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Mobile wireless sensor network (MWSN) has recently
attracted considerable attention. It can simply be defined as
WSN in which mobility plays a key role in the execution
of the application. Both academia and industries are now
focusing on developing MWSNs not only for the Internet,
but also for other applications, such as target tracking, traffic
monitoring, urban microclimate, and disaster monitoring.
The challenges for such networks not only encompass a broad
spectrum of research topics but also involve envisioning
new multidisciplinary applications that will change the way
in which we live and work. The authors have focused on
relay cooperation models based on the network coding,
node localization, spectrum sensing, neighbor discovery,
congestion control, and clock synchronization, and so forth.

The paper “Data dissemination in mobile wireless sensor
network using trajectory-based network coding”, by L. Li et
al., investigates the mobile nodes to forward data referring
to their trajectory information. It is designed according to
the characteristics of MWSN and appropriate for the mobile
nodes that share anonymously its prepath for the higher
bandwidth. Network coding is used to adapt for the dynamics
velocity of mobile nodes.Themethod improves the reliability
and scalability of MWSN in any scenario and benefits its
deployment.

The paper “A routing algorithm based on dynamic forecast
of vehicle speed and position in VANET”, by H. Huang and
S. Zhang, proposes the concept of circle changing trends
angle in vehicle speed fluctuation curve and the movement
domain. It designs an SWF routing algorithm based on

the vehicle speed point forecasted and the changing trends
time computation. The algorithm has a certain degree of
improvement in routing hops, the packet delivery ratio, delay,
and link stability.

In the paper “Research on vehicle automatically tracking
mechanism in VANET” by L. Wang et al., the authors make
some useful explorations in the fields of intelligent vehicle
control technology and obstacle avoidance.Thedeep research
is carried out about the distance of vehicle, vehicle tracking,
vehicle lane changing and intersections obstacle avoidance
and communication protocols. Some innovative ideas are
proposed during the research.

In the paper “Congestion control based on consensus in
the wireless sensor network” by X. Yang et al., the authors
novel introduce a congestion control algorithm (CC-CA).
NS simulation results indicate that the proposed algorithm
restrains the congestion over the wireless sensor network,
maintains a high throughput and a low delay time, and also
improves the quality of service for the whole network.

In the paper “EasiND: neighbor discovery in duty-cycled
asynchronous multichannel mobile WSNs” by T. Huang et
al., the authors present an EasiND protocol for MWSNs.
The proposed neighbor discovery system based on quorum
system can bound the discovery latency in multichannel sce-
narios with low power consumptions. The proposed optimal
asynchronous neighbor discovery system can minimize the
power consumption with bounded discovery latency.

The paper “Spectrum sensing for cognitive coexistent het-
erogeneous networks”, by B. Zhao et al., proposes a spectrum
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sensing scheme for the cognitive coexistent heterogeneous
networks. In this scheme, the power decomposition is for-
mulated into a problem of solving a nonhomogeneous linear
equation matrix. Both the analysis and the simulation results
show the feasibility and efficiency of the proposed scheme.

The paper “A type of localization method using mobile
beacons based on spiral-like moving path for wireless sensor
networks”, by C. Sha and R.-C. Wang, proposed a type
of energy optimization localization method for MWSN.
Traverse point is marked with the help of the optimum
deployment model. According to the moving path and the
localization time, energy consumption of the network could
be estimated, and the sleep scheduling strategy for the node
is localized.

The paper “A comparison of clock synchronization in
wireless sensor networks”, by S. Youn, examines the clock
synchronization issues in WSN. A comparison of different
clock synchronization algorithms inwireless sensor networks
with a main focus on energy efficiency, scalability, and
precision properties of them are provided in the paper.

In the paper “LIRT: A lightweight scheme for indistin-
guishability, reachability, and timeliness in wireless sensor
control networks” by W. Ren et al., the authors make the
first attempt to specify the security requirements forWSCNs.
In addition, several new attacks in WSCN are pointed out
at the first time. A lightweight scheme LIRT is proposed
with tailored design to guarantee the indistinguishability,
reachability, and timeliness inWSCNs.

The paper “Face recognition in mobile wireless sensor
networks”, by Q.-M. Lin et al., presents a new wireless
sensing network paradigm for face recognition applications.
In addition to the flexibility the face recognition system gains
by integrating into a wireless sensor network, they take it
further by introducing mobility into the network to improve
the sensing coverage area and cost efficiency. A multilayered
network structure and Gauss-Markov mobility model are
proposed.

