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Abstract—With the development of wireless communication
and social network, wireless network service demands have
increased rapidly in recent years. To amplify the wireless signals
and expand the coverage of wireless networks, wireless relay
nodes are introduced. This paper addresses the problem of
finding an optimal deployment of access points and wireless relay
nodes in an arbitrary environment to provide all the potential
users with higher quality wireless network services. Our ambition
is to maximize the coverage rate and to minimize the energy
consumption of the relay nodes.

Correspondingly, we design a scheme named OR-Play: an
optimal relay placement scheme to provide high-quality wireless
services, which consists of three phases. First, OR-Play provides
an area coverage for an arbitrary area. We use the virtual force
model to determine the positions of wireless devices, including
access points and relay nodes, and thus extend the network
lifetime. In the second phase, OR-Play selects access points by a
2-approximation algorithm for the metric k-center problem. In
the third phase, we define a new problem: k-minimum energy
broadcasting trees. We design a distributed greedy strategy to
determine the broadcasting trees, based on which the power of
relay nodes are precisely assigned. Finally, the simulation results
validate the effectiveness and efficiency of OR-Play.

I. INTRODUCTION

With the development of mobile technology, wireless net-

work has gradually become a necessary part in our daily life.

However, it could be hard to communicate directly between

source nodes and destination nodes in reality because of the

limitation of signal propagation distance, the perturbation and

collision phenomena, or the limited transporting capacity of

wireless devices. Correspondingly, wireless relay nodes are

introduced to amplify and relay the signal so that the coverage

area could be expanded, as illustrated in Fig. 1. In this figure,

wireless signal is sent from an access point (AP), amplified

through Relay Node 1, and then received by a mobile user.

According to their mobility property, wireless relay nodes are

widely used to construct wireless distributed systems in public

area since the network topology can be easily modified.

Introducing relay nodes would bring up some interesting but

difficult issues, including where the nodes should be deployed

to maximize the coverage rate, and how the nodes should

relay information to minimize the consumption of energy.

To provide area coverage, the accurate optimized positions

of nodes are calculated in [1]–[4]. However, their areas of

interest are either infinite or regular, while the reality is more
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Fig. 1. Expand the wireless coverage area by relay nodes

complicated. We should design a robust method suitable for

an arbitrary area.

To provide area coverage in an arbitrary area, a common

solution [5]–[8] is to spread the nodes randomly in the area

and then heal the coverage hole. However, when a relay

node fails, such solution keeps healing the coverage hole by

moving the existing nodes, which would cost more energy

from the residual nodes. It implies that we should design a

better schedule to prolong the network’s lifetime.

To minimize energy consumption of nodes, minimum en-

ergy broadcasting problem [9] is proposed. Omri et al. [10]

considered the problem of relay selection as a broadcasting

tree to minimize the signal-to-noise ratio (SNR). However,

the models in these papers have only considered the situation

with a single source. We should extend it into multi-sources

to correspond with the reality.

Additionally, Ma et al. [11] considered relay node placement

in two-tiered wireless sensor networks with resource constraint

to extend the network lifetime. They converted the relay node

placement problem into set cover problem with limited hop

counts. However, in practice we should relax such hop count

constraint in case that the network is in large scale and the

number of access point is limited.

In all, in this paper our ambition is to maximize the coverage

rate and minimize the energy consumption in wireless network

by introducing wireless relay nodes. Correspondingly, we

design a scheme named OR-Play: an optimal relay placement
scheme to provide high-quality wireless services, which con-

sists of three phases. First, OR-Play provides area coverage

for an arbitrary area. We would like to maximize the coverage

rate by deploying the nodes. We use the virtual force model to

determine the positions of wireless devices, including access
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points and relay nodes, and thus extend the network lifetime.

In the second phase, we would like to select several access

points as clusters to minimize the energy consumption. OR-

Play selects access points by a 2-approximation algorithm

for the metric k-center problem. In the third phase, we

would like to determine the propagation pathes. We define

a new problem: k-minimum energy broadcasting trees. We

then design a distributed greedy strategy to determine the

broadcasting trees, based on which the power of relay nodes

are precisely assigned. Finally, the simulation results validate

the effectiveness and efficiency of OR-Play.

