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Abstract—Internet of Vehicles requires reliable Inter-Vehicular
communications. Such a requirement is challenging since the
wireless communication channel is very erroneous and lossy in city
environments. A lot of solutions for connecting vehicles to the
internet have been proposed. However, existing multi-hop gateway
discovery solutions do not consider, a key issue, the unreliability of
broadcast in city environments. In this paper, our objective is to
find out the minimum communication hops, with very high
reliability (e.g., 97%), to gateways. To accomplish this, we model
the gateway placement problem (called GP) as a k-center
optimization problem. We solve it in 0(n? * log(n)) time using a
(2-1) dimension reduction technique. We make use of M-HRB [2]
to discover reliable multi-hop paths to gateways. Simulation
results demonstrate that applying M-HRB with GP provides high
packet reception rate and generates smaller end-to-end delay
compared to existing solutions. Furthermore, our proposal makes
efficient use of wireless channel bandwidth.

Index Terms— Gateway placement, reliability, internet of
vehicles, vehicular networks, k-center optimization problem.

1. INTRODUCTION

The main contribution of Intelligent Transportation Systems
(ITS) is to significantly increase road safety. However, ITS is
attracting the interest of network operators and service providers
for the provision of infotainment services [1]. In modern cities,
people spend a considerable amount of their time commuting by
car from one place to another. To improve the driving experience
and making trips more productive, a plethora of infotainment
applications including content download, media streaming,
VolIP, social networking, gaming, cloud access, etc., have been
made available to vehicular users anytime and anywhere. This
calls for vehicular communication networks to support Internet
services in vehicles [2]. Indeed, In-vehicle Internet access [31]
allows a vehicle to connect to the Internet through an Internet
gateway. Traditionally, an internet gateway is a road side unit
(RSU), installed in fixed position along a roadside. A main
benefit of such an infrastructure is to relieve poor network
connectivity (e.g., RSUs can increase the overall coverage of a
vehicular network and enhance network performance (i.e.,
delay) between disconnected vehicles) [8]. Unfortunately,
Internet access through RSUs requires pervasive roadside units
(RSUs) to ensure each vehicle is in RSU’s transmission range
[8] (i.e., the typical range of an RSU is 250m). Such a
requirement incurs high infrastructure deployment cost. Several
contributions [11][12][13][26][32] are proposed to optimally
place RSUs. Indeed, deploying a new RSU needs intensive
investigation [8]; for instance, the land where to place a new
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RSU may be private requiring owner permission. It may be
difficult, if not impossible, to get such a permission. Therefore,
deploying new RSUs often requires a large amount of
investment and elaborate design, especially at the city scale.
Consequently, internet access systems that rely only on roadside
infrastructure are impracticable to be implemented. Recently,
the concept of LTE-connected vehicles [3] (i.e. a vehicle
equipped with 802.11p and UTRAN interfaces) has received a
lot of attention. Once in the range of a LTE base station, the
vehicle gets internet access. Actually, LTE provides a robust
mechanism for mobility management of vehicles [28] (i.e.,
supports a data rate of 10 Mbps with a speed up to 140 km per
hour). LTE also fits the bandwidth demands and the quality of
service requirements of infotainment applications [28].
However, mobile data is experiencing explosive growth [25];
this makes LTE cellular infrastructure bandwidth not able to
keep up with connecting high number of connected vehicles
[33]. Also, it has been reported that cellular infrastructure
connectivity cannot evolve once it is installed [3]. Furthermore,
many vehicles incur frequent handoffs, because of high
mobility, requiring higher bandwidth [10]. Hence, allowing only
some connected vehicles to operate as gateways (mobile
gateways) to other vehicles may be effective [9]. Several
contributions [16] [17] [18] [20] have focused on proposing
various Internet access systems using connected vehicles as
gateways. Getting internet access through either RSUs ([11][12]
[13]) or connected vehicles ([16] [17] [18] [20]) relies on multi-
hop communication links. Typically, a vehicle connects to a
gateway in its vicinity. In case no internet gateway in the range,
a vehicle relies on multihop communications to connect to a
gateway beyond its transmission range. A gateway discovery
protocol is required to discover routes (i.e., an established route
is a fixed succession of nodes between the source and the
destination) to gateways not in the range. Random loss in
wireless ad hoc networks is caused by lossy wireless
communication channels and node mobility. Typically,
transmission in wireless medium is always vulnerable to packet
collisions and interferences due to various wave propagation
issues such as signal attenuation, noise and jitter. These effects
are quite predominant in vehicular networks in the presence of
high rise buildings making vehicular networks quite unreliable.
Achieving very high reliability in the presence of all kinds of
wireless network vulnerabilities is a major challenge in vehicular
networks. Gateway discovery protocols use IEEE 802.11p
broadcast communication mode. However, IEEE 802.11p
broadcast does not support acknowledgement. Therefore, losses
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of messages due to packet collisions, poor channel conditions,
etc., cannot be easily detected. Gateway discovery protocols
should be able to establish reliable paths in the presence of all
such conditions. In this paper, we introduce a reliable multi-hop
internet access system (called RICS) for urban vehicular
environments. Basically, we make use of both LTE-connected
vehicles and the already deployed RSUs infrastructure as
gateways. RSUs have a considerable impact on network
reliability, as they are fixed reliable nodes [27]. Because of
random mobility of vehicles, there is the possibility of network
fragmentation. Static RSUs may act as bridges between
fragmented groups of vehicles [8]. LTE-connected vehicles
enhance gateways availability because adding such vehicles
(e.g. buses and taxis) doesn’t require additional infrastructure
(e.g. land). In [9], it has been reported that using connected
vehicles as gateways increases the probability, for moving
vehicles, to set up paths with fewer hops. To ensure reliable
multi-hop In-vehicle Internet access, our objective is to find out
the minimum possible communication hops, from a requesting
vehicle to a fixed/mobile gateway, with high reliable message
dissemination (e.g., 97%). To accomplish this, we model the
gateways placement problem (called GP) as a 2-dimentional k-
center [37] optimization problem. This problem is known to be
NP-hard. We make a dimension reduction of the optimization
problem and propose an exact time resolution algorithm to solve
it. On top of the minimum communication hops, we implement
a gateway discovery protocol M-HRB [2] which exploits the
reception quality of 802.11p wireless links to establish high
reliable communication paths. The remainder of this paper is
organized as follows. Section II presents related work. Section
IIT presents our assumptions and the basic idea of the proposed
scheme. Section IV presents the gateway placement
optimization problem. Section V presents the gateway discovery
protocol. Section VI described the proposed solution. Finally,
Section VII concludes the paper.