Yong Sun
Shukui Zhang

Hongli Xu
Shan Lin
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We propose a set of distributed algorithms for improving themulticast throughput inwireless sensor networks. To this end, network
coding is applied when exploiting path diversity with two disjoint paths to each multicast group receiver. We depart from the
traditional wisdom that the multicast topology from source to receivers needs to be a tree and propose a novel and distributed
algorithm to construct a 2-redundantmulticast graph (a directed acyclic graph) as themulticast topology, onwhich network coding
is applied.We conduct both analytical and simulation-based studies to evaluate the effectiveness and performance of our algorithm.

1. Introduction

Multicast mechanism is mainly used in sink nodes to send
control messages to the sensor nodes in wireless sensor net-
works (WSNs), or in a sensor node to send data to multiple
sink nodes. Multicast routing algorithm plays a vital role in
WSN regarding the survival time and transmission efficiency
of the WSNs.

Ahlswede et al. proposed network coding [1–3] in 2000.
This method is useful for greatly improving the network
throughput and reliability. Literatures [4, 5] have proved that
in each multicast diagram, corresponding linear coding can
be found to achieve minimum cut-maximum flow. Zhu et al.
[6] found that the network coding has good performance and
advantage inmulticast network, but the network topology has
different effect on the throughput and bandwidth of multi-
cast; redundant multicast figure presented better efficiency
and performance than the traditional multicast tree.

Jiang et al.[7]proposed amulticast tree algorithm through
network coding, determined the relationship between cluster
heads, and analyzed the algorithm performance using net-
work calculus. Yuan et al. [8] analyzed the performance of
network coding by the stochastic process. Li et al. [9] ana-
lyzed the end-to-end route delay performance based on the
network coding using network calculus.

According to the WSN characteristic, considering the
geographic and energy-aware routing (GEAR) [10], we con-
structed k-redundant multicast graph in the form of overlay
network in this paper using the multicast algorithm based
on network coding (MABNC). We improved the multicast
performance by reducing the energy consumption.

2. Algorithm Description

The proposed algorithm is for sensor networks. Based on the
geographic routing algorithms, k-redundant multicast graph
was constructed. The network throughput and bandwidth
utilization were improved, the effect of minimum cut to
maximum flow was determined, and the network multicast
routing performance was enhanced by utilizing the network
coding mechanism.

Definition 1. Redundancy multicast figure: redundancy mul-
ticast figure is a directed acyclic graph with a single multicast
source node and has the following two properties.

(1) All nodes belong to 𝐴, including the source node 𝑠,
the relay node𝐴

1
, and the receiving node𝐴

𝑡
. 𝑠 is expressed as

indegree(𝑠) = 0 and outdegree(𝑠) > 0; the forward nodes are
𝑢 ∈ 𝐴

𝐼
, indegree(𝑢) ≤ 𝑘, and outdegree(𝑢) > 0; the receiving
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Figure 1: WSN topology.

node is expressed as 𝑇
𝑖
∈ 𝐴
𝑇
, 1 ≤ 𝑖 ≤ 𝑇, indegree(𝑇

𝑖
) = 𝑘,

and outdegree(𝑇
𝑖
) ≥ 0.

(2) Each side has a unit Bandwidth; 𝑘 in-degree for the
receiving node 𝑇

𝑖
, whose independently maximum flow is 𝑘.

The independent maximum flow refers to the maximum flow
through the source node 𝑠 to the receiving node 𝑇

𝑖
.

Figure 1 shows that among theWSN nodes, the gathering
and sensor nodes formed wireless sensor multiple hops self-
organizing network through hierarchical forwarding and
were connected; the first layer comprises the gathering node,
the second layer comprises the cluster head node, and
the third and fourth layers comprise the common sensor
nodes. Figure 1 can be further decomposed into k-redundant
multicast figure. Figure 2 shows that the gathering node can
be the multicast source node 𝑠, the second and third layer
nodes can be the multicast transit nodes, and the ordinary
sensor nodes can be the receiving nodes. In this paper, 𝑘 = 2.
For the 2-redundant multicast figure, the key is how to build
k-redundant multicast figure and how network coding can be
reasonable.

2.1. Building and Maintaining k-Redundant Multicast Figure.
Building k-redundant multicast figure needs to satisfy the
following conditions to ensure the performance of multicast
routing:

(1) ensure minimum energy consumption;
(2) build k-redundant multicast path from the source

node 𝑠 to the receiving node 𝑡;
(3) guarantee theminimumamount of transit nodes built

from the source node to all of the receiving nodes;
(4) maintain the least link load stressed to ensure the

minimum times being forwarded on the same physi-
cal link of the same packet.

