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Roadside units play a vital role in vehicular ad hoc networks. Essential benefits of
roadside units include providing information about traffic jams, accidents, and emergen-
cy messages to drivers in real-time. Because roadside units are expensive, developing a
method to deploy them cost-effectively is pertinent. In this paper, we propose a roadside
unit placement method using a limit number of roadside units to cover the intersections in
an urban vehicular ad hoc network. Our strategy focuses on identifying potential candi-
date locations to place roadside units and minimizing the number of roadside units to de-
ploy. Simulation results show that the proposed method outperforms existing methods in
terms of the number of roadside units being used and the communication coverage.

Keywords: vehicular networks, roadside units, isolated intersection, candidate locations,
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1. INTRODUCTION

With the rapid development of wireless communication technologies, Vehicular ad
hoc networks (VANETS) are getting more attention. A VANET mainly consists of vehi-
cles and roadside facilities. Each vehicle is equipped with wireless communication
equipment for communicating with other vehicles [1] and roadside facilities [2]. Their
applications have been more widely used [3-8] to make people’s lives safer and more
convenient, such as providing drivers real-time traffic information, commercial adver-
tisements, and parking information.

Generally, communication modes in a VANET can be divided into two categories:
vehicle-to-vehicle (V2V) and vehicle-to-infrastructure (V2I). V2V enables communica-
tion between vehicles with a slow transmission rate and short transmission distance at a
low cost. V2I, however, is a communication model in which vehicles communicate with
roadside facilities such as Roadside Units (RSUs) using high transmission speed, long
transmission distance, and topological fixedness. In the current automotive environment,
these two models are combined to offset each model’s deficiencies.

In VANETSs, RSUs are crucial road facilities. The primary function of RSUs is to
communicate with vehicles within their transmission range via wireless communication.
RSUs either provide information to the drivers or gather vehicles information [9]. The
coverage of RSUs is pertinent for enabling drivers to obtain information smoothly while
driving. Although each road junction should be covered by an RSU, it is costly to deploy
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and maintain RSUs. Thus, the purpose of this study is to minimize the number of RSUs
being used in a VANET and guarantee that all intersections are covered.

The contributions of our scheme are three-fold. First, we consider each intersection
as a candidate location due to its high traffic intensity and large number of events. We
then calculate the impact values of candidate locations. The impact value of a candidate
location indicates how important it is among others. Finally, we identify the isolated in-
tersections to reduce the number of RSUs being used. Experimental results show that our
scheme outperforms existing schemes in terms of the number of RSUs being used and
communication coverage.

The rest of this paper is organized as follows: Section 2 discusses current ap-
proaches for RSUs deployment problem; Section 3 details our proposed scheme for de-
ploying RSUs; the simulation and results are discussed in Section 4; our conclusions are
presented in Section 5.

2. RELATED WORK

Generally, the objective of deploying RSUs is to find the most appropriate locations,
in which the goals of minimizing transmission delay, lowering packet loss rate, improv-
ing network connectivity and transmission range are guaranteed. Patil et al. [10] pro-
posed a Voronoi diagram-based algorithm for deploying RSUs. This algorithm takes
transmission time, packet delay, and loss rate as inputs to draw the boundaries of poly-
gons in a Voronoi diagram. Each polygon is considered as a region in which an RSU
needs to be deployed. Average number of cars per hour, flow rate, average number of
vehicles per square mile, and average speed is calculated to determine the polygon
boundaries in a Voronoi diagram. This scheme is based on both V2V and V2I. A car that
enters a polygon may not be able to make direct contact with RSUs. In such a case, mes-
sages must be obtained by making contact with other cars. However, the messages may
be missed if the traffic flow at that time is low.

To improve network connectivity, Lee ef al. [11] proposed a method for arranging
RSUs by using the historical position of vehicles. This information is used to calculate
the number of vehicles at each intersection, which is considered as a candidate position
for RSU. Considering maintenance cost of RSUs, Vageesh ef al. [12] proposed a setting
method that takes energy consumption into account. Liu et al. [3] proposed an RSU
placement scheme based on content downloading. In their study, the authors used the
time for downloading files, the probability of success, and the number of vehicles cov-
ered in a VANET to determine RSU locations. Yan et al. [13] proposed two setting
methods, with and without traffic information, for selecting the intersections to install
RSUs. Considering traffic information, the authors assumed that they knew the traffic
information at the intersections. The authors then adopted a greedy algorithm to select
the locations to install RSUs.