II. RELATED WORK

Several gateway discovery schemes (i.e., [19][20][21][22])
have been proposed in the literature. These schemes can be
classified into three categories: (1) Proactive approaches
[19][22], where gateways advertise themselves in the whole
network. In [19], the gateway with the maximum route
connection’s duration is selected (The route connection’s
duration represents the time elapsed before a connection breaks
along the route, which is estimated using traffic density and
distance to gateway). In [22], gateways employ the concept of
connected dominating set (CDS) to retransmit the advertisement
message. Every vehicle is either in CDS or adjacent to at least
one node in CDS. The CDS nodes are selected using route
lifetime parameter. The route lifetime is the minimum of the
lifetimes of its constituent links; link lifetime is the time
difference between link initiation and link breakage/termination;
(2) Reactive approaches [20][21][30], where vehicles (called
requesters), that want internet access, need to flood the network
for gateway discovery. In [20], the discovery protocol uses
location and speed of vehicles to predict when the route to the
gateway will break and preemptively creates new routes to
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replace old ones before they break. In [21], the discovery
protocol selects few forwarding nodes to reduce overhead of the
protocol in [20]. Speed of neighboring vehicles is a main
parameter to predict lifetime of links between two vehicles. The
gateway with the maximum predicted route lifetime to the
source is selected. In [30], the route that can stay longer (i.e. has
biggest lifetime), between the vehicle and the gateway, is
selected. The discovery process makes use of predictable vehicle
mobility, which is limited by traffic pattern and road layout. We
conclude that reactive schemes suffer from poor scalability in
discovering gateways as all vehicles send requests; and (3)
Hybrid approaches [23][29], where gateways advertise
themselves to their neighbors (1 or n hops away); then,
requesters send packets to find a gateway in these advertisement
areas. The selection of advertisement zones depends on the
dimension of the network. A small advertisement zone could
result in high reactive overhead, and a large advertisement zone
could result in high proactive overhead. In [29], the authors use
the characteristics of vehicle movements (e.g. speed and
direction of movement) to predict the future behavior of
vehicles, and to select a route with the longest lifetime to connect
to the wired network. In [23], the position of the destination and
the position of neighboring nodes are used to forward data
without establishing routes in the advertisement area. Any node
that ensures progress toward the destination can be used for
forwarding. The forwarding decision is based on the position of
destination vehicle and position of one hop neighbors. However,
the link to the selected node may be unreliable in harsh network
conditions leading to packet loss. From above discussions, we
can conclude that the route discovery schemes do not guarantee
reliable communication, in city settings. Existing schemes (e.g.,
[20][21][30][29]) make use of link stability metric, which is
based only on mobility metrics (e.g. relative motion between
neighboring vehicles, speed, etc.), to determine paths to
gateways. In city settings, such a selected route can be broken
frequently owing to the high mobility of vehicles. In [9], it has
been proved that the number of breakages of a path increases
with the number of hops in the path. Thus, the node centric view
of the routes in [20][21][22][29][30] leads to frequent broken
routes in the presence of VANETS’ random loss (high mobility
and lossy wireless communication channel). Consequently,
many packets can be dropped, and the overhead due to route
repairs or failure notifications significantly increases, leading to
low delivery ratios and high transmission delays of
advertisement messages. Thus, vehicles that are far away from
the mobile gateway transmission range will have limited or very
poor internet connectivity.

