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Abstract To enhance vehicular ad hoc networks (VANETs) with the ability to detect road conditions, 

hybrid VANET-sensor networks (HVSNs) additionally deploy a large number of wireless sensors on 

road sides, so as to provide a safer driving environment. Most of the previous works on network 

deployment problems considered too simplified problem settings, and few of them focused on deploying 

HVSNs. To meet more practical requirements, this paper investigates the problem of deploying roadside 

units (RSUs) to serve sensors on three different-dimensional road settings (i.e., a one-dimensional road, a 

road represented as grid points, and a dense network environment) in HVSNs with two objectives (i.e., to 

minimize the total distance and the total number of hops from sensors to their respective closest RSUs) 

and two QoS constraints (i.e., for maximal number of hops and capacity). Achieving the two objectives 

can effectively decrease the probability of transmission interference and lead to shorter transmission time 

to inform drivers of unexpected events. Since the optimal deployment problems for a grid road and a 

dense HVSN cannot be solved analytically, this paper creates mathematical programming models for the 

problems, and further proposes an improved harmony search algorithm. By simulation in different-size 

instances and statistical analysis, the proposed approaches show promising performance in solving the 

problems. 

 

Keywords  Vehicular network · wireless sensor network · deployment · QoS · metaheuristic · 

harmony search algorithm 

1. Introduction 

To increase safety of road use and convenience of transmitting emergent traffic messages, vehicular 
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ad-hoc network (VANET) integrates wireless networks and roadside units (RSUs) to communicate with 

users in vehicles via vehicle-to-RSU and vehicle-to-vehicle transmissions. A good deployment of RSUs 

in VANETs can promote driving safety remarkably, e.g., by deploying RSUs on the locations with heavy 

traffic flow or high accident frequency. Hence, deploying RSUs in VANETs has been studied 

increasingly. For instance, the work in [1] considered deployment of multiple RSUs to cover a number of 

access points (APs, serving as relay nodes between users in vehicles and RSUs) with given locations on a 

one-dimensional road, a two-dimensional dense network, and a grid network, so that the total number of 

hops from APs to their closest RSUs is minimized. Later, the work in [2] extended the work to the case of 

multiple-lane roads with a cost-effective strategy. Different methods for optimize placement of RSUs 

were also proposed, e.g., genetic algorithm [3], [4], randomized algorithm [5], and dynamic method [6]. 

However, VANET may not always guarantee to detect road hazards (e.g., a car accident outside the 

transmission range) and special road conditions (e.g., frozen or waterlogged roads) in time owing to high 

traffic flow, unpredictability, and deployment of too few RSUs. Additionally, when density of vehicles 

on a road is too low, communications in VANETs could not be maintained. To alleviate these issues, 

some improvements on VANET technologies have been made, e.g., quantification of VANET access 

probability [7], connectivity [8], [9], and link quality estimation in VANETs [10]. 

On the other hand, the works in [11], [12] proposed hybrid VANET-sensor networks (HVSNs), 

consisting of RSUs, sensors, and moving vehicles, in which the former two types of devices are deployed 

on road sides to provide communication for moving vehicles. Each sensor is equipped with a ZigBee 

interface for communication with other sensors and vehicles. Each RSU or moving vehicle is equipped 

with a WiFi interface for communication with other vehicles and RSUs; and a ZigBee interface for 

communication with sensors. HVSNs has the merits of both VANET and sensor networks that can 

strengthen each other. Aside from RSUs, sensors are installed on road sides for their advantages of low 

power consumption and promising detection ability [13]. 

Later, the work in [14] investigated the optimal deployment of RSUs and sensors along the two sides 

of a road represented as grid points in HVSNs, which aims to minimize the total cost of installing RSUs 

and sensors so that RSUs and sensors are connected and can cover all grid points of the road. Then, they 

established a mathematical programming model for the problem, and showed the problem to be 

NP-complete by reduction from an NP-complete 2D critical grid coverage problem [15]. Recently, our 

previous work in [16] has extended [14] to a two-lane load case in which RSUs and sensors allow to be 
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deployed on the two sides and the middle island of the road, and further proposed a center particle swarm 

optimization approach. 

This paper extends our previous work in [16] to multi-dimensional roads and takes QoS into 

consideration to make this work meet more practical requirements. The main motivations behind this 

work are explained as follows. 

 Our previous work in [16] did not consider various network structures. Inspired from the work in [1] 

that considered deployment of vehicular networks on a one-dimensional network, a dense network, 

and a grid network, this paper extends our previous work in [16] with more network structures. 

 To the best of our understanding, no previous works on HVSNs had QoS considerations. However, 

QoS has been studied widely in different networks, e.g., link stability for QoS [17], [18], QoS for 

VANET [19], and gateway placement with QoS [20]. In practice, QoS is very crucial in HVSNs 

because considering QoS can avoid missing messages and delays during transmission, which 

further promote traffic safety. Hence, this paper considers two QoS constraints, and the objective of 

the concerned problem is also related to QoS. 

 Previous main related works (e.g., [1] and [2]) considered to minimize the total number of hops or 

installation cost. The problem concerned in this paper considers two objectives: the total distance 

and the total number of hops from sensors to their respective closest RSUs, in which achieving the 

former objective can reduce possibility of missing messages and transmission interference, and 

reduce the transmission time so that users can receive emergent messages efficiently and respond to 

them in time; and achieving the latter objective can reduce the delay time of transmission, 

In real world, the information on specific locations of a road that have frequent traffic events or road 

conditions is known, e.g., some road locations often lead to traffic accidents or are waterlogged after a 

heavy rain. Hence, sensors must be installed near those specific road locations, and hence, their locations 

are fixed and known to us. Based on this, assuming that locations of sensors are given, this paper 

considers the optimal deployment of RSUs on different-dimensional road settings in HVSNs. The 

comparison of this work with previous main related works are listed in Table 1, among which the main 

differences are explained as follows. Different from the previous works, this paper proposes to minimize 

not only number of hops but also the total distance from sensors to RSUs on two-dimensional roads or 

area, and also considers two QoS constraints (i.e., for the maximal number of hops and capacity). Since 

the two-dimensional deployment problems are NP-complete, this paper further proposes and implements 
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the metaheuristic approaches based on harmony search algorithm (HSA) for those problems. 

 

Table 1. Comparison of this work with previous related works. 