To summarize, our contributions mainly include:

1) We develop a comprehensive scheme OR-Play to place

access points and relay nodes and better improve the

network quality. OR-Play has many novel designs, in-

cluding the optimal node deployment for an arbitrary

environment, the position selections of access points

among the candidates, and the construction of broad-

casting trees for power allocation.

2) To provide a robust coverage, we extend the virtual force

model into higher dimension. A working schedule can be

generated automatically according to the different layers.

The network lifetime can be extended because of the

existence of backup relay nodes.

3) We introduce a new problem, k-minimum energy broad-

casting problem. We propose a distributed greedy strat-

egy to construct k-minimum energy broadcasting trees.

The remaining of our paper is organized as follows: The

related works are listed in Sec. II. We formally declare

our problems and propose our solution, OR-Play scheme, in

Sec. III. The simulating result is reported in Sec. IV. We

conclude our paper in Sec. V.

II. RELATED WORKS

Wireless relay nodes can effectively enhance the signal

strength and improve the network quality while they also

involve new challenges. The problems introduced by wireless

relay nodes include packet loss and decrease of bandwidth.

Packet loss means that one or more packets fail to reach the

destination during the packet transmission process. Choi et al.

[12] studied the application of the hybrid automatic repeat

request (HARQ) protocol to provide reliable packet trans-

missions and relieve the packet loss phenomena. Theoretical

analysis [13] showed that wireless systems with multi-hop

relay using conventional bandwidth allocation will seriously

suffer from low bandwidth utilization. Liu et al. [13] then pro-

posed a spectrum efficiency based adaptive resource allocation

algorithm to deal with this problem.

There are several methods to maximize the coverage rate by

deploying the nodes: The first one is to calculate precisely the

optimized position. In an infinite plane, Kershner [1] proved

that the triangular tessellation achieves a full coverage with

an asymptotic minimum number of sensors. Yun et al. [2]

studied the deployment patterns to achieve k-coverage, where

k ≤ 6, in a boundaryless area. Bai et al. [3] studied the

optimized deployment pattern in an infinite space. Khoufi et

al. [4] studied a projection-based method to deploy nodes in an

arbitrary polygon. However in reality, the boundary of an area

are usually irregular, which makes the above methods useless.

A more common method is to initialize the nodes randomly,

and then fill in the coverage hole generated by the initializa-

tion. So the kernel is to fill in the existing coverage hole.

Amgoth et al. [5] studied how to find a coverage hole and

how to heal it. Hashim et al. [6] proposed an algorithm based

on Artificial Bee Colony to heal the initial communication

hole in wireless sensor network. The authors constructed the

network backbone by applying minimum spanning tree. Zou

et al. [7] proposed the virtual force algorithm as a sensor

deployment strategy to enhance the coverage after an initial

random placement of sensors. Lin et al. [8] proposed the

virtual force model with boundary to heal the coverage hole.

There are several algorithms to classify the nodes and select

the clusters. Dasgupta et al. [14] proposed an approximation

algorithm, k-clustering, to minimize the maximum length of

two points in each class. Gupta et al. [15] proposed a fuzzy

logic approach to select clusters in wireless sensor network.

Hartigan et al. [16] proposed the k-means algorithm. Du et

al. [17] proposed a 2-approximation algorithm for the metric

k-center problem.

There are several researches discussing the minimum energy

broadcasting problem. Čagalj et al. [18] proved that the min-

imum energy broadcasting problem is NP-hard. Wieselthier

et al. [9] proposed the Broadcast Incremental Power (BIP)

algorithm based on Prim’s algorithm. The approximation ratio

of BIP algorithm is from 6 to 12. Du et al. [17] provided an 8-

approximation solution for the minimum energy broadcasting

problem. Navarra [19] proposed a 6-approximation algorithm

and proved that it is a tight bound.

There also exist some novel applications of relays.