The whole process can be divided into three steps as fol-
lows: (1) build a preliminary figure that can contain all nodes;

S

U3

U1

U2

U4
U5

U6

T1 T2 T3

Figure 2: 2-redundant network diagram.

S
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U1 U2

U4 U5
U6

T1 T2 T3 T4 T5

S

U3

U1
U2

U4 U5
U6

T1 T2 T3

(a) Origin figure (b) 2-redundant multicast

Figure 3: Conversion of the origin figure to 2-redundant multicast
figure.

(2) simplify the preliminary figure to k-redundant mul-
ticast figure; (3) combine the receiving node 𝑡.

2.1.1. Building Preliminary Figure. In building a preliminary
figure, when a new node joins a preliminary diagram, GEAR
mechanism is used. The nearest preliminary node will be
chosen to lead the joining of preliminary to be transshipment
node and form the preliminary figure of each node, as shown
in Figure 3(a).

2.1.2. Building k-Redundant Multicast Figure. Figure 3 shows
that for each receiving node, two unmutual crossed best
route paths need to be established from the source node in
a preliminary figure. The pros and cons of a path are mainly
evaluated through a tree tuple.

Definition 2. Path evaluation: the quality of the link from the
source node 𝑠 to the receiving node 𝑡 must be evaluated. If
the link quality is a triple, the edge of the preliminary figure
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(or the link between two nodes 𝑖, 𝑗) is set to 𝑒; that is, path
𝑠→ 𝑡

goes through𝑚 transshipment nodes. The quality evaluation
function of side 𝑒

𝑖𝑗
is

𝑤(𝑒
𝑖𝑗
) = 𝛼 × 𝐷

𝑖𝑗
+ 𝛽 × Bandwidth (𝑒

𝑖𝑗
)

+ 𝜆 × Latency (𝑒
𝑖𝑗
) ,

(1)

where 𝛼, 𝛽, and 𝜆 are the normalized parameters, 𝐷
𝑖𝑗
is

the distance between two nodes, Bandwidth is the direct
bandwidth of the two nodes, and Latency refers to the time
delay between the two nodes. The quality assessment of the
entire link is

𝑤 (path
𝑠→ 𝑡

) = (𝐷,Bandwidth (path
𝑠→ 𝑡

) ,

Latency (path
𝑠→ 𝑡

))

𝐷 = 𝐷
𝑡1
+ 𝐷
12
+ ⋅ ⋅ ⋅ + 𝐷

𝑚𝑠

Bandwidth (path
𝑠→ 𝑡

)

= min (Bandwidth (𝑒
1
) ,Bandwidth (𝑒

2
) ,

. . . ,Bandwidth (e
𝑚
))

Latency (path
𝑠→ 𝑡

) =

𝑚

∑
𝑖=1

Latency (𝑒
𝑖
) .

(2)

In Formula (2), the minimum Bandwidth side should be
the evaluation value when evaluating the path Bandwidth
because in the path, only the flowof theminimumBandwidth
edge can be the maximum flow of the entire path.

In WSNs, as the sensor nodes join or quit dynamically,
the network topology changes. The preliminary figure also
changes. The path quality evaluation and calibration can
be performed periodically. When a better path occurs, the
existing path must be replaced with the better path to
guarantee at least two or more unmutual crossed best route
paths from the receiving node 𝑡 to the source node 𝑠.

To transform the distributed graph into 2-redundant
multicast figure, according to the definition requirements
of 2-redundant multicast figure, the following requirements
must be satisfied.

(1) In multicast figure, the degrees (i.e., the sum of inde-
gree and outdegree) of all nodes, including the source
node 𝑠, the transmitted node𝑢, and the receiving node
𝑡, should not be greater thanΔ, whereΔ is the number
of the multicast figure layer and is the height of the
tree. As shown in Figure 3(b), the highest layer is 4.

(2) The source node 𝑠 should has 𝑘 child node, and 2 ≤

𝑘 ≤ Δ − 1.
(3) degree(𝑢) ≤ Δ, and 1 ≤ indegree(𝑢) ≤ 𝑘.
(4) If the child node of the transfer 𝑢 is the receiving

node 𝑡, then the transfer 𝑢 child node’s number is not
greater than Δ − 1 − indegree(𝑢).

The fourth rule is used to ensure that at least one out-
degree’s value of the transit nodes is vacant for adding new

U3

U1
U2

U4 U5

U6

S

U7

Figure 4: Tree consisting the transiting node.

transit nodes and for realizing the extensibility and scalability
of the multicast figure. When adding a new receiving node to
the multicast figure, we can determine the new transit node
rapidly to receive the join requests and improve the search
speed of convergence.

