffering from two main serious problems, which
caused many researchers to investigate the possibility of fin
ng other alternatives.

The first issue is the cost of installation and maintenance of the
infrastructure unit, and the second is the usage overload of pre-
existing communication infrastructure due to the
advancements in current smart phones and mobile data usage,
and the influx of new customers. Amongst many proposed
solutions, some researchers have suggested using a device-
todevice architecture [4], while others have suggested offloa
ng the cellular data onto the pre-existent wi-fi network [5].

VANET isanew technology that has, recently, been utilized to
carry the burden off the cellular network. However, it suffers
from instability in the communication links between vehicles
due to the rapid vehicle topology changes. Extensive research
has been conducted to enhance the connectivity in vehicular
networks. However, much of the existing research utilize
infrastructure for V2l communication to provide reliable
network connectivity. Although Road Side Units (RSUs) are
deployed for VANETSs connectivity, they utilize existing
infrastructure such as cellular networks being their backbone.
However, this is not practical for the existing overloaded
cellular network. Hence, although dependence on RSU has
been suggested in literature [6], [7], this approach is not
practical or easily scalable.

Hence, in CAV, we approach the VANET connectivity
problem through controlling autonomous vehicles, to improve
the overall connectivity of the vehicular network by bridging
the gaps between travelling vehicles. If this is proved to be
possible, and the VANET could provide reliable and stable
connectivity, then it can provide an effective solution to carry
the burden off the cellular network, similar to the proposal in
[5]. To achieve this, a decentralized game theory approach has
to be devised that can manage to re- stribute autonomous
vehicles over a certain geographical area to provide better
connectivity, which is what we propose in CAV.

Il. RELATED WORK

K.Tanjida[2015] authors have proposed Pro-AODV
(Proactive AODV), which is a routing protocol that uses
information from the AODV routing table to minimize
congestion in VANET. In Pro-AODV, the routes scover
process is done proactively. Each vehicle checks the number
of entries in its routing table before broadcasting an RREQ
packet. If the number of entries in the routing table is max,
then, the vehicle drops the message with a certain probability p
otherwise, the vehicle broadcast the message.

DongjieZzhu[2015] DT-AODV (DTN-based on-demand
routing protocol) is proposed and which is based on AODV
routing protocol, taking into account the store-carry-forward
strategy. The author has also developed a mobility model for
vehicular network. DT-AODV allows the scovery and
construction of roads only on demand, which avoids
unnecessary information exchange and reducing the overhead
of perio c control messages. Experimental comparisons show
that, DT-AODV is more suitable for VANET than other
reactive classical routing protocol.

A.Chinnasamy [2016] authors have scussed the dynamic trust
based approach, in which, association between nodes used to
resist sinkhole attacks connected to ad hoc networks. The trust
model is integrated on AODV routing protocol. Simulation
results prove that the proposed scheme increases the routing
security and encourages the nodes to cooperate in the ad hoc
structure and isolate the malicious nodes from the active data
forwar ng and routing.
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The performance of vehicular networks has been the focus of
literature for many years. However, in reserach, the
improvement of VANET coverage was proposed to be
achieved through the control of the location of the road side
units (RSUs). In [7], the authors present a framework to
optimize the locations of the RSUs and minimize the total cost
to deploy and maintain them. However, they do not consider
the maximum transmission delay. This was stu ed in [6],
where the authors considered the movement of the vehicles in
order to study the spatial propagation of information in
VANET, and proposed a placement strategy for RSUs. Other
authors presented similar ideas [8], [9], [10].

In the scope of controlling robots or authonomous vehicles,
many algorithms and approaches have been presented in
literature in order to plan the path or the trajectory of robots in
dynamic environments. Some of these approaches utilized
game theory. In [11], the authors scuss a multi-target
searching scenario using a multi-robot system in a dynamic
environment. However, this proposed algorithm is restricted
only to the searching environment it was experimented on, it
does notapply to the highly dynamic environment of vehicles.

On further exploration of the effect of nodes’ behavior on the
network overall performance, the authors in [12] presented a
stributed game that can be an effective mechanism for solving
fferent stributed tasks, with the goal of achieving a uniform
node stribution among the Mobile Ad-Hoc Networks
(MANET) nodes over a given geographical space.