Michalopoulos et al. [20] considered relay nodes as a tool to

simultaneously deliver information and energy. They proposed

an algorithm to balance the efficiency of the information

transferred to the receiver and the amount of energy transferred

to the energy harvesters. Luo et al. [21] considered the deploy-

ment of Energy Harvesting (EH) relay and the broadcasting

schedule to minimize the source transmit power. Min et al. [22]

considered a deployment problem for relay robots by using

Genetic Algorithm and Particle Swarm Optimization. Ruby

et al. [23] considered relay selection and power allocation in

wireless relay network. They proposed a Stackelberg game

theory method. Chen et al. [24] considered relay selection and

resource allocation in cognitive radio networks. They convert

the optimization problem into max-matching and solve it by

Hungary algorithm.

Chen et al. [25] considered how to allocate the energy

of information forwarding and the energy of harvesting for

each relay to maximize the achieving rate. They proposed a

game theory method using Nash Equilibrium. Bhattacharya

et al. [26] designed a multi-hop wireless network for inter-

connecting sensors to Base Station by deploying a minimum

number of relay nodes at a subset of given potential locations.

Mezzavilla et al. [27] extended the coverage by enabling
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Fig. 2. Illustration of virtual force model

nearby idle users’ equipment to serve as relays. In all, we

summarize the most up-to-date works on relays in Table I,

depicting their characteristics and methodologies.

III. PROBLEM FORMULATION AND SOLUTION

We design a novel scheme named OR-Play: an optimal

relay node placement scheme to better improve the wireless

network services. OR-Play solves three sub-problems: maxi-

mum coverage rate, metric k-center, and the multi-minimum

energy broadcasting tree. Correspondingly, the first sub-section

will study the deployment of nodes given the area and the

number of devices. The second subsection will discuss the

selection of access points given the position of nodes and the

power function. The third section will introduce the path of

broadcasting trees and the allocation of power given the set of

access points and wireless relays.

A. Maximum area coverage

In this phase, we determine the potential locations for the

access points and relay nodes. To provide better services

for the users, a coverage with high coverage rate should be

achieved.

Definition 1 (Maximum area coverage problem). Assume
that there are N nodes with a uniform coverage radius
L, in an arbitrary area Ω. The set of nodes are noted as
V = {O1, . . . , ON}. We define that a point P is covered by
a node Oi if d(P,Oi) ≤ L. The coverage area is defined by
Ωc = {P ∈ Ω | mini d(P,Oi) ≤ L}. The maximum area
coverage problem is to determine the locations of nodes in
the set V so as to maximize the coverage area, i.e.

max η =
Area(Ωc)

Area(Ω)
, (1)

where function Area(Ω) represents the area of Ω.

In this subsection, we improve the virtual force method in

[7] to provide full coverage for Ω.The whole system of virtual

force model is illustrated in Fig. 2. We denote the location of

node Oi at moment t as Oi(t) = (xi(t), yi(t)). We define

the virtual force suffered by node Oi at moment t as
−→
Fi(t) =

Σj �=i
−→
Fij(t)+

−→
Fib(t)+

−→
Fio(t), where

−→
Fij(t) is the virtual force of

node Oj(t) acting on node Oi(t). Then we have:

−→
Fij(t) = kij

d(Oi(t), Oj(t))− r

d(Oi(t), Oj(t))

−−−−−−−→
Oi(t)Oj(t) (2)

where

kij =

{
wattractive, d(Si, Sj) ≥ r

wrepulsive, otherwise.
(3)

Meanwhile,
−→
Fib(t) is the virtual force of the boundary acting

on node Oi(t). We have:

−→
Fib(t) =

∮
wboundary

−−−−→
POi(t)

d(P,Oi(t))
dl (4)

And
−→
Fio(t) is the virtual force of the obstacles acting on node

Oi(t). We have:

−→
Fio(t) = ΣPwobstacle

−−−−→
POi(t)

d(P,Oi(t))
(5)

In which, wattractive represents the coefficient of the attrac-

tive virtual force. wreplusive represents the coefficient of the

repulsive virtual force. wboudary represents the coefficient of

the virtual force given by the boundary. wobstacle represents

the coefficient of the virtual force given by the obstacle.