Reference 
Network 

type 
Objective Road 

Middle 
island

Decision variables
Locations of 
sensors/APs 

QoS Method 

[1] 
VANET 

 
Minimize 

number of hops 

1D road No 
Location of a 

gateway 
Fixed No Analytic 

1D road No 
Locations of 

multiple gateways
Fixed No Analytic 

2D dense 
network

No 
Locations of 

multiple gateways
Fixed No Heuristic

2D grid 
network

No 
Locations of 

multiple gateways
Fixed No Analytic 

[14] HVSN 
Minimize costs 

of RSUs and 
sensors 

2D one-lane 
grid road

No 
Locations of 

multiple RSUs 
and sensors 

Not fixed No ILP 

[16] HVSN 
Minimize costs 

of RSUs and 
sensors 

2D 
two-lane 
grid road

Yes 
Locations of 

multiple RSUs 
and sensors 

Not fixed No 
ILP, 

heuristic 

This work HVSN 

Minimize the 
total distance 
and the total 

number of hops 

1D road No 
Location of an 

RSU 
Fixed No Analytic 

1D road No 
Locations of 

multiple RSUs
Fixed No LP 

2D grid 
road 

Yes 
Locations of 

multiple RSUs
Fixed Yes 

ILP, 
heuristic 

2D dense 
network

No 
Locations of 

multiple RSUs
Fixed Yes 

MIP, 
heuristic 

 

2. The HVSN Deployment Problems for a One-Dimensional Road and Our Solutions 

This section considers two simplified versions of the HVSN deployment problem for a 

one-dimensional road based on the work in [1], and provides solutions for the two problems. In the work 

in [1], one or multiple gateways are deployed to serve multiple APs on a one-dimensional road in 

vehicular networks so that the total number of hops is minimized. The main difference of the models in 

this section from the work in [1] is that our model focuses on HVSNs (i.e., to deploy RSUs to serve 

sensors), and changes to minimize the total distance from sensors to their respective closest RSUs, which 

also achieves minimization of the total number of hops. 

 

2.1. Deploying a single RSU on a one-dimensional road 

Consider a one-dimensional road shown in Fig. 1(a), in which positions of m sensors are given, and 

they are labeled by S1, S2, …, Sm from the left to the right along the road. The problem in this subsection 

to find a position X along the road and deploy an RSU at this position, so that the total sum of the 

transmission distance from each sensor to the RSU is minimized, i.e., the problem objective is as follows:  

1 2Minimize  | | | | ... | |mX S X S X S− + − + + −                         (1) 
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The solution of the above problem can be obtained easily as follows. When m is odd, X is the median 

of S1, S2, …, Sm, i.e., X = S(m+1)/2. When m is even, X can be located at any location between Sm/2 and Sm/2+1. 

(a) (b) 

Fig. 1. Illustration of deploying (a) a single RSU and (b) n RSUs to serve m sensors.

 

2.2. Deploying multiple RSUs on a one-dimensional road 

Since not only one RSU is deployed on a road, this subsection considers to deploy multiple RSUs on 

the road, as shown in Fig. 1(b), in which n RSUs are deployed to serve m servers. Assume that n  > m; 

otherwise, it is trivial to locate m RSUs at m sensor positions. Let X1, X2, …, Xn denote positions of the n 

RSUs along the road, which are decision variables of the problem. Then, this problem can be described 

as the following linear programming model, and hence can be solved in polynomial time. 

Minimize  
1 j

m

j
L

=  (2)

s.t.  

   
2

   
1 1 2  | | | | ... | |,j j j n jj j njL a X S a X S a X S= − + − + + − { }1,2,...,mj∀ ∈ ; (3)

1 2  1j j nja a a+ +…+ = , { }1,2,...,mj∀ ∈  (4)

where Li is the distance from sensor i to its closest RSU; and aij is a binary variable: if the RSU closest to 

sensor i is RSU j, then aij = 1; otherwise, aij = 0. 

In above model, Objective (2) is to minimize the total transmission distance, which is computed by 

the total of all Li’s. Each variable Li is determined by Constraints (3) and (4). Given some j, Constraint (4) 

enforces only one an aij to be one for some i, so that Lj = |Xi – Sj| in Constraint (3). And, since Objective (2) 

minimizes all positive Lj’s, and n > m, it implies to find some Xi’s so that Lj = |Xi – Sj| is minimized. 

 

3. The Two-dimensional HVSN Deployment Problem for a Road Represented as Grid Points 

This section first creates a mathematical programming model for the two-dimensional HVSN 

deployment problem for a road represented as grid points, and then provides an HSA approach. 

 

3.1. Problem model 

S1   …    X1 … Si … Xj         …        Xn … Sm S1         S2     …       X     …   Sm–2      Sm–1 Sm
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Consider a larger-size multi-lane road with a middle island. Hence, RSUs can be installed on the two 

sides and the middle island of the road. To precisely analyze whether the whole road surface is covered, 

the two-dimensional road surface is represented as (H + 1) × (W + 1) grid points as illustrated in Fig. 2, in 

which positions of sensors are fixed and can only be at grid points of the two sides, i.e., the 0-th and H-th 

rows; and positions of RSUs need to be determined and can only be at grid points of the two sides and the 

middle island of the road, i.e., grid points at the 0-th, H/2-th, and H-th rows. 

 
Fig. 2. Illustration of the HVSN deployment problem for a two-dimensional road represented as grid points.  

 

Aside from the sensing function, each sensor also has the transmission function, and hence, has a 

transmission coverage range, which is illustrated as the plotted circle associated with each sensor in Fig. 

2. Generally, the transmission range of an RSU is greater than that of a sensor. The HVSN deployment 

concerned in this section is to find positions of RSUs to cover all grid points of the road except for those 

covered by sensors, so that both the total distance and the total number of hops from sensors to their 

respective closest RSUs are minimized, while the following two QoS constraints must be satisfied: 

 Constraint of maximum number of hops: This paper restricts the number of hops of each 

transmission from a sensor to an RSU to be at most two, i.e., there are only two cases: a sensor to an 

RSU directly (i.e., a sensor is covered by an RSU) or indirectly via another sensor relaying (i.e., a 

sensor is covered by another sensor that is covered by an RSU). 

 Capacity constraint: In this paper, the total number of sensors covered by each RSU is restricted by 

an upper bound. 