2.1.3. Receiving Node to Join. Given the low energy of node
and the complex network environment of WSNs, the node
failure or sleep scheduling causes rapid changes in the
network topology. Therefore, the flexible mechanism of the
receiving node is needed to join.

The node that can receive the joining node is defined as
the transiting node of leave.

Definition 3. The transiting node of leave denotes that its
child nodes are not the leave nodes in the multicast figure. As
shown in Figure 4, U3, U4, U5, and U6 are all the transiting
nodes of leave.

Definition 4. Saturated node: in the transiting node of leave,
if the degree is degree(𝑢) = Δ−1, then the node is a saturated
node, such as U4 and U5 nodes in Figure 3. Otherwise, it is
an unsaturated node, such as U3 and U6 nodes.

The receiving node 𝑡 to join the process of multicast is
also added to the tree that consists of the transfer nodes in
Figure 4.The process can be divided into two steps as follows:
(1) finding the proper unsaturated node to join in the tree; (2)
finding 𝑘 that does not cross paths connected to the source
node 𝑠.

Figure 5 shows the joining of the node 𝑇 in the multicast
diagram. The node 𝑇 determines first whether a node of
multicast diagram exists in the neighbor nodes.The following
three situations exist.

(i) Two or more than two nodes exist. According to the
function of the link quality evaluation in Formula (1),
two nodes are chosen from many eligible nodes and
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U3

U1
U2

U4 U5

U6 U7

T

Figure 5: Node to join.

the request of access is initiated. The node 𝑇 has two
neighbor nodes (i.e.,U6 andU7), which are the nodes
of diagram in Figure 5. They are requested to join in
the multicast diagram.

(ii) If only one node exists, links to join and begins flood-
ing search until another multicast diagram node is
found.

(iii) Requests are flooded until two multicast diagram
nodes are found if the neighbor node does not exist
in the multicast diagram nodes.

Two mutually cross paths (Pf and Ps) must be built when
the node 𝑡 connects to the multicast diagram. Let uf be the
father node of 𝑡 in the path of Pf. Specific algorithms are
presented in Algorithm 1.

Pf is the path of the receiving node to the source node.
The following setup of another path Pswith Pf is not the path
of the cross, as shown in Algorithm 2.

2.2. k-RedundantMABNC. We established 𝑘 redundantmul-
ticast diagram with a special topology based on the above
work. The basic characteristic is that every receiving node
has 𝑘 paths. According to this characteristic, we designed a
distributed networking coding mechanism to optimize the
performance of the wireless sensor multicast. The maximum
multicast traffic can be obtained under the same conditions.

In network coding, each transiting node assigns the
appropriate coding vector according to certain rules to
encode the forwarding data. The receiving node decodes the
original data when it collects enough data and coding vector.
Data are then received. The core key of this process is to
distribute suitable coding vectors to each relay node.

In the tree of k-redundant multicast diagram, for exam-
ple, 2-redundant multicast, each receiving node has two
mutually crossed paths to the source node 𝑠. The source
node 𝑠 sends the data 𝑎 and 𝑏 in parallel at the same time.

The encoding is mainly conducted on the relay node 𝑢
𝑖
, and

the receiving node 𝑡 can receive the coding vector and coding
data at the same time. The source node 𝑠 generates and dis-
tributes each relay node with the suitable coding vector. The
generated function of coding vector is expressed as 𝑔(𝑚).
The coefficient generation is elucidated in [4]. The encoding
vectors are assumed as follows:

{(𝑝
1
, 𝑞
1
)
𝑇

, (𝑝
2
, 𝑞
2
)
𝑇

, . . . , (𝑝
𝑚
, 𝑞
𝑚
)
𝑇

} . (3)

The encoding vectors satisfy the following rules:

(1) 𝑝
𝑖
, 𝑞
𝑖
are on the domain and linearly independent;

(2) (𝑝
𝑖
, 𝑞
𝑖
) and (𝑝

𝑗
, 𝑞
𝑗
) are linearly independent, and 𝑖 ̸=𝑗;

(3) (𝑝
𝑖
, 𝑞
𝑖
)
𝑇 is the coefficient of a code and can encode the

data

𝑐
𝑖
= (𝑎, 𝑏) (𝑝

𝑖
, 𝑞
𝑖
)
𝑇

= 𝑝
𝑖
⋅ 𝑎 + 𝑞

𝑖
⋅ 𝑏. (4)

𝑐
𝑖
and 𝑐
𝑗
are also linearly independent. In 𝐶 = (𝑐

1
, 𝑐
2
, . . . , 𝑐

𝑚
),

the source node is assumed to produce five coding coeffi-
cients: (1, 0)𝑇, (0, 1)𝑇, (1, 1)𝑇, (2, 1)𝑇, and (1, 2)

𝑇; then 𝐶 =

{𝑎, 𝑏, 𝑎 + 𝑏, 2𝑎 + 𝑏, 𝑎 + 2𝑏}. Any two groups of data in 𝐶 are
linearly independent. They can obtain the data 𝑎 and 𝑏 when
the nodes of leave receive the two groups of data.