The locations of nodes are initialized by deploying them

randomly in area Ω, which are O1(0), . . . , ON (0). We use a

recurrence relation to infer the subsequent locations:

xi(t+ 1) =

⎧⎪⎨
⎪⎩
xi(t)− 1,

−→
Fi(t) · −→ex < −threshold

xi(t) + 1,
−→
Fi(t) · −→ex > threshold

xi(t), otherwise

(6)

and

yi(t+ 1) =

⎧⎪⎨
⎪⎩
yi(t)− 1,

−→
Fi(t) · −→ey < −threshold

yi(t) + 1,
−→
Fi(t) · −→ey > threshold

yi(t), otherwise

(7)

where threshold represents the criteria of moving or not.

The locations of nodes will converge after sufficient rounds

of iterations. We consider the result as the location of the

deployment of devices.

The virtual force model is effective to offer full coverage.

However since the energy of a wireless relay is limited, the

failure of node will cause the appearance of coverage hole

which will decrease the Quality of Service (QoS). Although

the coverage hole can be healed by moving other relays [8],

it is not a good choice since motion of relay would cost extra

energy which would lead to an accelerated distinction of the

whole network.

In order to provide a stable and robust wireless network,

we consider the virtual force model in higher dimension.
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TABLE I
SUMMARY OF RECENT WORKS ON RELAYS

Reference Year Problem Type Objective Model/Method

[24] 2013 Relay Selection, Power Allocation Minimize the outage percentage Max-Matching
[26] 2014 Relay Placement Minimize the Relay Number Shortest Path Tree
[27] 2014 Relay Selection Maximize the utility of user rates Idle User Equipment Serves as Relay
[20] 2015 Relay Selection Balance Capacity-Energy Trade-off Time-Sharing Selection, Threshold-Checking Selection
[22] 2015 Relay Placement Minimize the moving length Genetic Algorithm, Particle Swarm Optimization
[23] 2015 Relay Selection, Energy Allocation Minimize the total power Geometric Programming, Game Theory
[25] 2015 Power Allocation Maximize the Achieving Rate Game Theory
[11] 2015 Relay Placement Extend the Network Lifetime Geometric Disc Covering
[21] 2016 Relay Placement Extend the Network Lifetime Linear Programming

We record the information of environment in two dimen-

sions as

Map2(x, y) =

{
1, if a node can be deployed on point (x, y)

0, otherwise.
(8)

We extend the environment into three dimensions by adding

a z-axis when satisfying

Map3(x, y, z) = Map2(x, y). (9)

We apply the virtual force model in the three dimensions

environment, Map3(x, y, z), to determine the location of node

Oi =(xi, yi, zi), where an extra recurrence relation should be

added:

zi(t+ 1) =

⎧⎪⎨
⎪⎩
zi(t)− 1,

−→
Fi(t) · −→ez < −threshold

zi(t) + 1,
−→
Fi(t) · −→ez > threshold

zi(t), otherwise.

(10)

We divide the points into different layers according to the

information on z-axis. Then we project all the points on the

plan Oxy when maintaining the information of layers. Fig. 3

illustrates the process of projection of virtual force model from

3D to 2D. Three different colors stand for three different

layers. At first, we utilize the nodes in the blue layer. If a

node in the blue layer fails, the nodes around in the other

layers would wake up to heal the coverage hole. This method

extends the network lifetime while keeping the complexity of

calculation.

B. Metric k-center problem

Now we have some representative points to cover the whole

area and we should select some points as the access points. The

access points should be the center of relay nodes to decrease

the hop count. So the metric k-center problem is considered.

Definition 2 (Metric k-center problem). Assume that G =
(V,E) is a complete graph with a weight function d : E → R

+

which satisfies the triangle inequality:

∀A,B,C ∈ V 3, d(A,C) ≤ d(A,B) + d(B,C) (11)

Our ambition is to determine S ⊆ V so as to minimize the
maximal distance from a node v ∈ V to S. The distance from
a node v ∈ V to S is defined as the minimal distance from

Fig. 3. Projection of virtual force model from 3D to 2D

v ∈ V to a node s ∈ S. The problem can be formulated in
the form of:

minmax
v∈V

min
s∈S

d(v, s) (12)

Here, we consider the Euclidean distance as the weight

function. In this phase, we choose k nodes as access points.