Since coverage of a sensor is smaller than that of an RSU, a sensor located at the middle island of the 

road has lower effectiveness than an RSU with larger coverage located at the middle island. Hence, this 

paper restricts sensors to be located at the two road sides. This problem can be modelled by an integer 

W 

H 

RSU sensor 
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nonlinear program. The decision variables in this model are as follows: 

 (Xj, Yj): Location of RSU j, which must be at the two sides and the middle island of the road (i.e., Xj 

∈ {0, H/2, H}). 

The variables used in this model are as follows: 

 
1, if sensor  is covered by RSU ;

0, otherwise.                               ij

i j
a


= 


 

 
1, if sensors  and  cover each other;

0, otherwise.                                     ij

i k
b


= 


 

 
1, if grid point ( , ) is covered by sensor ;

0, otherwise.uvi

u v i
c


= 


 

 
1, if grid point ( , ) is covered by RSU ;

0, otherwise.uvj

u v j
d


= 


 

The parameters and indices used in this model as follows: 

 j: Index of an RSU. 

 i, k: Indices of sensors. 

 (u, v) : Location of the grid point at the u-th row and the v-th column of the road. 

 n: Number of RSUs. 

 m: Number of sensors. 

 CR: Coverage of an RSU. 

 CS: Coverage of a sensor. 

 Dij: The distance from sensor i to RSU j. 

 L:i The distance from sensor i to its closest RSU. 

 Hi: Number of hops from sensor i to its closest RSU. 
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 Euvi: The distance from grid point (u, v) to sensor i. 

 Fuvj: The distance from grid point (u, v) to RSU j. 

 Q: Capacity of an RSU, i.e., the maximum number of sensors that an RSU can serve (i.e., the 

QoS constraint for relay). 

 (Pi, Qi): Location of sensor i. 

The mathematical programming model is detailed as follows:  

1 1(1 )
( ) 2

Minimize   

m m

i ii i

R S

L

m C C m

H
λ λ= =⋅ + − ⋅

⋅ +
    (5) 

s.t.  

2 2( ) ( )ij j i j iX PD Y Q= + −− , {1, 2,..., }, {1,2,..., }i m j n∀ ∈ ∀ ∈ ; (6) 

Xj ∈ {0, H/2, H}, Yj ∈ {0, 1, …, W}, ∀j ∈ {1, 2, …, n}; (7) 

2 2

1 1, 1

( )( ( ) ),
n m n

ij ikj i k
j k k i

i ij i k k
j

jL PD b DPa Q Q
= = ≠ =

= −⋅ + ⋅ + − +    {1, 2,..., }i m∀ ∈ ; (8) 

1 1 1
1

n m n

ij ikjj k j
a b

= = =
+ =   , {1, 2,..., }i m∀ ∈ ;  (9) 

{0,1}ija ∈ , {1, 2,..., }, {1,2,..., }i m j n∀ ∈ ∀ ∈ ;  (10) 

{0,1}ikjb ∈ , , {1, 2,..., }, , {1, 2,..., }i k m k i j n∀ ∈ ≠ ∀ ∈ ; (11) 

ij ij RD Ca ⋅ ≤ , {1, 2,..., }, {1,2,..., }i m j n∀ ∈ ∀ ∈ ;  (12) 

ikj k RjDb C≤⋅ , {1, 2,..., }, {1, 2,..., }k m j n∀ ∈ ∀ ∈ ;  (13) 

2 2( () )ikj i k i k SQP P Q Cb + − ≤⋅ − , , {1, 2,..., }, , {1, 2,..., }i k m k i j n∀ ∈ ≠ ∀ ∈ ; (14) 

1 1 1
2

n m n

i ij ikjj k j
H a b

= = =
= +   , {1, 2,..., }i m∀ ∈ ; (15) 
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1

m

iji
a Q

=
≤ , {1, 2,..., }j n∀ ∈ ;  (16) 

2 2( ) ( )uvi i iE QP vu= + −− , { } { }0,1,..., 0,1,...,, , {1,2,..., }H W i mu v ∀ ∈∀ ∈ ∀ ∈ ; (17) 

2 2( ) ( )uvj j jF YX vu= + −− , { } { }0,1,..., 0,1,...,, , {1,2,..., }H W j nu v ∀ ∈∀ ∈ ∀ ∈ ; (18) 

uvvi i Suc E C≤⋅ , { } { }0,1,..., 0,1,...,, , {1,2,..., }H W i mk t ∀ ∈∀ ∈ ∀ ∈ ;
 

(19) 

uvvj j Rud F C≤⋅ , { } { }0,1,..., 0,1,...,, , {1,2,..., }H W j nu v ∀ ∈∀ ∈ ∀ ∈ ; (20) 

{0,1}uvic ∈ , {0,1}uvjd ∈ , { } { }0,1,..., 0,1,..., , {1,2,..., , },H W i j nu v∀ ∈ ∀ ∈∈ ∀ ; (21) 

1 1
1

m n

uvi uvji j
c d

= =
+ ≥  , { } { },0,1,..., 0,1,...,H Wu v∀ ∈ ∀ ∈ . (22) 

Objective (5) is to minimize both the total distance (i.e., 
1

m

ii
L

= ) and the total number of hops (i.e., 

1

m

ii
H

= ) from sensors to their respective closest RSUs. Since the two measures are of different unit, 

they are normalized and a parameter λ from [0, 1] is used to weight the two terms. The denominator of 

the first term is the sum of the distance by which each of the m sensors can transmit to a sensor (i.e., CS) 

and then to an RSU (i.e., CR). Since each transmission takes at most two hops, m sensors take at most 2m 

hops, which is the denominator of the second term. Constraint (6) computes the distance Dij between 

sensor i and RSU j. Constraint (7) enforces each RSU to be located at the two sides and the middle island 

of the road. Since Constraint (9) – (11) enforce that only one of parameters aij’s and bikj’s to be one, 

Constraint (8) computes the distance Li, which could be the distance from sensor i to RSU j directly or 

indirectly via sensor k relaying. Constraints (12) enforces that sensor i must fall within the transmission 

range of RSU j; Constraints (13) enforces that sensor k must fall within the transmission range of RSU j; 

Constraint (14) enforces that sensor i must fall within the transmission range of a sensor k, and sensor k 

must fall within the transmission range of RSU j. Constraint (15) computes the total number of hops from 

each sensor i to its closest RSU. Constraint (16) is the capacity constraint, in which each RSU j can serve 

at most Q sensors. Constraint (17) computes the distance Euvi between grid point (u, v) and sensor i. 