In this paper, we present an approach that improves the
vehicular network coverage that is based on game theory, and
unlike any previous work, provides a solution to the
networkcoverage problemthat is low cost.
[1l. CONNECTING AUTONOMOUS VEHICLES
(CAV)

CAYV is a game theoretic approach in which vehicles work
cooperatively in order to improve the overall network
connectivity; instead of each vehicle considering only its own
interest which is to take the shortest possible path from its
initial location to reach its destination.

Fig. 2: Example of (gray) vehicle which is not right-connected

a1

Fig. 4: Example of (gray) vehicle which is right-traveling, but not
right connected to the next right-traveling vehicle

3.1CAV Overview

Vehicle routes environments are either a highway scenario or a
city scenario. In the highway scenario, the vehicle travels inan
almost straight path on the highway, and only makes a decision
of whether to exit the highway or not. The highway scenario
will utilize the control of the inter-vehicle stance in CAV.
However, inacity scenario, the setting is more complicated.

1) Inter-vehicle stance (IVD): In IVD, the autonomous
vehicles maintain the maximum inter-vehicle stance allowed
that does not srupt the connectivity between the adjacent
vehicles. The vehicles will self-organize based on their
communication range in order to provide the maximum
possible covered geographical stance on a street. This is
demonstrated in figures 2a and 2b. In figure 2a, the vehicles do
not self organize, which limits the stance covered by their
connectivity, contrary to figure 2b.
2) City environment: In the city environment, the vehicles
utilize the game theory approach, presented in the next section,
to make a decision on which route to select at every
intersection.
e Thisdecision is based onthree factors or objectives:
e Which selection increases the overall network
coverage.
e Theimpactofthatselection onthe travel stance.
e What other decisions will be made by other vehicles
atthe same intersection.

3.2 Game Theory Approach

When a vehicle starts its trip, with a specific destination, it
initially starts its route by computing the shortest path to the
destination. The vehicle traverses this route till it reaches an
intersection, at which, it has a set of options (i.e. streets) to
select from. In CAV, the vehicle makes the decision of which
street to select by following a game theoretic algorithm to
compute a utility matrix for all its optional routes and then
picks the route with the highest utility.
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However, due to the fact that the vehicle is accompanied with
other vehicles approaching the same intersection, these
vehicles have to cooperate with each other. This cooperation is
important in order to prevent the vehicles from selecting the
same route simultaneously and waste any of the vehicle’s
connectivity range that could have contributed to the overall
network connectivity.

This scenario can be modeled as a multi-player cooperative
non zero-sum game [13]. The overall game is considered a
sequence of static games ateach screte time; where players
(i.e. vehicles) are required to solve this static game based on
their stinct observations, each considering its destination.
Each static game starts on the event of the arrival of a vehicle at
an intersection, at which it will be presented with multiple
streets to select from. The decision making process in this
cooperative game is achieved through several steps, which can
be explained as follows:

1) Pre ctive Network Coverage Map: Firstly, each vehicle
needs to retrieve information about the stribution of vehicles
on fferent streets originating from that intersection. This is
provided by Smart Traffic Lights at each intersection as will be
explained later. Afterwards, each vehicle will compute the
estimated network coverage in each of its optional routes in
case it joins it. This can be calculated based on its latest former
coverage percentage at time step k and the current
measurement observed by the vehicle at time step k+1 which is
represented as follows:

plk+1k) = f(p(k[k), 2(k +1)) (1)

where z(K) represents the vector of vehicle observations at
time step k; f represents the update function and p(kjk) denotes
the vector of coverage percentage at time step k which is
estimated based on former percentage (most recent previous
information). In the previous equation, the vehicle adds the
range of network coverage that it can add to that route in case it
joinsto its observation vector.

Now, each vehicle computes a vector of utilities for all of its
optional routes and then picks the route with the highest utility;
that is the one that provides the highest possible network
coverage, to be its next decision.

2) Utility Function: Each vehicle calculates the utility valuefor
each of its optional routes, which is based on the following:

_ Travel Time Cost, denoted by Tn i : which is equal to the
length of this optional route i + Actual Shortest stance ( jkstra
shortest path length from the end point of this optional route i
to the destination of this vehicle n) * k factor (in cating
environmental con tions i.e. speed of the car due to traffic).