Vazirani et al. [28] converted the metric k-center problem into

the dominate set problem, which is NP-hard. So we use a 2-

approximation algorithm introduced by [28] to solve the metric

k-center problem. The algorithm in [28] needs to calculate the

maximum independent set of a graph, which is usually picked

by greedy algorithm at random or by Monte-Carlo method

according to [29]. The randomness in picking the maximum

independent will affect the result we get. To provide a better

result, we run the algorithm for sufficient times which does

not change the complexity. We also improve the algorithm by

decreasing the searching times to O(log n) by binary search.

Algorithm 1 indicates the detailed procedure where

G2
i = (V, (u, v)|∃w, (u,w) ∈ E(Gi), (w, v) ∈ E(Gi)) (13)

C. Power allocation

In this phase, we consider how to allocate the power. To

increase the quality of service, we introduce a competition
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Algorithm 1: 2-approximation for metric k-center

input : A complete graph, G = (V,E)
The power function, d : E → R

+

The number of access points, k
output: The set of access points, S

1 Sort the edge of G in order of
d(e1) ≤ d(e2) ≤ · · · ≤ d(ecard(E));

2 Set two auxiliary variables: left← 0,right← card(G);
3 while ¬(|left− right| ≤ 1) do
4 i←[

l+r
2

]
;

5 Gi = (V, {e1, e2, . . . , ei});
6 Calculate G2

i ;

7 Calculate a maximum independent set of G2
i : Mi for

sufficient times (say 100);
8 Pick a Mi which minimizes card(Mi), note it as S;

9 if card(S) ≤ k then
10 r ← i;
11 else
12 l← i;

13 return S;

mechanism that a relay node would select a best source to

relay the information.

We consider the path loss of power during the propagation.

According to Friss formula [30], if information is transferred

from node Oi to node Oj , we have:

Preceive(Oj) =
k × Ptransmit(Oi)

d(Oi, Oj)2
(14)

where Preceive(Oj) represents the power received by node Oj

and Ptransmit(Oi) represents the transmit power of node Oi.

The allocation should satisfy the following conditions:

1) Each node should receive a sufficient power T (Oj) to

transfer the information correctly , i.e. Preceive(Oj) ≥
T (Oj).

2) Especially, if the node is an access point, i.e.Oj ∈ S,

we define T (Oj) = 0.

3) To assure the connectivity, all nodes should satisfy their

children’s needs of power, i.e.

Ptransmit(Oi) = max
j

T (Oj)d(Oi, Oj)
2

k
(15)

where Oj is a child of Oi.

4) Notice that the transmit power of a wireless relay is

limited while the transmit power should also be larger

then a threshold to provide service for the users even if

it does not have any children. So there is a constraint:

Pmin ≤ Ptransmit(Oi) ≤ Pmax.

Finally, we have an expression of transmit power for each

node:

P ∗(Oi) = max(min(max
j

T (Oj)d(Oi, Oj)
2

k
, Pmax), Pmin)

(16)

where Oj is a child of Oi.

Definition 3 (k-minimum energy broadcasting tree problem).
Given a finite set of point V and a set of source S ⊆ V , we
should determine a series of broadcasting trees to minimize
the total power consumed by the wireless devices. i.e.

min
∑

P ∗(Oi), Oi ∈ V (17)

To simplify, we suppose that Pmin = 0 and Pmax =∞.

We consider the critical version of k-minimum energy

broadcasting tree problem. We consider that the function T
here is defined as

T (Oj) =

{
0, Oj ∈ S

1, Oj ∈ V/S
(18)

Meanwhile, we also add a virtual point O0 with the property

as follow:

d(O0, Oj) =

{
0, Oj ∈ S

∞, Oj ∈ V/S
(19)

In this case, we define the critical version of k-minimum

energy broadcasting tree problem as follow:

Definition 4 (critical version of Definition. 17). Given a finite
set of point V ∪ O0 and the root O0, we should determine a
series of broadcasting trees, E

′
min to minimize the total power

consumed by the wireless devices. i.e.

min c
∑

max
j

d(Oi, Oj)
2 (20)

where Oi ∈ V , Oj ∈ V , Oj is a child of Oi and c is a
constant.