Constraint (18) computes the distance Fuvj between grid point (u, v) and RSU j. Constraints (19) and (21) 

enforces that grid point (u, v) must fall within the coverage of sensor i; Constraints (20) and (21) enforces 
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that grid point (u, v) must fall within the coverage of RSU j. Constraint (22) enforces each grid point of 

the road to be covered by a sensor or an RSU. 

 

3.2. The proposed approach 

This problem is NP-complete because it includes the 2D critical grid coverage problem, which is 

NP-complete [15]. Hence, this subsection proposes a harmony search algorithm (HSA) [21] for this 

problem. The HSA is a metaheuristic algorithm that imitates impromptus of multiple musicians, and has 

been showed to perform better than the genetic algorithm (GA) by simulation on some popular 

benchmark data sets. For example, the work in [22] solved the set covering problem with the HSA, which 

performs better than the GA. 

The first step of designing this algorithm is to find a way to represent each candidate solution 

(determined by n parameters) as a harmony, i.e., a vector of n notes in which each note is a parameter of 

the candidate solution. Consider n musician, each of who decides one of the n notes. At each iteration of 

the algorithm, each musician plays a note via some special operations inspired from playing music 

impromptus, and hence, the notes played by all musicians form a new harmony newX . Since each 

musician may play a note from his/her previous experience, a number of historic harmonies are stored in 

a so-called harmony memory (HM) matrix, which is kept throughout the whole algorithm. If the new 

harmony newX  performs better than the worst harmony in the HM matrix, it replaces the worst one. The 

algorithm repeats the above procedure until the algorithm stops. Finally, the solution corresponding to 

the best harmony in the HM matrix is the final solution. 

In what follows, the main components of the proposed HSA for the problem concerned in this 

subsection are given in detail. 

1) Harmony memory matrix 

The first step of designing an HSA is to represent a candidate solution as a harmony. A solution to the 

deployment problem is determined by grid locations of n RSUs on the road. Hence, a harmony is 

expressed as follows: (x1, x2, …, x2n)  = (X1, Y1, X2, Y2, …Xj, Yj, …, Xn, Yn), where (Xj, Yj) is the grid 

location of RSU j for each j ∈ {1, 2, …, n}. 

The HSA works on a harmony memory (HM) matrix, consisting of hms harmonies and their 

respective costs as follows: 
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1 1 1 1 1 1 1
1 1 2 2

1 1 2 2

( )

( )

n n

hms hms hms hms hms hms hms
n n

X Y X Y X Y c X

HM

X Y X Y X Y c X

 
 =  
  


       


 (23) 

where 1 1 2 2( , , , ,..., , )k k k k k k k
n nX X Y X Y X Y=  is the k-th harmony in the matrix, and c(Xk) is its cost for each k 

∈ {1, 2, …, hms}. 

2) Cost evaluation 

The concerned problem is a minimization problem. Hence, performance of a harmony (or candidate 

solution) is evaluated by a cost value based on content of the harmony. The algorithm of evaluating cost 

of a harmony Xk is given in Algorithm 1. 

 

Algorithm 1 EVALUATE COST(HARMONY Xk) 
1: Let all penalty counters counthop, countcover, countcapacity to be zero 
2: for i = 1, 2, …, m do 
3:    Find the RSU j that is the closest to sensor i, according to the locations of RSUs determined by 

harmony Xk 
4:    Compute the distance Li from sensor i to RSU j 
5:    Compute number of hops Hi from sensor i to RSU j 
6:    if Hi > 2 then 
7:       Li = Hi = 0 
8:       counthop = counthop + 1 
9:    end if 

10: end for 
11: for each grid point of the road do 
12:    if the grid point is not covered by any sensor or RSU do         
13:       countcover = countcover + 1 
14:    end if 
15: end for 
16: for each RSU j do 
17:    if number of sensors in the range of RSU j > Q then 
18:       countcapacity = countcapacity + 1 
19:    end if 
20: end for 
21: Output the cost value in (24) 
 

Algorithm 1 is explained as follows. Since harmony Xk could be infeasible, Line 1 initializes all 

penalty counters (used for recording the total number of violating each constraint) to be zero. The 

algorithm consists of three main loops. The first loop (Lines 2 – 10) aims to compute the distance Li and 

number of hops Hi from each sensor i to its closest RSU. Since this paper assumes that number of hops 

cannot exceed two, Lines 6 – 9 check this condition and increase the penalty counter counthop by one. 

Then, the second loop (Lines 11 – 15) checks whether all grid points on the road are covered, and 

increases the penalty counter countcover with number of uncovered grid points. Then, the last loop (Lines 
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16 – 20) checks the QoS capacity constraint, and increases the penalty counter countcapacity if the 

constraint is violated. Finally, Line 21 calculates the cost value c(Xk) of harmony Xk as follows: 

1 1
/ ( ) (1 ) / 2

m m

i R S ii i

hop

L C C

m count

Hλ λ
= =

+ + −
−

   + counthop ⋅ penaltyhop  

+ countcover ⋅ penaltycover + countcapacity ⋅ penaltycapacity                 (24) 

where penaltyhop, penaltycover, and penaltycapacity are penalties for constraint of maximal number of hops, 

uncovered grid points, and the capacity constraint, respectively, and are set as large values. Since some 

sensors violate constraint of maximal number of hops, their Li’s and Hi’s cannot be computed. Hence, 

they are not counted in normalizing the objective function, i.e., the first term of the above equation. 

The time complexity of Algorithm 1 is as follows: 

Lemma 1. Algorithm 1 can be executed in O(H ⋅ W + m + n) time. 

Proof. The time complexity of Algorithm 1 is analyzed as follows. Line 1 is done in O(1). The loop in 

Lines 2 – 10 can be done in O(H + m) as follows. Line 3 for each sensor i ∈ {1, 2, ..., m} (i.e., for each 

iteration) can be done in O(H), because the ordering of positions of all sensors and RSUs is determined 

by counting three H-length rows of the road in O(H) so that the RSU closest to each sensor i can be found 

in O(1). Line 5 for each sensor can be done in O(H). The other lines in this loop can be done in O(m). The 

loop in Lines 11 – 15 can be done in O(H ⋅ W) as it counts all grid points of the road surface. The loop in 

Lines 16 – 20 can be done in O(n) as it counts all RUSs and the information of the number of sensors in 

the range of each RSU has been recorded in the above loop. Hence, all the three loops in Algorithm 1 can 

be done in O(H + m + H ⋅ W + n) = O(H ⋅ W + m + n). 