The coverage of RSUs and the location of intersections are also the key factors that
need to be considered for deploying RSUs. Rizk et al. [14] proposed a method for se-
lecting the locations to deploy RSUs. This approach is based on the weight of candidate
locations. The final set of RSUs is obtained by choosing the candidate locations with the
higher order of weight. Because the authors only consider intersections as candidate lo-
cations, certain road segments may not be covered by RSUs when applying this method.
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n [15], the authors proposed the Hybrid Algorithm (HA), which is a combination
of the Greedy algorithm (GA) and the Dynamic Algorithm (DA). The GA scheme selects
candidate locations based on their priority. It purely chooses intersections with higher
priorities to place RSUs until all intersections in a given map are covered. This limitation
of the GA scheme has the high overlap ratio between adjacent RSUs and more RSUs
being deployed. In the DA scheme, each round of the RSU selection strategy, the select-
ed RSUs in previous rounds can be replaced by the lower priority RSU to minimize the
overlap ratio. The DA scheme has a limitation that important intersections could be ig-
nored. Rizk et al. [14] proposed the Overlap based Greedy Method (OGM) as part of the
PRONET project created by the ITS Research Group at the German University. In this
method, the distribution of RSUs is based on the overlap rate ratio and the prioritization
of Sites of Interest. Other RSU deployment schemes are based on evolutionary algo-
rithms (EA). Ota et al. [16] proposed an EA for optimizing energy consumption and
communication connectivity. In this study, the city map is divided into grids. For a given
number of RSUs, the optimal distribution of RSUs on the grid map is determined by the
EA. Similarly, Moura et al. [17] proposed an EA for RSU deployment based on be-
tweenness centrality and community detection method. In this study, intersections are
considered as candidate locations for RSUs. Both algorithms evaluated individuals by a
fitness value and terminated when encountering a given number of generations. In con-
trast, Fogue et al. [18] developed an RSUs deployment method based on a generic algo-
rithm called GARSUD to minimize the warning notification time.

Some other studies do not consider intersections as candidate locations. In [19], the
authors modeled an urban area as a grid map and considered each center point of squares
as a candidate location. The limitation of this assumption is that the center point of an
area is not always a possible location to install RSUs. For instance, this location can be
surrounded by buildings and obstacles in which the radio wave propagation can be dis-
turbed or even RSU cannot be deployed. In [20, 21], the authors proposed a self-organ-
izing network approach that parked cars are leveraged as candidate locations for RSUs.
In this scheme, the parked cars act as temporary RSUs or relays for the existing fixed
RSUs. Because cars may be parked at different time and space, this parking inconsisten-
cy could affect network connectivity and reliability of the system. Another issue that
must be concerned is the battery life of the cars which can result in RSU power off.

3. ROADSIDE UNIT DEPLOYMENT

The RSU placement problem involves finding an optimal placement on an urban
street map to minimize the number of RSUs to deploy while maximizing their coverage.
In this section, we describe our approach to solve this problem. Our method consists of
three steps. First, we identify the candidate locations from a street map. Next, we select
the optimal locations to place the RSUs based on the candidate locations set. Finally, we
identify the isolated intersections in which deploying RSUs is not pertinent.

3.1 Candidate Locations for Deploying RSUs

The first step of our method is to identify the candidate locations in which RSUs
will be established. We choose the intersections as the potential locations to install RSUs
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due to the high traffic intensity and a large number of events at these locations [22, 23].
In addition, we consider the middle of the road as a candidate location when the length
of the road L meets the following condition:

R<L<2R (D

where R is the transmission range of RSU. Installing an RSU at the middle of the road
can improve the reliability of communications. Moreover, this can reduce the number of
RSUs being deployed at the two ends of the roads. As shown in Fig. 1, O, P, and Q de-
note the middle points of the road segments AB, DE, and GL, respectively. These seg-
ments meet Condition 1, thus its middle points are the candidate locations. Considering
the road segment AB, we have two subcases:

1. Having a candidate location at O: O is the only location to deploy an RSU.
2. Not having a candidate location at O: A and B are the two locations to deploy RSUs.