According to [18], the minimum-energy broadcasting prob-

lem is NP-hard. So k-minimum energy broadcasting problem

is NP-hard. According to [19], the minimum spanning tree

(MST) is a 6-approximate solution. We note the minimum

spanning tree of V ∪ O0 as Em. The result can be easily

modified to a reasonable solution for k-minimum energy

broadcasting tree with an homogeneous T if we delete the

virtual point O0.

When T is heterogeneous, we define a new weight function:

d′(Oi, Oj) =

⎧⎪⎨
⎪⎩
0, Oj ∈ S, i = 0

∞, Oj ∈ S, i �= 0

T (Oj)
2d(Oi, Oj)

4, Oj ∈ V/S

(21)

Suppose that we have constructed a series of broadcasting

trees noted as Gs = (Vs, Es). We note Vl as the set of

leaves in Vs. According to Formula. 15, there should be

exactly A = card(Vs) − card(Vl) terms in Formula. 17. By

Cauchy-Schwarz inequality, we have∑
max

j
T (Oj)d(Oi, Oj)

2 ≤
√
A
∑

T (Oj)2d(Oi, Oj)4

(22)
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(a) Deployment obtained by virtual force
model

(b) Selection of access points obtained by
an approximate algorithm of metric k-center

(c) Broadcasting tree obtained by greedy
strategy

Fig. 4. A square environment

The equation indicates that min
∑

P ∗(Oi) has an upper bound

of

min k−1
√
(card(Vs)− card(Vl))

∑
T (Oj)2d(Oi, Oj)4

(23)

We note the minimum directed spanning tree (MDST)

of the directed graph, G′ = (V ∪ O0, {(Oi, Oj) |
d′(Oi, Oj) < ∞}, d′) as EMDST . EMDST , which minimize∑

T (Oj)
2d(Oi, Oj)

4, can be calculated by Edmond’s algo-

rithm [31]. Similarly, we delete the virtual point O0 to get a

solution for k-minimum energy broadcasting tree problem.

To minimize A i.e. maximize card(Vl), we consider to

optimize hop count in the network.

Definition 5 (k-minimum hop count broadcasting tree prob-

lem). Given a finite set of point V and a set of source S ⊆ V ,
we should determine a series of broadcasting trees, Emin to
minimize the maximum hop count which a user would take to
connect to an access point.

In fact, if we limit the maximum of hop number as n
(n ≥ 2), we can select access points differently and construct

a different series of broadcasting trees by calculating the

dominate set of Gn
i = (V,En), where En =

{(u, v)|∃k ≤ n, ∃S = {s0, . . . , sk−1}, ∀i, (si, si+1) ∈ E(Gi)}
(24)

where s0 stands for node u, sk stands for node v and

i ∈ [0, k − 1]. The characteristic of Gn
i will promise that the

approximate rate of the optimal length of the longest edge is n.

However this method can hardly be applied since the number

of access points are determined at the very beginning.

To minimize the maximum hop-count, we consider a dis-

tributed greedy strategy to determine the broadcasting tree.

To accelerate the network’s scanning speed, we restrict the

communication range of nodes: A node can only commu-

nicate with its neighbors. Neighbors of a node are defined

by N(Oj) = {Oi | d′(Oi, Oj) ≤ Lmax}, where Lmax

is a constant which represents the maximal communication

capacity.

Now we have the broadcasting trees, Emin. According to

Algorithm 2, there should be card(S) connected components

Algorithm 2: Greedy strategy for k-minimum hop count

broadcasting tree

input : The set of nodes, V
The set of access points, S
The maximal communication distance, Lmax

output: The broadcasting tree, Emin

1 ∀s ∈ S, Set status(s)← 1;

2 ∀s ∈ V -S, Set status(s)← 0;

3 Set level← 1;

4 Set Emin = ∅;

5 while ¬(∀s ∈ V, status(s) �= 0) do
6 ∀s ∈ status−1(0),;
7 if ∃Oj ∈ N(s), status(Oj = level) then
8 Emin = Emin ∪ (s,Oargmin d(s,Oj));
9 status(s)← level + 1;

10 level← level + 1;

11 return Emin;

Fig. 5. Comparison of coverage rate with different coverage radius

in (V,Emin). In each components, there exists exactly an

access point as the root of a broadcasting tree.