 

3) Generating a new harmony 

In each iteration of the HSA main loop, each note new
ix  of a new harmony 1 2 2( , ,..., )new new new

nx x x  is 

generated from a combination of the following three possible operations: 

 If a random number from [0, 1] is less than the harmony memory considering rate (HMCR), a new 

note new
ix  is selected from { 1

ix , 2
ix , …, hms

ix }, i.e., the i-th column of the HM matrix. 

 If the above operation for HMCR is executed, the algorithm further checks if a random number from 

[0, 1] is less than the pitch adjusting rate (PAR). If true, there are two cases as follows. If i is odd (i.e., 

new
ix  is a row location of the road), then new

ix  is adjusted slightly by increasing or decreasing H/2 
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but it cannot exceed the lower bound 0 and the upper bound H, i.e., new
ix  = max{xi –  H/2, 0} or 

min{xi +  H/2, H}. Similarly, if i is even (i.e., new
ix  is a column location of the road), then new

ix  = 

max{xi – bw, 0} or min{xi + bw, W}, where bw denotes bandwidth, which is a given parameter of 

the algorithm. 

 If the operation for HMCR is not executed, a new note new
ix  is generated randomly within its 

possible range. If i is odd (i.e., new
ix  is a row location of the road), then new

ix  is a random number 

from {0, H/2, H}; otherwise (i.e., new
ix  is a column location of the road), new

ix  is a random number 

from {0, 1, …, W}. 

4) Updating the harmony memory matrix 

After a new harmony 1 2( , ,..., )new new new new
nX x x x=  is generated, the algorithm finds the worst harmony 

worstX  in the HM matrix and compares which of them performs better in terms of their costs. If newX  

performs better, newX  replaces worstX  in the HM matrix; otherwise, it is discarded.  

5) Algorithm 

The proposed HSA for the HVSN deployment problem concerned in this subsection is given in 

Algorithm 2, which is explained as follows. Lines 1 and 2 generate the HM matrix and evaluate cost of 

each harmony in the matrix. Then, the main loop (Lines 3 – 26) iterates with an iteration number k until it 

exceeds the maximal iteration number η. In the loop, Line 5 considers each of the 2n notes of the new 

harmony 1 2 2( , ,..., )new new new new
nX x x x= . Line 6 checks the condition of HMCR. If true, Line 7 executes the 

operation for HMCR. Line 8 checks the condition of PAR. If true, Lines 9 – 13 execute the operation for 

PAR. If the condition of HMCR does not hold, Lines 16 – 20 execute the operation for randomly 

generating a note. Then, the cost of the generated new harmony is evaluated in Line 23 and the new 

harmony is accepted or rejected in Line 24. Finally, Line 27 outputs the solution corresponding to the 

best harmony in the HM matrix as the final solution. 

The time complexity of Algorithm 2 is as follows: 

Theorem 1. Algorithm 2 can be executed in O(η ⋅ (H ⋅ W + m + n + hms)) time, when hms < η. 

Proof. The time complexity of Algorithm 2 is analyzed as follows. The HM matrix with size 2n ⋅ hms in 

Line 1 can be initialized randomly in O(2n ⋅ hms). By Lemma 1, costs of all hms harmonies can be 

computed in O(hms ⋅ (H ⋅ W + m + n)). 
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The loop in Lines 5 – 22 can be done in O(2n) because each line of each iteration of the loop with 2n 

iterations can be done in O(1). Line 23 is done in O(H ⋅ W + m + n) by Lemma 1. Line 24 can be done in 

O(hms) by considering costs of all hms harmonies in the HM matrix. Hence, the loop with η iterations in 

Lines 3 – 26 can be done in O(η ⋅ (2n + H ⋅ W + m + n + hms)) = O(η ⋅ (H ⋅ W + m + n + hms)). 

In general, number of harmonies hms is smaller than number of iterations, the total time of 

initialization and the main loop can be done in O(η ⋅ (H ⋅ W + m + n + hms)), as required. 

 

Since m sensors and n RSUs are deployed along three H-length rows, thus m + n < 3 H. Hence, 

Algorithm 2 can further be executed in O(η ⋅ (H ⋅ W + hms)) time. 

 

Algorithm 2 HSA FOR DEPLOYING HVSN ON A GRID ROAD 
1: Randomly generate the hms harmonies in the HM matrix 
2: Evaluate costs of the hms harmonies 
3: Initialize the iteration number k = 1 
4: while k ≤ the maximal iteration number η do 
5:    for i = 1, 2, …, 2n do 
6:       if rand(0, 1) < HMCR then 

7:          new
ix  =  randomly selected from { 1

ix , 2
ix , …, hms

ix } 

8:          if rand(0, 1) < PAR then 
9:             if i is odd then 

10:                new
ix  = max{xi – H/2, 0} or min{xi + H/2, H} 

11:             else 

12:                new
ix  = max{xi – bw, 0} or min{xi + bw, W} 

13:             end if 
14:          end if 
15:       else 
16:          if i is odd then 

17:             new
ix  = a random number from {0, H/2, H} 

18:          else 

19:             new
ix  = a random number from {0, 1, …, W} 

20:          end if 
21:       end if 
22:    end for 

23:    Evaluate cost of the new harmony 1 2 2( , ,..., )new new new
nx x x  

24:    Accept or reject the new harmony according to its cost 
25:    Increase the iteration number k 
26: end while 
27: Output the solution corresponding to the harmony with the minimal cost in the HM matrix 

 

4. The Deployment Problem for a Dense HVSN 

This section first describes the problem of deploying a dense HVSN, and then provides an improved 

HSA approach for this problem. 



15
 

 

4.1. Problem description 

Consider an HVSN in which a large number of sensors have been located densely and nonuniformly 

in a rectangular deployment area, because generally sensors are installed densely on the road segments 

with heavy traffic flow, e.g., interchange exits and accessory roads. Hence, it is of interest to deploy 

RSUs to serve sensors in a dense HVSN. Different from the deployment problem in the last section that 

allows RSUs to be deployed only along the two sides and the middle island of the road, the problem of 

deploying a dense HVSN allows RSUs to be deployed at any location in the rectangular deployment area. 