I1II. PROPOSED SCHEME

A. Assumptions

In this paper, we consider a scenario where vehicles are
moving on urban streets. We choose a city map where the length
of a road segment is random. We assume that (1) vehicles are
equipped with a Global Positioning System (GPS) and digital
road maps; (2) RSUs (equipped with 802.11p interface and
wired access to the backbone internet) are distributed randomly
with a predefined density; (3) all vehicles are equipped with



IEEE 802.11p [28] wireless technology and computation
capabilities; (4) LTE-connected vehicles (equipped with both
IEEE 802.11p and LTE interfaces) are distributed randomly with
a predefined density; (5) connected vehicles are in the range of
an LTE base station; (6) obstacles (e.g., buildings) exist; thus,
this may impact communication among vehicles; and (7)
vehicles density information is transmitted according to the
scheme in [38] to a central server, for each time period T;, (e.g.,
T, =1 minute).

B. Basic Internet Access Strategy

Figure.l shows the gateways architecture providing vehicle-
to-Internet communication. A set of static gateways (RSUs) and
mobile gateways (Connected vehicles) are distributed randomly.
Vehicles intend to get internet connectivity. A vehicle v connects
to a gateway, if it exists, in its direct vicinity. Alternatively, v
uses multi-hop communication to access a gateway beyond its
transmission range. Given the density information, the basic idea
of the proposed scheme is to select a predefined number of
gateways k and their locations to cover all vehicles. Each
gateway sets the minimum radius, in terms of communication
hops, of its advertisement area forming an Extended Range (Ex-
Range). The gateway provides reliable internet access to all
vehicles in its Ex-Range using multi-hop communication. The
proposed scheme consists of two main phases: (1) Gateway
Placement Phase (GP), where the gateways define their
minimum communication hops with the objective to cover all
vehicles (See Section 1V); and (2) Gateway Discovery Phase
(GD), where each selected gateway applies a gateway discovery
protocol in the network region defined by the number of hops
determined in the first phase. The gateway discovery protocol
exploits the quality of 802.11p wireless link of neighbors to
ensure a very high reliability requirement of internet
connectivity (e.g., 1,=97%) in urban settings (Section V).
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Figure 1. Internet access architecture
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IV. GATEWAY PLACEMENT

A. Network Model

Basically, as defined in [2], each street is divided into a
number of zones. The length of each zone is same as the
transmission range of a vehicle (i.e., Tr = 250 meters). Each
zone is divided into partitions with predefined length (e.g.
length of a Car = ~ 6 meters) to have either 1 vehicle or no
vehicle in each cell. Thus, a cell represents a possible vehicle
location. We define transit-time T (e.g., Ts = 0.2 seconds) as
the cell transit time. In a cell, during Ty, moving vehicles are
assumed to be stationary. We assume no fragmentation in the
network. For each T, we model the network connectivity graph
as an undirected weighted connected graph G = (V, E), where
V denotes the set of nodes (vehicles and RSUs) and ES V X
V the 802.11p communication links between neighboring
nodes. The number of nodes is |V| = Ng + Nv, where Ng is
the number of gateways and Nv is the number of vehicles. We
consider a 2-dimensional metric space (V X V, Hop) to model
the distance (i.e. number of hops) between two vertices in G;
the weight of an edge e € E is equal to 1. Let (u, v) € VV denote
two nodes in G and Hop(u,v) the minimum number of hops
between u and v.

Hop(u, v) = Hop(u,y) + Hop(y, v) )]
where y is a vertex in G. Hop(u, y) is the shortest path between
u and y. Hop(y,v) is the shortest path between y and v.
Hop(u, v) is the shortest path between u and v.

B. Problem formulation

The gateway placement problem (GP) consists of selecting
a predefined number of gateways k with the lowest number of
communication hops to cover all vehicles. Thus, the maximum
distance (in terms of hops) of any vehicle to its gateway is
minimized. Let g;, 1 <i < Ng, denote a binary variable that
indicates whether gateway i is selected and v; ,1 < j < Nv,
denote a binary variable that indicates whether vehicle j is
covered (by a selected gateway) and t;; denote a binary
variable that indicates whether vehicle v; is covered by
gatewayg;. The integer linear programming (ILP) [40] of the
GP problem can be expressed as follows:

Min; cicng (Maxlsjst(Hop(gi:Vj) * tij)) @
S.c.t _

Sitei <k 3)

gi =t ViVj 4)

ity =1 Vj %)

gi,vj tj €{0,1} ViVj (6)