Thus, fewer RSUs are used if we consider the middle of the road as an RSU candi-
date location. Fig. 1 presents an example of the candidate locations for a given map.

O Intersection — Road
“ Candidate location —— Transmission range

Fig. 1. RSU candidate locations.

3.2 Determining RSU Locations
3.2.1 Impact value of candidate locations

After obtaining a set of candidate locations, we will then determine which candidate
locations are the best locations for RSUs. In our scheme, we focus on the traffic intensity
and the number of events at intersections. Let N=ny, na, ..., npand A = ay, as, ..., a, be
the sets of traffic intensity and the number of events of m intersections, respectively. We
use these values to compute the weight of each candidate location. As the values of traf-
fic intensity and the number of events are in different ranges, this can affect the weight
values of candidate locations. Thus, we normalize these values to the range of [0, 1].
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Two factors « and g are used as the coefficients, where 0 < o, f< 1 and o+ f=1. The
values of « and S depend on which parameters are more important, the traffic intensity
or the number of events at intersections. « and £ can be adjusted according to user needs.
For instance, if we consider the traffic intensity is more important than the number of
events then we set the value of o greater than that of £, if we only consider the traffic
intensity, then we set @ =1 and £ = 0. If the candidate location is not an intersection, we
set its weight value to 0. We calculate the weight value of the candidate location #, (W;),
using the following

W= n,— min(N) LB a, —min(.A) @)
max(N)—min(N) max(A)—min(A4)

where #; and g; are the traffic intensity and the number of events at the candidate location
i, respectively. Fig. 2 illustrates the candidate locations with their corresponding weight
values.

O Intersection = Road
+ Candidate location —— Transmission range
Fig. 2. Candidate location with weight value.

To minimize the number of required RSUs, we compute the impact value of each
candidate location based on the weight values. The impact value of a candidate location
indicates how crucial it is to its adjacent candidates. The impact value /; of the candidate
location i is calculated as follows:

L =W+ W, 3)

keV;

where V; is a set of candidate locations which are in the transmission range of the RSU
placed at candidate location i; k indicates the candidate location £ in the coverage of can-
didate #; W is the weight value of candidate location k. The candidate location £ is sup-
posed to be in the transmission range of candidate location i iff the distance between the
candidate locations i and £ is less than or equal to R. Supposed that all RSUs have the
same coverage range of R. Fig. 3 shows the impact value of each candidate location pre-
sented in Fig. 2 by applying Eq. (3). For instance, the candidate locations E, C, and D are
in the coverage ratio of candidate location B, thus the impact value of B, /(B) = W(B) +
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W(E) + W(C) + W(D) = 1.03. Table 1 lists the important notations used in this paper.

Algorithm 1 describes the pseudocode for calculating the impact values of candidate
locations. A set of candidate locations C is taken as input and the impact value of each
candidate in the set is computed through a loop.

1. (Lines 1-2) At each iteration, we compute the impact value of each candidate location
¢;. Initially, the impact value of candidate location i is assigned as 0.

2. (Lines 3-5) For each candidate location ¢ in V;, we add its weight to p;.

3. (Line 6) The algorithm will be terminated when all the impact values of candidate
locations in C are calculated.

O Intersection = Road

* Candidate location —— Transmission range

Fig. 3. Candidate location with impact value.

Table 1. Summary of notations.

Notation Descriptions

C Set of candidate locations.

P Impact values of candidate locations, where each element p; is the impact value
of candidate location i, i € C.

R Transmission range of RSU.

w Weight values of candidate locations, where each element w; is the weight value
of candidate location i, i € C.

I Set of isolated intersections.

Vi Set of candidate locations in the coverage of the RSU installed at candidate lo-

cation i, i € C.
LocRSU Set of candidate locations where RSUs will be installed.

3.2.2 Determining RSU locations

The impact value of a candidate location indicates how valuable it is for installing
an RSU. In this paper, the impact value is considered to be the gold standard for select-
ing the locations to install RSUs. Therefore, each round of determining RSU location
strategy we select the candidate location which has the largest impact value. If there are
multiple candidate locations with the same impact values, we consider the candidate lo-
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cation which has the largest degree. The degree of a candidate location is the number of
candidate locations which are adjacent to it. If a candidate location is selected to place an
RSU, other candidate locations within its transmission range will then be removed to
reduce the number of RSUs being used. This operation may cause the impact values of
the adjacent candidate locations of the removed candidates being changed. In this case,
we recalculate their impact values. We repeat these steps until all the intersections are
covered.