_ Time taken after reaching that route i for vehicles to re
stribute to maximize the coverage (i.e. achieving the inter-
vehicle stance to improve the network connectivity), denoted
by Tc(i). This is computed based on the number of vehicles in
the street and their speed.

_ New network coverage percentage pre cted by vehicle nin
that route i at time step k as mentioned in equation(1); denoted
by pni (k + 1jk).

Therefore, the payoff value of vehicle n deci ng on some route
i attime step k can be represented as follows, where D(K) is the
decisionattime step k:

gelk-+ 1)

9(D ()4 18 TP R) Teo) = o -

(2)

Moreover, for the vehicle’s utility value to be more accurate in
representing a certain route, we perform a look ahead in which
the vehicle considers the maximum expected utility that it can
get from the sub routes originating from route i at the next
intersection. Therefore, the vehicle also computes:

maz ) [g(D(k), p; (k), T} (k), Te(5)) 3)

where: 7 route j ,route j  route i. Here, every route j is a
subset of the route i (representing the current vehicle’s
decision). Then, the utility value of a vehicle n deci ng on a
route i will now be represented asfollows:

UL = [o(D(k), g2 (k), TP (k), T.i5)

murl“[qlD(ﬂ) {L)T”{L

ey J]
(4

where: 7V route j ,route j < route i. Using this previous
equation, each vehicle n can now calculate its utility vector
with the set of utility values correspon ng to N options of
routes that it may choose from, represented as follows:

U, = (dy(K), dy k), .. dyy () 5)

Reaching this point, the vehicle can now pick the route with the
maximum utility value in its vector to be its next decision.

3) Cooperation Scenario: In CAV, the cooperating vehicles
consider each other’s decisions to avoid choosing the same
route simultaneously. For this purpose, we define the coor
nation factor h(D), which can be calculated as follows:

C"n (LY _ T L)
h(D) = 7 1 (k) — T7(k) (6)
.SU{L | — TJ(.L

Lﬂ_;-‘l_]:.*:

where Sy (K) is the shortest path from vehicle n ’s current
location to its final destination. This shortest path is computed
accor ng to jkstra’s algorithm. Therefore, for each of the
cooperating vehicles, the utility function for each of its
optional routes, after multiplying by exponential to the power
of that cooperation factor, becomes as follows:

U =[g(D(k), p“(ﬁ L (k), Ty +
maz ;) g(D(k),p2 (k). T7 (), ]'(w]“hl
(7

where: v route j ,route j < route i. However, the allowance
for extra travel by the vehicle in order to increase the coverage
cannot be unbounded as that will cause large degradation in the
trip duration and travel stance. In order to ensure this bound,
CAV utilizes a tolerated capacity that can vary based on the
network con tions.
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Fig. 5: Smart Traffic Lights are used to provide feedback and pre
ction to incoming vehicles.

C. Trade off between network coverage and vehicle travel
stance

In order to avoid a significant increase in the vehicle travel
stance, CAV provides a threshold that the travel stance for a
vehicle will not exceed. This threshold is calculated as a factor
of the original projected travel stance from the initial point to
the destination. If the threshold is set to be 1.5, this means that
the vehicle is willing to travel 50% more than its original travel
stance. In CAV, this threshold is set at the start of the vehicle
trip, and computed as follows:

AllowedVehicle Travel Distance = S (k) # (cap+1) (8)

where cap is the capacity factor which can range anywhere
between 0 and 1 (i.e. 0 means that the vehicle doesn’t tolerate
to travel more than its jkstra shortest path length, and 1 means
that it can travel up to double the shortest path length).

D. Information from Smart Traffic Lights (SMLSs)

In CAV, Smart Traffic Lights (SMLs) play an instrumental
role where they function ina stributed stand-alone manner, to
provide information on existing vehicle densities on the roads
at the moment, and the expected vehicle density. The first role
achieved by the SMLs is to monitor how many vehicles went
oneachroad. Thisinformation isthen relied to vehicles
arriving at this intersection and lack connectivity with other
vehicles on the roads as demonstrated in figure 5.