The objective function (2) determines the minimum number of
hops that enables every vertex (vehicle) to be connected to one
of the k Internet gateways. Constraint (3) ensures that the
number of gateways is not greater than k. Constraint (4)
guarantees that a gateway is placed before being used.
Constraint (5) guarantees that each non-gateway vehicle can



reach at least one of the gateways. Constraint (6) is the integrity
constraint of the decision variables. In contrast to cellular
networks, in vehicular networks, the availability of a gateway
changes frequently due to high mobility. Hence, a vehicular
gateway enables short connection duration when compared to
the connection duration to a cellular base station [19][15][4]. In
our model, the GP problem is resolved each update time T,,. The
update time T, represents the average road segment transit time
(e.g., T, = 62s ~ 1 minute, average length of road segment is
500 m and average vehicles speed is 30 kilometer/hour). The
central server (Figure 1) provides real-time density information
each 1 minute [39]. Therefore, T, = T,.

Proposition: GP is NP-hard.

Proof. To prove this, we use a reduction from the
Euclidian k-center [14] problem (a variant of the Facility
Location Problem (FLP) [14]). Given a two dimensional metric
space with a set .S of n points in the plan and a positive integer
k, the k-center problem is to find &£ congruent disks of minimum
radius rthat cover S. The Euclidian distance between two points
in S'is denoted by d. In the k-center problem, the radius r of a
disk represents the maximum distance d from a point, in S, to
its closest disk center. The Euclidian distance d between any
two points in S satisfies the triangle inequality [28]. The k-
center aims to minimize r. In the GP problem, the & Internet
gateways are referred to as the centers of the network
connectivity graph G. As for the distance d, the linear equality
(in terms of hops) property defined in Equation (1) refers to the
triangle inequality property. The length of the path which is
longest among all shortest paths represents the radius r of a disk.
Note that, in GP, a path is a route from a vehicle to its closest
gateway. Thus, the GP problem is an example of the 2-
dimentional k-center problem which is known to be NP-hard
[37]. Consequently, GP is NP-hard. Despite its NP-hardness,
the GP problem could be solved using a simplified model [7].
In fact, it is quite natural to assume that Internet gateways
moving one beside the other on parallel street lanes cover the
same set of vehicles. Similarly, vehicles moving one beside the
other on parallel street lanes are in the range of the same Internet
gateway. We call this assumption a 2-1 space dimension
reduction [36] of a city street. This assumption can be
geometrically proved.

e Proposition: The city street is 2-1 dimension reducible.
Proof: Let us consider a 2-dimensional representation
of a city street (see Figure 2), independently from the road
structure (Z.e., straight or curved), the number of intersections,
the number of lanes and the length of the street. The horizontal
direction from left to right is X-axis (X-axis represents a
possible street lane); the vertical direction from down to top is
Y-axis. The Y-axis values correspond to street lanes (ranging
from 1 to m+1, where m is the number of street lanes, the street
side where RSUs are placed is considered as a virtual street lane
with no vehicles. Thus, the maximum value in Y-axis is m+1).
An X-axis value is proportional to the cell length [2]. X-axis
values are proportional to cell length (6 meters). Given two
gateways locations 0, and o0, at the same X-axis value, let disk
D, (04,7) and disk D, (0,,7) represent the wireless coverage of
gateways 0, and o, respectively. ris the disk radius. In figure
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2, we suppose r=1. Let A; and A, represent the street border
lanes. The equation of any straight line, called a linear equation,
can be written as: “y = ax + b”’, where a is the slope of the line
and b is the y-intercept. Thus, A; corresponds to y=m , where m
is the number of street lanes, and A, corresponds to y=0. Let ¢;
and c,, be the X-axis coordinates of the rightmost intersection
points of the street border lane A, , with D; and D,, respectively.
The value of |c; —cp,| is negligible when compared to a
vehicle location (6 meters [2]).

lcm — 1]l €6 (7N
Therefore, gateways that have the same X-axis values cover the
same set of vehicles. Similarly, vehicles that have the same X-
axis value are covered by the same gateway. We denote by p; ,

a<i< [#I) , n is the total number of nodes on the street

and m is the number of street lanes, the orthogonal projection
of the nodes (vehicles and RSUs) onto the X-axis. Thus, p;
represents a virtual representation of all street nodes on the
same straight line; this line models the street.
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Figure. 2 Candidate gateways locations

C. One-dimensional GP

In this section, we make use of a 2-1 dimension reduction
[34] of GP. We convert the GP problem from a (V X V, Hop)
dimensional space to a (V, Hop) dimensional space. Given the
one-dimensional representation of the city street, we define the
one-dimensional GP problem on a line as follows: Given a set
S of n points (i.e., vehicles) lying on a line and an integer k =
1, find k intervals with centers (i.e., gateways) on that line such
that the union of the intervals covers S and the maximum radius
of the interval (half of its length) is minimized. The basic idea
of the 2-1 dimensional reduction algorithm is to represent the
nodes (i.e., vehicles and RSUs) along the street by points p;
obtained by orthogonal projection of the street nodes onto the
X-axis. The orthogonal projection of the nodes (vehicles and
RSUs) on the X-axis results in three categories of points: (1) a
gateway point; (2) a vehicle point; and (3) a combined gateway-
vehicle point.