As shown in Fig. 3, we can find that, among the candidate locations denoted as A, B,
C, D, and E, location B has largest impact value. Therefore, we first select B to place an
RSU. As shown in Fig. 4 (a), locations C, D, and E are in the coverage radius of B, so
that we remove them from the candidate locations set. Because the remaining location A
is not affected by the others, its impact value is unchanged. Location A is also the last
candidate location, thus we select A as a location for RSU. Fig. 4 (b) shows the locations
where RSUs will be deployed. The strategy for selecting candidate locations is presented
in Algorithm 2. This algorithm takes a set of candidate locations with impact values de-
scribed in Algorithm 1 as input. The output is a list of intersections where RSUs will be
deployed.

Algorithm 1: Candidate Location Impact Values
Input: C= {ci1, 2, C3, ..., Cm}

Output: P= {p1, p2, p3, ..., Pm}
1: for each c; € C do

2: pPi < 0
3 for each ¢, € V; do
4. pi < pit+ wi
5 end for
6: end for
e N

*®

I(A)=0.32 ‘\ i

O Intersection = Road O Intersection = Road
Y Candidate location —— Transmission range Y Candidate location —— Transmission range
x Roadside Unit i Roadside Unit

(a) Process of determining RSU locations. (b) RSU location graph.

Fig. 4. Determining RSU locations.

1. (Lines 1 and 2) First, variable Temp is used to store the candidate location set C to
ensure that C has not changed. Initially, the LocRSU set is empty.

2. (Lines 3-5) For each iteration, we find the best candidate location ¢; having the largest
impact value. Noted that if there are some candidate locations having the same impact
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values, the candidate location with the largest degree is selected. The selected candi-
date locations in this step are considered as the best locations to install RSUs.

3. (Lines 6-9) When a candidate location is selected to place an RSU, we identify the
candidate locations within its transmission range and remove these candidates from
the candidate location set Temp. Next, we update the impact values of the remaining
candidate locations.

4. (Lines 10 and 11) Finally, we obtain an RSU location set.

Algorithm 2: RSU-Locations
Input: C, P
Output: LocRSU
1: Temp < C
2: LocRSU « &
3: repeat
: i=findBest(Temp)
LocRSU = LocRSU U ¢;
for each c,eV: do
Temp < Temp\ci
end for
9:  update the impact values of the items of Temp
10: until Temp = I
11: return LocRSU

A A

3.3 Isolated Intersections

In Section 3.2, we present the strategy for selecting candidate locations to deploy
RSUs. We also identify some candidate locations to reduce the number of RSUs being
used. This kind of candidate locations is called isolated intersections. The isolated inter-
sections are the intersections that their adjacent intersections are already covered by
some RSUs. Because the intersections that are nearby the isolated intersections are cov-
ered, we consider removing the RSUs deployed at isolated intersections to reduce the
deployment cost.

As shown in Fig. 5, the intersection B is an isolated intersection. This is because the
intersection C within its transmission range is covered by other RSUs, and the intersec-

O Intersection — Road
O Covered mtersecion —— Transnussion range
A Roadside Unit

Fig. 5. Isolated intersection.
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tions A and D, which are adjacent to B, are also covered by other RSUs. The pseudocode
for marking intersections as isolated intersections is presented in Algorithm 3.

1. (Lines 1 and 2) First, the algorithm takes an RSU location set, which is the output of
the algorithm 2, as input and initiates a loop.

2. (Lines 3-5) For the intersection which is not covered by other RSUs, we find its adja-
cent intersections. A LocRSUjis considered as an adjacent intersection of LocRSU; if
there is a road which directly connects LocRSUy and LocRSU..

3. (Lines 6-11) To mark LocRSU; as an isolated intersection, we must ensure that all its
adjacent intersections are covered. Thus, if there exists an intersection in the adjacent
intersection set of LocRSU;,, which is not covered, we ignore the LocRSU; and proceed
to the next iteration.