IV. SIMULATION

In this section, we use MATLAB R2014a to simulate the

result. We consider a simple situation. We assume that Ω is a

square with the range of 1000× 1000, N = 100.

First of all, we should know how to deploy the wireless

devices in the area Ω. Fig. 4(a) illustrates the position of
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(a) Deployment obtained by virtual force
model

(b) Selection of access points by an approxi-
mate algorithm of metric k-center

(c) Broadcasting tree obtained by greedy
strategy

Fig. 6. An environment with obstacle

(a) The distribution of hop count in the square
environment

(b) The distribution of signal strength obtained
by user in the square environment

Fig. 7. The distribution of hop count and signal strength Fig. 8. The distribution of signal strength obtained
by user in the environment with obstacle

deployment obtained by virtual force model. The blue points

are the initial positions of nodes. The green points are the

final positions obtained by the virtual force model. And the

red lines indicate the relationship between them. In reality, we

can directly deploy the wireless devices on the green points.

We compare the coverage rate between the initial deploy-

ment and the final deployment of nodes with different coverage

radius in Fig. 5. The deployment calculated by the virtual force

model converge to full coverage much faster than the initial

deployment. It proves that the deployment calculated by the

virtual force model has a more reasonable distribution.

Then, we need to choose k nodes among the nodes as

access points. Fig. 4(b) illustrates the result obtained by the

approximate algorithm of metric k-center problem. The green

points represent the positions of nodes. Especially, the points

with blue circle are selected as access points.

Based on the result in Fig. 4(b), we need to construct some

broadcasting trees. Fig. 4(c) illustrates the broadcasting trees

obtained by the distributed greedy strategy. The blue points

stand for the position of nodes and the points with green

circle are the access points. The red lines represent the path

of broadcasting tree. The information would propagate along

the broadcasting tree.

Fig. 7(a) illustrates the hierarchy hop number. Users in the

blue area will connect to an access point directly. Users in

the green area need one hop to connect to an access point

while users in the brown area need two hops. From the result

in Fig. 7(a), the usage of nodes mainly concentrates on the

one-hop nodes which would cause the hot spot problem: the

energy of one-hop nodes would be exhausted soon. The hot

spot problem would affect all the children of the exhausted

one-hop node. So that it is necessary to have some backup

nodes, which are scheduled by our advanced virtual force

model.

Based on the result in Fig. 4(c), we can calculate the

transmit power of each node according to Eq. 16. Assuming

that a mobile phone in the area would connect to its nearest

device automatically, the distribution of the strength of signal

which the mobile phone could get is illustrated in Fig. 7(b).

The color of red represents the strongest strength while the

color of purple represents the weakest strength.

We also provide a simulation of an area with obstacle. In

this case, we assume that the obstacle absorb all the signal

it confronts. We show the environment and the deployment
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of in Fig. 6(a). We show the selection of access points in

Fig. 6(b). We show the broadcasting tree in Fig. 6(c). We

show the distribution of signal strength obtained by user in

Fig. 8.

V. CONCLUSION

In this paper, we propose a complete scheme, OR-Play,

to maximize the coverage rate and to minimize the energy

consumption of relay nodes in an arbitrary environment. The

problem is decomposed into three phases. First, we provide

an area coverage by determining the positions of wireless

nodes, including access points and wireless relays. We solve

it by introducing an advanced virtual force model in higher

dimension, which not only provides an area coverage but

also prolongs the network lifetime. Then, we select access

points among the nodes. We consider the problem as a

metric k-center problem and propose a 2-approximation algo-

rithm. Finally, we define a new problem: k-minimum energy

broadcasting problem to allocate the power. We construct the

broadcasting trees by a distributed greedy strategy to establish

the backbone of network. Power is allocated based on the

broadcasting trees. The simulation result demonstrates that our

scheme, OR-Play, provides the potential users stronger signal

and lower hop count.
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