Algorithm L. 2-1 Dimension Reduction
Input: Graph G=(V,E), Line |, n nodes.
Output: Representative points:py, p,, ..., p; (i.e., i = 0(n))
Step 1: grouping of nodes of G according to their X-axis coordinate
1. For any node vandu in G do

2. If [proj(v)==proj(u) then //(see Equation 8)

3. Make a group o; //insert u and v into the same group
4. End if

5. End for

Step 2: Orthogonal projection of the nodes of each group onto
the X-axis line.
6. For each group do

7. For each node « in the group do

8. p; =Proj(u) // (see equation 8)
9. End for

10.End for

Step 3: Mark the points according to their category
11.For each formed group do

12. If all nodes are gateways then

13 Mark p; as a vehicle

14. Else if all nodes are vehicles then

15 Mark p; as a combined point(gateway and vehicle)
16. Else if the nodes are gateways and vehicles then

17 Mark p; as a combined point (either gateway or vehicles
18. End if

19. End for

20. Return the set of p; points

The 2-1 dimensional reduction algorithm is detailed in
Algorithm I. The major steps of Algorithm I are as follows.
First, nodes are grouped according to their X-axis coordinate;
nodes that have the same X-axis coordinate belong to the same

group g;, where 1 < i < [ﬁ] , 1 is the total number of nodes
on the street and m is the number of street lanes. These steps are
accomplished in lines 1-5 (See Algorithm 1). Then, each group
of nodes is assigned a representative point p; , where 1 <i <
[#] The point p; is obtained using an orthogonal projection,
on the X-axis, of any node of the group. If e = (1,0) the unit
vector in the direction of the X-axis and v; = (a,b) a node that

belongs to group o; , then the orthogonal projection p; of v;
(a,b) onto the X-axis is as follows:

pi = proj(vi) = (a,0) (®)

Then, we make use of three markups to obtain three
categories of points. If all nodes in the group are vehicles, then
the representative point is marked as a vehicle. If the nodes in
the group are all gateways, then the point is marked as a
gateway. If the group consists of gateways and vehicles, then
the point is marked as a combined point. These steps are
accomplished in lines 6-19 (See Algorithm I). Finally, we return
the set of points in line 20.

D. Exact solution

In this section, we present the decision algorithm to solve the
1-dimensional GP problem. The resolution process is described
in Algorithm II. The basic idea of the algorithm is to increase
the radius r until covering all points (vehicles) using k intervals.
Indeed, if we increase radius r, then the required number of
gateways k will decrease. We start by an optimal radius which
is equal to 1 hop (the transmission range).
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Algorithm II. Gateway Placement
Input: Set of p; points (Output of Algorithm I)
Required number of gateways k.
Output: Radius r (minimum communication hops).
A set of selected gateways locations.
1.Initiate radius r=1
2.For each gateway p; do

3. aj(r) = p; — (r,0) (See Equation 8)

4. b;(r) = p; + (r,0) (See Equation 8)

5. I;(r) = [a;(r), bi(1)]

6.End for

7. I'={;(n}

8. Sort intervals in [ according to the X-axis coordinate

of the left endpoint a;.
9. k(r)=0
10. While [(k(r) < k) and (not all vehicles are covered)] do

11.  While (I # 0)

12. Select the leftmost endpoint a;(r) in the sorted 7

13. Mark its center p; as a selected gateway point

14. k(r)++

15. Binary Search of any interval I;(r) in [ that covers
the selected gateway point p;

16. =1 {I,(0)}

17. End while

18. End while

19. If [(k(r) < k)] and (all vehicles are covered) then

20. Return radius r and the selected gateways

21. Else

22. r++

23. Go to step 2

24. End if

Then, we increase the radius r each time by 1 hop. The
algorithm ends if it meets the required number of gateways &
and returns radius 7. The major steps of Algorithm II are as
follows: (1) we initiate the radius of gateways to 1 in line 1.
Then, we generate the coverage intervals I;(r) (the interval
center is a gateway representing point p;; the length of the
interval equals 2 xr) of all points marked as gateways or
combined points, in lines 2-7; (2) we sort the intervals according
to their left endpoints a;(r); this is accomplished in line 8; (3)
we select the gateways as follows: In line 12, we select the
leftmost endpoint in the sorted intervals set. We mark its center
as a selected gateway, in line 13. We increase the number of
selected gateways k, in line 14; (4) in lines 15-16, we perform
a binary search in the set of intervals / to find all intervals that
cover the selected gateway center. If any, we remove that
interval from intervals set /. These steps are briefly listed in line
15; and (5) in lines 19-24, we check whether the number of
selected gateways k(r) is smaller than the predefined number of
gateways k and all vehicle points are covered. If the response is
no, we increase the radius r and repeat steps of lines 2-18;
otherwise, we identify the gateways placement set and the
minimum radius in line 20.