4. (Lines 12-14) If LocRSU; is an isolated intersection, we add it into the isolated inter-
section set /.

5. (Lines 15 and 16) When all the intersections in LocRSU set are checked, the algorithm
will be terminated and we will get a list of isolated intersections.

Algorithm 3: Isolated Intersections

Input: LocRSU = {LocRSU,, LocRSU,, LocRSUs, ..., LocRSU,}
Output: /

1.1«

2: for each LocRSU; € LocRSU do

3 if LocRSU; is not covered by other RSUs then
4: flag < true

5: Ad j < getAd jacentList(LocRSU;)

6 for each LocRSU; € Ad j do

7 if LocRSUjis not covered by other RSUs then
8: flag < false

9: break

10: end if

11: end for

12: if flag = true then

13: I < IULocRSU;

14: end if

15: endif

16: end for

It is unnecessary to deploy an RSU at a single isolated intersection. However, in
case there are multiple isolated intersections which are adjacent to each other, without
setting up RSUs at these intersections may cause long delay and message loss. For ex-
ample, as depicted in Fig. 6 (a), the intersections A and E are connected to each other. If
we do not place RSUs at A and E, it does not guarantee that the vehicles within the road
segment AE are covered by RSUs. Similarly, as shown in Fig. 6 (b), the isolated inter-
sections A, D, G, and E are connected to each other. If we do not install RSUs at these
locations, the vehicles within these road segments may take a long time to encounter an
RSU.
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To address this issue, after obtaining the isolated intersection set, we will then con-
struct an isolated intersection graph to determine which isolated intersections must be
included in the final RSUs set. For instance, Figs. 7 (a) and (b) present the graphs of iso-
lated intersections acquired from Figs. 6 (a) and (b), respectively. We then find the
minimum set of isolated intersections that RSUs should be installed. We consider each
isolated intersection as a vertex and the path connecting two vertices as an edge. Thus,
the problem of finding the set of isolated intersections to deploy RSUs becomes the Ver-
tex Cover Problem. As shown in Fig. 7 (a), either A or E can be in the final RSUs set,
however, A has the impact value greater than that of B. Thus, A must be retained in the
final RSUs set; E should be removed. Similarly, as shown in Fig. 7 (b), the isolated in-
tersection D should be kept in the final RSUs; A, E, and G should be excluded. This is
because the RSU installing at D can cover the intersections A, E, and G. Figs. 8 (a) and
(b) illustrate the final graph obtained after removing the isolated intersections presented
in Figs. 7 (a) and (b), respectively.
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Fig. 6. Connected isolated intersections.
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Fig. 7. Isolated intersection graph.

4. SIMULATION RESULTS AND ANALYSIS

In this section, we conduct experiments on Network Simulator 2.35 (NS2) to evalu-
ate the efficiency of the proposed scheme. We also compare our scheme with the HA [15]
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and the OGM [14] schemes in terms of the number of RSUs to be deployed, the cover-
age of intersections, the coverage of vehicles, and the transmission delay. These terms
are briefly described as follows, (1) Number of RSUs refers as the number of RSUs
needed to be deployed to cover all intersections of a given map; (2) Transmission delay
is the transmission delay among vehicles and RSUs; (3) Coverage of intersections is the
percentage of intersections which are covered by RSUs; (4) Coverage of vehicles indi-
cates the percentage of vehicles which are covered by RSUs.

1 : T 3
\ |
A i !
\ /
N\ 7
~ s
E ~_1_-

A Roadside Unit — Road
Covered intersection  — — Transmission range A rosice unit — Read
Q Covered intersection  —— Transmission range
O Intersection (O mrersection
(a) The final graph after isolated intersections re- (b) Connected isolated intersections obtained
moving strategy obtained from Fig. 6 (a). from Fig. 6 (b).

Fig. 8. Final graph after isolated intersections removing strategy.
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Fig. 9. Simulation map. Fig. 10. Transmission range vs. number of RSUs.