Consider a two-dimensional rectangular geographical area of size H × W, as illustrated in Fig. 3, in 

which sensors are located densely and nonuniformally. The problem concerned in this section is to 

determine locations of n RSUs to serve those sensors in the area, so that the total distance and the total 

number of hops from sensors to their respective closest RSU are minimized, when the QoS constraints 

for the maximal number of hops and capacity are satisfied. Note that each sensor communicates with an 

RSU directly (i.e., a sensor is covered by an RSU in Fig. 3) or indirectly via another sensor relaying (i.e., 

a sensor is covered by another sensor that is cover by an RSU in Fig. 3); while each RSU can be 

connected to the Internet. 

 

Fig. 3. Illustration of a dense HVSN. 

 

The mathematical programming model of the concerned problem is the same as that in the last 

section (see Objective (5) and Constraints (6) – (22)) except for the following decision variable setting: 

H 

W

sensor 

RSU Internet
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 (Xj, Yj): Location of RSU j, which could be any location of the rectangular H × W area, and is the 

decision variable of this problem. 

Hence, Constraint (7) in the model of the last section is replaced as follows: 

Xj ∈ [0, H], Yj ∈ [0, W], ∀j ∈ {1, 2, …, n} (25)

That is, the model in the last section is an integer programming model; while the model in this section is 

a mixed-integer programming model. 

 

4.2. The proposed approach 

This subsection proposes a geometric selective harmony search (GSHS) [23] for the problem. The 

GSHS is an improved version of HSA, by making use of some evolutionary operators from the GA. It 

includes the following two main improvements. The first improvement works on the HMCR operation. 

Different from the legacy HSA that randomly selects a note from the HM matrix to generate a new 

harmony, the GSHS imitates the GA to use the tournament selection to choose harmonies for generating 

a better new harmony and balancing the convergence time and the solution-searching diversity. The 

second improvement works on the PAR operation. The GSHS introduces a mutation equation with 

geometric parameters for adjusting harmonies, different from the HSA that adopts parameter bw. By 

doing so, the local search ability of the new harmony is increased, and premature convergence can be 

avoided.  

Note that the decision variables in this section are continuous, different from those in the last section. 

Although the HSA can also be applied to continuous decision variables, the GSHS performs better than 

the HSA [23]. Additionally, the GSHS includes crossover and mutation schemes from the GA, so as 

increase the solution diversity to avoid local optimal solutions. Hence, this section applies the GSHS to 

solve the concerned problem. The main components of the GSHS are detailed as follows. 

1) Harmony memory matrix 

A solution to the deployment problem for a dense HVSN is determined by (x, y)-coordinates of n 

RSUs within a H × W area, i.e., a harmony is expressed as follows: (x1, x2, …, x2n)  = (X1, Y1, X2, Y2, …Xj, 

Yj, …, Xn, Yn), where (Xj, Yj) is the (x, y)-coordinate of RSU j for each j ∈ {1, 2, …, n}. The HM matrix is 

the same as Equation (23), but the main difference is that all the entries in the matrix here are real 

numbers, not integers. 
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2) Cost evaluation 

The cost of a harmony is expressed as follows: 

1 1
/ ( ) (1 ) / 2

m m

i R S ii i

hop

L C C

m count

Hλ λ
= =

+ + −
−

 
+ counthop ⋅ penaltyho + countcapacity ⋅ penaltycapacit   (26) 

All terms in the above formula can be obtained by Algorithm 1. Note that the difference of Equation 

(26) from Equation (24) is that Equation (26) is lacking of the penalty for uncovered grid points, because 

the dense HVSN is distributed on a wide area and restricted to roads so that it is impossible to cover the 

whole area. 

3) Generating a new harmony 

The three operations used to generate a new harmony are as follows: 

 The HMCR operation: Let ts denote the tournament size, which is a parameter used in the 

tournament selection. In this paper, ts is set to 2. The tournament selection selects the harmony with 

the best cost from two (or ts) harmonies selected randomly from the HM matrix. Hence, after two 

tournament selections, two new harmonies 1new
ix  and 2new

ix  are selected. Then, a new harmony 

new
ix  is generated by 1 2(1 )new new new

i i ix x xα α= ⋅ + − ⋅ , which is a linear combination of 1new
ix  and 

2new
ix , where α is a number from [0, 1]. This paper sets α = 0.5. 

 The PAR operation: Let ms denote the mutation step, which is a parameter in this operation. This 

operation adjusts (0,1)new new new
i i ix x ms rand x= ± ⋅ ⋅ , i.e., it is increased or decreased with a random 

small amount of the mutation step. 

 The random generation operation: Let mini and maxi denote the minimal and maximal notes in the 

i-th column of the HM matrix, respectively, in { 1
ix , 2

ix , … , hms
ix }. Then, a new note new

ix  is 

generated as follows: new
ix  = mini + rand(0, 1) ⋅ (maxi – mini), i.e., a random value between the 

minimal and maximal notes in the i-th column of the HM matrix. 

4) Algorithm 

The proposed GSHS algorithm for the deployment problem concerned in this section is given in 

Algorithm 3, which is almost the same with Algorithm 2 except for the three operations (Lines 7 – 9, 12, 

14, and 18) for generating a new harmony and the cost evaluation. Based on a similar analysis to 

Algorithm 2, Algorithm 3 can also be executed in O(η ⋅ (H ⋅ W + m + n + hms)) time. 
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Algorithm 3 GSHS FOR DEPLOYING DENSE HVSN 
1: Randomly generate the hms harmonies in the HM matrix 
2: Evaluate costs of the hms harmonies 
3: Initialize the iteration number k = 1 
4: while k ≤ the maximal iteration number η do 
5:    for i = 1, 2, …, 2n do 
6:       if rand(0, 1) < HMCR then 