e Proposition: Algorithm II selects k() gateways and
minimizes the length r of the path which is longest among all
shortest paths in 0(n? * log(n)), where nis the total number of
nodes along the street. Note that, a path is a route from a vehicle
to its closest gateway.



e Proof: The number of gateways kis bounded by 7. For
each radius r, we sort the intervals, in line 8, which
takes O (nlog(n)). Then, in line 10, we iteratively select at most
k = n gateways. Therefore, the complexity of this step is O (n).
For each selected gateway, we do binary search in line 15. The
complexity of the binary search is 0 (n log(n)). The complexity
of lines 10-18 is O(n? = log(n)). Therefore, the total running
time of the decision algorithm is O(n? * log(n)).

e Proposition: Algorithm II returns optimal radius
(called r*). Note that optimal radius means the minimum radius
such that there exist k gateways of that radius with union
covering n input points.

e Proof: To prove this, we suppose the proposition were
false, i.e., let us assume that there exists an optimal radius 75, ,
such that 7, < r* and that there exist k gateways of that radius
with union covering » input points. Let S be the set of input
points. Let dp,,x be the maximum distance in terms of hops

. . X2
from a vehicle to its closest gateway; d,,q.,c = max [%l,

where x; is the X-axis value of a vehicle point and x; is the X-
axis value of a gateway point, 1 <i <n, 1 <j < n.Itisclear
that 7,p¢ = dipgy. Algorithm II increases the radius r each
iteration by 1 hop. If the following conditions: 1) number of
selected gateways k(r) is upper bounded by k; and 2) all points
in S are covered; are true, the algorithm returns r*. Therefore,
in case the number of selected gateways when r = d,;,4, is not
greater than k, and all points in S are covered, then r* = d, .
However, we have already supposed that 7, < r*. As aresult,
Topt < dmax Which is not possible. This contradiction shows
that r,,; = 7*. Now, in what follows we suppose 7op; > dypax
and 7 > d,q,- As 1 increases, the endpoint a;(r) of an interval
I;(r)decreases (the endpoint point b;(r) increases) and the
number of gateway points in the interval I;(r) increases. Thus,
k(r) decreases only when the relative order of the endpoints
a;(r) (or b;(r)) and the gateway points p; changes. When r
increases, the binary search in line 15 of Algorithm II removes
more gateway points from the interval of the selected gateway
point. Consequently, the number of remained intervals in line
16 decreases and the number of selected gateways k(r)
computed in line 14 decreases. Our goal is to find the minimum
radius r* such that k(r*) is the largest integer with k(r*) < k
and covering all points in S. Since k(r) can decrease only when
the radius increases, a straightforward way to find the radius r*
is to keep increasing radius r by 1 hop (line 22). For each
iteration, we do a binary search (linel5) and we remove
intervals containing the selected gateway. In line 19, we
evaluate if k(r) < k and if all points in S are covered. If the
condition is false, we increase r until the first time the condition
is true. Finally, we return r* in line 20. As we supposed, above,
that 7,,,, < 7. This means, 3 r, such thatr <r*and k(r) < k
covering all input points. This is not possible because
Algorithm II returns r* the first time the two conditions are
true). This contradiction concludes the proof and shows, as
before, that r* = 7,,,. Therefore, Algorithm II returns optimal
radius.
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V. GATEWAY DISCOVERY

In this section, we present the gateway discovery protocol.
Each gateway periodically broadcasts advertisement messages
to all vehicles located in its Ex-Range. In [2], we already proved
the effectiveness of M-HRB protocol to ensure very high
reliability for multi-hop emergency message dissemination in
city environments. For this reason we make use of M-HRB to
establish reliable paths between gateways and vehicles. As the
vehicle can move in any direction to travel, this creates a rapid
changing topology at any speed resulting in difficulties to
handle the vehicular node mobility. Thus, M-HRB makes use
of the vehicle location to select the forwarding node. The main
idea of M-HRB is to ensure very high reliability for each hop.
To achieve this, M-HRB estimates the reception quality of
802.11p wireless link in cells to select forwarding nodes
locations [2]. Basically, M-HRB exploits periodic beacons to
estimate the quality of 802.11p wireless link. Using this
information, each hop, minimum possible forwarding locations
are selected to enforce achieving very high reliability.