4.1 Simulation Environment

We use the Java language and Network Simulator 2.35 (NS2) for the simulations.
First, the number of RSUs and their corresponding locations are calculated using a pro-
gram written in Java. Next, we take the results as inputs to NS2 for the simulations. The
map we use is Taichung City, Taiwan, as shown in Fig. 9. The map size is 4(km) x 4(km)
and the number of road segments and intersections are 67 and 53, respectively. We as-
sume that the average vehicle speed is 60 km/h and vehicles travel randomly within the
map. The remaining parameter set in NS2 are summarized in Table 2.
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Table 2. Parameter settings of simulation environment.

Parameter Value
RSUs transmission range 500m, 600m, 700m, 800m, 900m
Number of vehicles 50, 100, 150, 200
a, f (0.2,0.8), (0.5,0.5),(0.8,0.2)
Simulation time 600s

4.2 Simulation Results

First, we evaluate the impact of RSU transmission range on the number of RSUs to
be deployed. As depicted in Fig. 10, the results show that our scheme outperforms other
schemes in terms of the number of RSUs being used. In addition, when RSU transmis-
sion range is smaller, our scheme is considerably better than the other schemes. The rea-
son is that when RSU transmission range is smaller, more intersections and road seg-
ments are considered as candidate locations. If the number of candidate locations is larg-
er, our scheme detects and removes more isolated intersections, whereas the other two
schemes do not.

Fig. 11 shows the comparisons of our scheme with the HA and OGM schemes in
terms of the coverage of intersections and the number of RSUs being used under 500m,
700m, and 900m RSU transmission ranges. From Fig. 11 we can see that the percentage
of intersections covered by using our scheme is considerably higher than that of the HA
and OGM schemes. For small number of RSUs, shown in Figs. 11 (a) and (b), our
scheme demonstrates the performance up to 20% higher than that of the HA and OGM
schemes.
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(a) Transmission range of 500m. (b) Transmission range of 700m. (c) Transmission range of 900m.
Fig. 11. Transmission range vs. coverage of intersections.
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Fig. 12. Impact of factors @ and £ on the number of RSUs being used under different transmission
ranges.
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Fig. 12 shows the relationship between RSU transmission range and the number of
RSUs being used under different values of « and f. The results show that our scheme
works well under variations of & and f. In addition, in the simulation environment, the
distribution of vehicle density is uneven and the intersections with high traffic intensity
are mostly in the areas having many intersections. When the traffic flow factor a is high,
the intersections with high traffic volume will have higher weight values. Thus, the
probability of picking these intersections, which can cover more intersections, is higher
and the number of RSUs needed to be deployed is lower.

Fig. 13 presents the percentage of vehicles covered under various transmission
ranges. It can be seen our scheme provides better coverage ratio than that of the HA
and OGM schemes. The reason is that we take into account the relation of nearby inter-
sections to select locations to deploy RSUs, while the other two schemes do not. Particu-
larly, as shown in Figs. 13 (a) and (b), our scheme outperforms the above-mentioned
schemes by up to 20% when the RSU transmission range is small. Since more candidate
intersections exist, more isolated intersections are removed. However, when RSU trans-
mission range is larger, the gaps between our scheme and the other two schemes are re-
duced, as shown in Fig. 13 (c). This is because when the RSU transmission range is rela-
tively large, one RSU can cover more intersections. This leads to decreasing the number
of candidate intersections and the probability of generating isolated intersections is also
lower.
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Fig. 14 shows the transmission delay comparisons of our scheme with the HA and
OGM schemes under various transmission ranges and different numbers of vehicles.
From this figure, we can see that our scheme is not better than the other schemes. This is
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because, in our scheme, some isolated intersections will be removed if a short delay is
allowed to reduce the deployment cost. However, the transmission delay in our scheme is
similar to that of the HA and OGM schemes when the RSU transmission range is large.

5. CONCLUSIONS

This paper proposed an approach for deploying RSUs in an urban VANET envi-
ronment. In our scheme, intersections and specific road segments are considered as can-
didate locations for deploying RSUs. Traffic intensity and events are used to compute the
weight value and the impact value of each candidate location. These values indicate how
important an intersection is, which are used for selecting the locations to deploy RSUs.
We also proposed an isolated intersection removing approach to avoid redundant RSUs
deployed at some isolated intersections to reduce the deployment cost. To validate our
scheme, we conduct a series of simulations with different scenarios. The simulation re-
sults show that our scheme considerably outperforms the HA and OGM schemes in
terms of the number of RSUs being used and the communication range.
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