The other role for the SMLs is to pre ct the expected vehicle
density. This information helps the vehicle make an informed
decision based on the expected vehicle density that will arrive
at this intersection in the future. If it is expected to be a high
density, then the vehicle taking the decision would be free to
make any choice that satisfies its trip stance. In CAV, this
information is provided through the SMLs which use machine
learning techniques (the technique is beyond the scope of this
paper) to witness and extract traffic patterns, and then rely this
information, to the vehicles taking a decision.

IV. SIMULATION RESULTS
We used simulation to validate the performance of CAV.
In this section, we present the results and scuss them. The
results reveal that CAV can provide an improvement up to
140% of network coverage compared to regular VANET.

TABLE I: Simulation Parameters.

Simulation Parameter | Value
Simulation Runs & Duration 50, 10000
Transmission Range 200 m
Vehicle Introduction Rate [0.1,1.2] vels
Vehicle Speed 10 - 40 mv/s
City Roads Total Length 240 km
Capacities [0,100] %

% of Street Length in High Density Area | 20%

% of Vehicles in High Density Area 60%
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Fig. 6: Network coverage performance of CAV compared to regular
VANET and IVD

A. Simulation Setup

Totest CAV, we developed a Java based simulator of a simple
Manhattan model, in which roads are perpin cular to each
other. The simulation, whose parameters are presented in
TABLE I, tests for fferent vehicle introduction rates, which is
the number of vehicles being introduced per second into the
system. The scenarios used in the simulation are: VANET,
IVD and CAV. VANET represents a regular vehicular
network without any manipulation of vehicles, while VD and
CAYV are what we propose in this paper.

B. Results

The results of the simulation are as follows:

1) Network Coverage in CAV: Figure 4 presents the average
network coverage performance of CAV compared to VANET,
and IVD. At a vehicle introduction rate of 1 vehicle/sec, CAV
provides between 80 to 140 % improvement in network
coverage when compared to VANETS and between 10 to 30%
when compared to IVD. The dependence of the average
coverage on the capacity in CAV is presented in figure 5. As
shown, increasing the allowed travel stance for the vehicle
allows more flexibility inimproving the network connectivity.
2) Average Vehicle Travel stance: The average travel stance
in cates how much extra travel stance will vehicles have to
sacrifice in order to provide the improvement in network
coverage. We compare the performance of CAV versus
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VANET and IVD in figure 6. It is worth mentioning that the
vehicle’s travel stance in VANET is identical to that of IVD
because in IVD, the route of the vehicle to the destination is not
changed, which is not the case in CAV. In figure 6, although
the capacity allows for an increase of up to 20%, the increase is
between 3 and 8.5% for the vehicle introduction rates of 0.2
and 1.5. This screpancy between the improvements is due to
the fact that at lower vehicle densities,

the vehicle does not need to change its route in order to provide
added network coverage because it is already doing so in its
shortest path route due to the lack of other vehiclesinit.
Moreover, we compare the performance of CAV in the case of
fferent capacities, which is shown in figure 7. In ad tion, as in
figure 6, the travel stance increases with the increase of the
vehicle density. However, after a certain point in vehicle
density, the routes become full with other vehicles, and hence,
when the vehicle computes its utilities, the incentive to change
its shortest path route begins to become smaller, which results
inthe vehicle not deviating much from its original route.
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Fig. 7: Network coverage for fferent capacities in CAV
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Fig. 8: Average vehicle travel stance in CAV compared to VANET
and IVD
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Fig. 9: Average vehicle travel stance for fferent capacities in CAV

V. CONCLUSION

We presented CAV, a stributed game theoretic approach to
improve the network connectivity through optimizing the
routes of autonomous vehicles. As shown in the simulation
results, the network coverage improves up to 140% from the
regular vehicular networks, while the cost of this improvement
is in the range of 10%. Besides the benefit of network coverage
improvement, we believe that this re stribution of vehiclesina
geographical area helps avoid traffic congestion, which helps
improve the travel duration despite the increase in travel
stance. CAV provides a cheap, and realistic approach to
provide a reliable vehicular network that can be used as a
backbone and infrastructure for other types of networks. We
believe that CAV is an important step forward in the
realization of the potential of vehicular networks.
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