VI. PERFORMANCE ANALYSIS

In this section, we evaluate the proposed RICS (GP with
M-HRB). We run simulations using Omnet++ 4.3 and Sumo
traffic simulator. Our C++ code uses Omnet++ as a discrete
event simulator and Veins 2.0 for DSRC simulated components
[24]. Our simulation scenario is composed of 4 km fragment of
a real map street [35]. We configured Omnet++ to model the
impact of both distance and obstacles (building and moving
vehicles) on signal propagation. Table 1 shows the simulation
parameters. We use shell script to extract vehicles positions
from Omnet++ and run Algorithm I and Algorithm II to select
the required number of gateways k and fix the radius r. The
number of gateways £ is a function of the vehicles density; it
varies from 5% to 15%. We did consider two simulation
scenarios: (1) Scenario 1: In this scenario, the density assumes
80 vehicles/km (40 vehicles/lane/km); we vary the gateway
penetration rate from 5% to 15% gateways; (2) Scenario 2: In
this scenario, the density assumes 120 vehicles’km (60
vehicles/lane/km); we vary the gateways penetration rate from
5% to 15%. In both scenarios, each gateway generates an
advertisement message at a rate of w messages/second. We
performed 5 simulation runs for a confidence interval of 95%.
The performance parameters, we did consider in the evaluation
of RICS, are: (1) Packet reception ratio (PRR): the average
percentage of vehicles that receive the advertisement message;
(2) Network load: it includes beacon overhead,
advertisement/discovery transmissions and data
retransmissions; and (3) Average propagation delay: the

propagation delay represents the time it takes an
advertisement/discovery =~ message, sent by the source
(gateway), to be received by vehicles in the

advertisement/discovery area (see Table 2). To evaluate the
effectiveness of the proposed RICS, we compare it with the
following gateway discovery approaches: (1) Proactive
approach [22], where the route to the gateway is CDS with the
longest lifetime. To build CDS, the moving direction is the main
mobility parameter to predict link lifetime between two



neighboring vehicles; (2) Reactive approach [20], where the
discovery protocol uses location and speed of vehicles to
predict routes to the gateways; and (3) Hybrid approach [29],
where the gateway discovery protocol uses the characteristics
of vehicle movements (e.g. speed and direction of movement)
to predict the future behavior of vehicles, and to select the route
with the longest lifetime to connect vehicles to the gateways.
For the hybrid approach [29], we implemented two instances:
(i) 2-Hybrid, where the size of the proactive area is 2, and (ii)
4-Hybrid, where the size of the proactive area is 4.

TABLE.1. SIMULATION PARAMETERS

Simulation parameter Value

Fading model Rayleigh [42]
Transmission range (77) 250 meters [41]
Tx power 20 dBm

WM, Beacon length 292,72 bytes.
Vehicle density 80-120 cars/km
Reliability requirement 1y, 0.97
Simulation duration 10 minutes
Vehicle speed Ve 10-50 km/hour
Number of street lanes m 2 lanes

Cell transit time Ty 0.2 seconds [2]
Update time period T, 1 minute
Density collection period T 1 minute [39]
Advertisement period 1 second
Beacon period 0.1 second

TABLE.2. GATEWAY DISCOVERY APPROACHES

Category Advertisement/Discovery | Advertisement/Discovery
area protocol

GP + M-HRB | Ex-Range M-HRBJ2]

Proactive [22] | All the network CDS-based advertisement

Reactive [20] | All the network PBR[20]

4-Hybrid [29] | 4 hops ODAM][6]+ CFB[5]

2-Hybrid [29] | 2 Hops ODAM[6]+ CFBJ[5]