7:          Select a note 1new
ix  from the HM matrix via tournament selection 

8:          Select a note 2new
ix  from the HM matrix via tournament selection 

9:          1 2(1 )new new new
i i ix x xα α= ⋅ + − ⋅  

10:          if rand(0, 1) < PAR do 
11:             if i is odd then 

12:                max{ (0,1) ,0}new new new
i i ix x ms rand x= − ⋅ ⋅  or min{ (0,1) , }new new

i ix ms rand x W+ ⋅ ⋅  

13:             else 

14:                max{ (0,1) ,0}new new new
i i ix x ms rand x= − ⋅ ⋅  or min{ (0,1) , }new new

i ix ms rand x H+ ⋅ ⋅  

15:             end if 
16:          end if 
17:       else 

18:          new
ix  = mini + rand(0, 1) ⋅ (maxi – mini) 

19:       end if 
20:    end for 

21:    Evaluate cost of the new harmony 1 2 2( , ,..., )new new new
nx x x  

22:    Accept or reject the new harmony according to its cost 
23:    Increase the iteration number k 
24: end while 
25: Output the solution corresponding to the harmony with the lowest cost in the HM matrix 

 

5. Implementation and Experimental Results 

This section implements the HSA for the deployment problem for a grid road in Section 3 and the 

GSHS for the deployment problem for a dense HVSN in Section 4, and conducts a comprehensive 

experimental analysis. 

 

5.1. Experimental setting 

The experiments are conducted on a PC with an Intel i7-3770 CPU 3.40 GHz 3.40 GHz and 16 GB 

RAM. The HSA and GSHS are implemented in C++ programming language. The parameter setting used 

in deploying an HSVN on a grid road is given in Table 2; that used in deploying a dense HVSN is given 

in Table 3. Additionally, nonuniform distribution of sensor positions in the experiments applies the 

centralized distribution in spatial distribution [24], [25], which aims to make samples distributed at the 

center of this area to some degree. More specifically, (x, y)-coordinate of each sensor satisfies the 

following probability density function: 
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where β is the centralization coefficient in range [0, 1]. When β is larger, the distribution is more uniform; 

and it is a uniform distribution when β = 1. Conversely, when β = 0, almost no samples are distributed at 

the range borders. Our experiments sets β = 0.5. 

 

Table 2. The parameter setting used in deploying an HSVN on a grid road. 

Parameter Value 

H 10,12,15 
W 300,400,500 
Number of RSUs 10,16,25 
Number of sensors 50,80,125 
Coverage of an RSU (CR) 80 
Coverage of a sensor (CS) 15 
penaltyhop 100 
penaltycover 100 
penaltycapacity 100 

 

Table 3. The parameter setting used in a dense HVSN. 

Parameter Value 

Height H  300,400,500 
Width W 300,400,500 
Number of RSUs 10,25,35 
Number of sensors 50,75,125 
Coverage of an RSU (CR) 80 
Coverage of a sensor (CS) 15 
penaltyhop 100 
penaltycapacity 100 

 

Table 2 lists the parameter setting used in deploying an HSVN on a grid road. Three instances with 

different road sizes are set as follows: small (H = 10, W = 300), middle (H = 12, W = 400), and large (H = 

15, W = 500). Table 3 lists the parameter setting used in a dense HVSN. Three instances with different 

road sizes are set as follows: small (H = 300, W = 300), middle (H = 400, W = 400), and large (H = 500, 

W = 500). In the two different-dimensional road settings, coverage of an RSU is set as 80, coverage of a 

sensor is 15, and all penalties are set as 100. 

 

5.2. Sensitivity analysis of parameters used in the HSA 

The work in [22] proposed that using a larger HMCR value leads to a harmony with more diversity, 

which could lead to a better solution. Hence, we conduct experimental analysis in Fig. 4(a), which uses a 

fixed PAR value and different HMCR values (i.e., 0.5, 0.6, 0.7, 0.8, and 0.9). From Fig. 4(a), the result 
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using HMCR = 0.9 performs the best. Hence, HMCR = 0.9 in later HSA experiments. On PAR, the work 

in [22] proposed that using a smaller PAR value could avoid premature convergence. Hence, we conduct 

experimental analysis in Fig. 4(b), which uses a fixed HMCR value and different PAR = 0.1, 0.2, 0.3, 0.4, 

and 0.5. From Fig. 4(b), the result with PAR = 0.2 performs the best. Hence, PAR = 0.2 in later HSA 

experiments. Using similar sensitivity analysis, the most appropriate parameter setting used in the HSA 

is found and given in Table 4. 

(a) (b) 

Fig. 4. Result of executing HSA on instances with (a) different HMCR values and (b) different PAR values. 

 

Table 4. The parameter setting used in the HSA. 

Parameter Value 

Harmony memory size (hms) 100 
Harmony memory considering rate (HMCR) 0.9 
Pitch adjusting probability (PAR) 0.2 
Bandwidth (bw) 1 
Number of iterations (η) 50000 

 

5.3. Sensitivity analysis of parameters used in the GSHS 

Using similar sensitivity analysis detailed in the above subsection, we conduct experimental analysis 

in Fig. 5(a), which uses a fixed PAR value and different HMCR values (i.e., 0.5, 0.6, 0.7, 0.8, and 0.9) and 

in Fig. 5(b), which uses a fixed HMCR value and different PAR values (i.e., 0.1, 0.2, 0.3, 0.4, and 0.5). 

HMCR = 0.9 and PAR = 0.4  are set in later experiments for GSHS. Note that the GSHS has one more 

parameter ms. The work in [23] proposed that a larger ms value could avoid local optimal solutions, 

increase diversity, and avoid premature convergence. Hence, using similar sensitivity analysis, we let ms 

= 0.07 for later experiments for GSHS (Fig. 5(c)). Finally, the most appropriate parameter setting used in 

the GSHS is found and given in Table 5. 

 

5.4. Experimental analysis for deploying an HVSN grid road 
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For the HVSN deployment problem for a road represented as grid points, Fig. 5(d) gives the results of 

executing HSA on instances with numbers of RSUs (in which H = 10 and W = 300). From Fig. 5(d), the 

costs for the cases with 10, 15, and 20 RSUs look similar; the case with 5 RSUs is feasible, but has a 

larger cost. Since cost of installing more RSUs is expensive, and 15 and 20 RSUs do not improve too 

much from Fig. 5(d), we apply 10 RSUs in the remaining experiments. 

 

(a) 
 

(b) 

(c) 
 

(d) 

Fig. 5. Result of executing GSHS on instances with (a) different HMCR values, (b) different PAR values, (c) different ms values, 

and (d) different numbers of RSUs. 

 

Table 5. The parameter settings used in the GSHS. 