A. Results

Figure 4 shows the variation of radius r with gateways
penetration rate. When the number of selected gateways
increases, radius r decreases considerably. For example, when
gateways penetration rate is 10%, the radius r is 3 hops against
9 hops when gateways penetration rate is 5. This can be
explained by the fact that when gateway penetration rate is 5,
the condition (covering all vehicles) in step 10 of Algorithm II
is not fulfilled for values of r smaller than 9 hops. Thus,
gateways increase their radius r (step 22), until covering all the
vehicles. Figure 5.a and Figure 5.b show the variation of PRR
with gateways penetration rate. For both densities (80
vehicles/kilometer and 120 vehicles/kilometer), when gateways
penetration rate increases, we observe that our approach
outperforms the other approaches. For example, PRR achieved
by RICS is 100 percent when gateways penetration rate is
higher than 10% and vehicles density is 120 vehicles/kilometer,
against 81% scored by 4-Hybrid and 73 % scored by 2-Hybrid.
This is due to the route establishment mode which is based on
the highest route lifetime. In city environments (the wireless
communication channel is very erroneous and lossy), the links
between vehicles are unreliable resulting in high packet loss.
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The outperformance of RICS in terms of PRR is related to the
reliability method in M-HRB; which, for each hop along the
path, selects forwarders having high reception quality [2]. In
contrast, the reactive approach ensures the lowest PRR (PRR is
40% when gateway penetration rate is 15% and vehicles density
is 120 vehicles density). The poor performance of the reactive
approach in terms of PRR is related to its route discovery
method. More specifically, the routes are established based on
the predicted lifetime of links between two vehicles, where
speed of neighboring vehicles is a main link parameter. In city
settings, with high channel loss due to random interference, the
resulting paths are not reliable incurring high packet loss. The
worst performance of the proactive approach (PRR is 63%
when gateways penetration rate is 15% and the density is 120
vehicles/kilometer) is related to its CDS nodes selection mode.
More specifically, it selects forwarding nodes (forwarders)
based on their link lifetime. In adverse network conditions (high
vehicle density and high gateways penetration rate), CDS nodes
may have low reception quality resulting in packet loss. This is
because, the higher the gateway penetration rate, the higher the
channel load (advertisement messages) and the higher the
number of incurred collisions. In such situations, a message
may be not delivered to CDS nodes. Unlike reactive and
proactive approaches, M-HRB dynamically selects the
appropriate forwarders (their number and their positions) based
on their quality of wireless links. Figure 6.a and figure 6.b show
the variation of average delay with gateway penetration rate. As
expected, RICS outperforms the other approaches. This is due
to the fact that the GP problem of RICS selects gateways in a
way to minimize the number of hops from vehicles to gateways.
More specifically, the objective function (see Equation (2)) of
GP minimizes the radius r. As the delay is proportional to the
number of communication hops, RICS achieves low delay.
Especially, when gateways penetration rate increases, the radius
r of the Ex-Range decreases. In such a situation, RICS achieves
very low delay. For example, the delay is 195 msec, when
gateway penetration rate is 15% and vehicles density is 120
vehicles/kilometer. We also observe that the reactive approach
ensures the highest delays for both densities. For example, the
incurred delay is 650 msec when gateways penetration rate is
15% and vehicles density is 120 vehicles/kilometer).



PRR

—o— RICS
—a&— Reactive

0.2 —x— Proactive
—x— 2-Hybrid
—#— 4-Hybrid

0

9 11 13
Gateways penetration rate

Fig.5.a PRR (80 vehicles/kilometer)

600
g
el Y.
= 400
<
[ i
)
5
2 —TRiC 1
200 RICS ‘
—>— Proactive
—=&— Reactive
—x— 2-Hybrid
—=— 4-Hybrid
0

7 9 11

Gateways penetration rate

13
Fig.6.a Average delay (80 vehicles/kilometer)

This increase in delay can be explained as follows: (1) when the
number of vehicles in the network is very high, the number of
gateway requests is high as well; and (2) when the gateways
penetration rate increases, the total number of gateway replays
and the number of transmitted gateway requests increase
considerably. Thus, the network is congested resulting in
dropping messages increasing the delay. The delay, with the
proactive approach, increases with the number of gateways.
This is because, in high density scenarios, links between
established CDS nodes are unreliable resulting in links
breakages. CDS maintenance and messages retransmissions
incur high delay. Similarly, the delay, with the hybrid
approaches, increases because routes break frequently in high
density scenarios. In this case, nodes have to send more route
requests resulting in higher delays Figure 7 shows the variation
of the network load with gateways penetration rate. When
gateways penetration rate increases, the average network load
incurred by our approach is almost uniform for the two network
densities. This is expected; indeed, we increase the coverage
radius of the gateways only if the condition in step 10 (all
vehicles are covered) is not fulfilled. Thus, in almost all the
cases, a vehicle is connected to only one gateway (except some
vehicles in the border of the Ex-Ranges, in case Ex-Ranges
intersect). However, the control overhead drastically increases
with the increase of gateways in proactive gateway discovery,
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and with the increase of source nodes for reactive gateway
discovery. The proactive approach results in very high network
load when the gateway penetration rate increases. This is
because, more gateways results in high average control
overhead due to the creation and maintenance of CDSs over
streets. The reactive approach incurs low overhead for small
networks but it suffers from poor scalability. This is due to loss
of route replay packets which are sent back to source nodes by
the gateway using the chain of nodes in the gateway request
packets. When the number of vehicles in the network is high
and the number of gateway requests is high, the number of
transmitted messages increases considerably. The number of
route failures is high as well, requiring repair or reconstruction.

VII. CONCLUSION

In this paper, we proposed an Internet access scheme to ensure
multi-hop reliable paths between gateways and vehicles in city
environments. Basically, internet gateways are deployed in a
way that minimizes the communication hops subject to
providing internet access to all vehicles. We modeled the
gateway placement as a k-center optimisation problem. We
make use of space dimension reduction to solve the problem in
an exact time. Each gateway makes use of M-HRB protocol to
establish communication paths. The main focus of this protocol
is achieving reliability requirements of DSRC/802.11p-based



broadcast. Numerical results show that, the proposed gateway
placement algorithm together with the reliable gateway
discovery protocol establish reliable communication paths in
city environments.
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