Parameter Value 

Harmony memory size (hms) 100 
Harmony memory considering rate (HMCR) 0.9 
Pitch adjusting probability (PAR) 0.4 
Number of iterations (η) 50000 
Tournament size (ts) 2 
Mutation  step (ms) 0.07 

 

Next, we analyze the change of costs in three instances with different road sizes: small (H = 10, W = 

300), middle (H = 12, W = 400), and large (H = 15, W = 500). The box-and-whisker plots of running 100 

times of HSA on the three instances are given in Fig. 6, and their statistics are given in Table 6. From Fig. 

6, we observe that the larger the problem size is, the larger the cost (i.e., Mean, Min, Max). Additionally, 

all instances have no penalty cost, i.e., all the solutions are feasible. From Table 6, we observe that the 
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larger the problem size is, the larger the CPU time is. 

 

Fig. 6. Box-and-whisker plots of running 100 times of HSA 

on three different-size instances. 

Fig. 7. Plots of costs of the two terms (i.e., distance and 

number of hops) versus number of iterations for an HSA 

result. 

 

Table 6. Statistics for running 100 times of HSA on three instances. 

 Mean Min Max StdDev CPU time (s) 
H = 10, W = 300 0.28557 0.28541 0.28607 1.3486 × 10-4 4.041 
H = 12, W = 400 0.28882 0.28690 0.29355 1.6825 × 10-3 10.252 
H = 15, W = 500 0.29588 0.29135 0.29782 1.1052 × 10-3 24.597 

 

Table 7 gives the result of Wilcoxon signed rank test on the 100 HSA results for three instances. Note 

that the Wilcoxon signed rank test is nonparametric (i.e., the assumption of a normal distribution of the 

same variance is not required), and it aims to test difference of paired samples. From Table 7, the p-value 

of each pair of instances is less than 0.05, meaning that the differences between results of the three 

instances are remarkable statistically. 

 

Table 7. Wilcoxon signed rank test of the HSA results for three instances. 

P-value H = 10, W = 300 H = 12, W = 400 H = 15, W = 500 
H = 10, W = 300 0 2.0261 × 10-34 3.6724 × 10-34 
H = 12, W = 400 – 0 2.0263 × 10-34 
H = 15, W = 500 – – 0 

 

Costs of the total distance and the total number of hops at different iterations for the small-size 

instance are plotted in Fig. 7. From Fig. 7, except for the initial stage, as number of iterations decreases, 

the cost for the total distance decreases; and the cost for the total number of hops increases. That is, the 

two dynamics go inversely. We speculate that the road grid height (i.e., the H parameter) is so small that 

a very small cost for the total distance can be found finally in Fig. 7. Another observation from Fig. 7 is 

that the decreasing range of the cost for the total distance is greater than that for the total number of hops. 
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We speculate that the cost for number of hops is restricted by the QoS constraint so that it could not 

decrease soon.  

 

5.5. Experimental analysis for deploying a dense HVSN 

For the problem of deploying a dense HVSN, Fig. 8 gives the results of executing GSHS on the 

instances with different numbers of RSUs (in which H = W = 300). We apply 10 RSUs in the remaining 

experiments, based on the same reason in the last subsection. Next, the box-and-whisker plots of running 

100 times of GSHS on three instances with roads of small (H = W = 300), middle (H = W = 400), and 

large (H = W = 500) sizes are given in Fig. 9 and their statistics are given in Table 9. We have the same 

conclusion with that in the last subsection.  From Fig. 9, we observe that the larger the problem size is, 

the larger the cost (i.e., Mean, Min, Max) is. Additionally, all instances have no penalty cost, i.e., all the 

solutions are feasible. From Table 8, we observe that the larger the problem size is, the larger the CPU 

time is. Table 9 gives the Wilcoxon signed rank test on 100 GSHS results for three instances, in which 

each p-value value is less than 0.05, meaning that the differences between results of the three instances 

are remarkable statistically. 

 
Fig. 8. Results of executing GSHS on instances with different numbers of RSUs. 

 

Costs of the total distance and the total number of hops at different iterations for the small-size 

instance are plotted in Fig. 10. The plots in Fig. 10 are quite different from those in Fig. 7. From Fig. 10, 

cost for the total distance is much greater than cost for number of hops. The reason could be that size of 

the deployment area (i.e., H × W) is so large (as compared to Fig. 7) that cost for the total distance is large. 

As for cost for number of hops, the reason why it is smaller is that it is restricted to the QoS constraint. 
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Fig. 9. Box-and-whisker plots of running 100 times of GSHS 

on three different-size instances. 

Fig. 10. Plots of costs of the two terms (i.e., distance and 

number of hops) versus number of iterations for a GSHS 

result. 

 
Table 8. Statistics for running 100 times of GSHS on three instances. 

 Mean Min Max StdDev CPU time (s) 
H = W = 300 0.38641 0.38095 0.39221 3.2998 × 10-3 10.025 
H = W = 400 0.41775 0.40397 0.43049 4.9241 × 10-3 20.141 
H = W = 500 0.45202 0.43019 0.47518 9.4160 × 10-3 39.696 

 

Table 9. Wilcoxon signed rank test of the GSHS results for three instances. 

P-value H = W = 300 H = W = 400 H = W = 500 
H = W = 300 0 2.5621 × 10-34 2.5620 × 10-34 
H = W = 400 – 0 1.3201 × 10-34 
H = W = 500 – – 0 

 

6. Conclusion 

This paper has investigated different-dimensional deployment problems in HVSNs, with objective to 

minimize the total distance and the total number of hops from sensors to the closest RSU, under 

constraints of the maximal number of hops and capacity. For deploying HVSNs on one-dimensional 

roads, a linear programing model is provided as the solution. Next, the two-dimensional deployment 

problems are classified into two categories: the deployment problem for covering all grid points of a road; 

and the problem of deploying a dense HVSN. This paper first establishes mathematical programming 

models for the two problems, and then proposes an HSA for the former problem and a GSHS for the 

latter problem. The two algorithms are implemented and their performance is analyzed in detail. 

Statistical analysis show significant differences on executing the proposed approaches for different-size 

instances of different problem settings concerned. A potential future work is to integrate design of lower 

layers in our problem models. Additionally, roads may be three-dimensional when overhead loads are 

concerned, and hence, it is of interest to deploy three-dimensional HVSNs. 
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