The core problem in thewhole process is that how tomake
the relay node assigns the appropriate coding vector.The relay
node is divided into the following two classes for processing:

(i) the relay nodes of indegree 1: as codes are not needed
currently, the code vectors must be assigned;

(ii) the relay nodes of indegree 2: the encoding vector is
V
𝑢

= (V
1
, V
2
)
𝑇. Thus, for data 𝑥 and 𝑦 that passed

through 𝑢, the code is (𝑥, 𝑦)V
𝑢

= (𝑥, 𝑦)(V
1
, V
2
)
𝑇

=

V
1
𝑥 + V
2
𝑦. 𝑢 is then sent to the outside of the path.

The distribution of transiting node coding vector is
divided into two stages, namely, the distribution anddiffusion
phases. Generated by the source node 𝑠, the corresponding
distribution vector is assigned to each relay node. According
to Algorithm 3, the source node 𝑠 distributes the network
coding vector to each node in the multicast diagram. The
relay node has two indegrees that respond to the request
and only one indegree that does not respond to the request.
Assuming that a node responds to the request, the node 𝑠

generates 𝑚 + 𝑗 coding vectors, where 𝑚 coefficient vectors
are sent to 𝑚 requesting nodes and 𝑗 is the source node
𝑠
 number of child nodes. As shown in Algorithm 4 at the
diffusion stage, the source node 𝑠 first distributes 𝑗 coding
vectors generated at the distribution stage to 𝑠 nodes of child.
The child nodes will further distribute the coding vectors to
its downstream nodes to diffuse. In the process, the following
two types of nodes are needed to handle:

(i) node𝑢 of indegree 1: when receiving the coding vector
(𝑝
𝑖
, 𝑞
𝑖
)
𝑇 from its parent node, the encoding vectors

𝑤(𝑢):𝑝
𝑢
= 𝑝
𝑖
, 𝑞
𝑢
= 𝑞
𝑖
are set;

(ii) node 𝑢 of indegree 2: the node 𝑢 is already at the
distribution stage 𝑤(𝑢):𝑝

𝑢
= 𝑝
𝑖
, 𝑞
𝑢
= 𝑞
𝑖
. From two
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The receiving node t:
From the neighbor node of t or by flooding, find 𝑘 unsaturated
nodes {𝑢

𝑖
} that are not on the path 𝑃𝑓:

(1) Send paths to {𝑢
𝑖
};

(2) Request the unsaturated node 𝑢
𝑖
and let the best

paths Path
𝑠→𝑢𝑖

from the source node s to 𝑢
𝑖
and the weight value 𝑤(Path

𝑠→𝑢𝑖
) return;

(3) 𝑢 = Find best path(𝑡, {𝑢
𝑖
} , {Path

𝑠→𝑢𝑖
}, {𝑤(Path

𝑠→𝑢𝑖
)}),

where Find best path() is as follows:
The link quality evaluation of query nodes 𝑢

1
, 𝑢
2
, . . . , 𝑢

𝑚
is

𝑤(Path
𝑠→𝑢𝑖

) = (𝐷,Bandwidth(Path
𝑠→𝑢𝑖

), Latency(Path
𝑠→𝑢𝑖

)) for
every unsaturated node 𝑢

𝑖
,

Calculate 𝑤(Path
𝑠→𝑢𝑖

∪ 𝑒
𝑢𝑖𝑡
);

Choose the best path to return;
The transiting node 𝑢

𝑖
is

Receive the requests of the best path Path
𝑠→𝑢𝑖

and the weight value 𝑤(Path
𝑠→𝑢𝑖

) sending from 𝑃𝑓 and t;
If Path

𝑠→𝑢𝑖
and 𝑃𝑓 non-intersect, then

Send Path
𝑠→𝑢𝑖

and 𝑤(Path
𝑠→𝑢𝑖

);
If Path

𝑠→𝑢𝑖
and 𝑃𝑓 intersect, but 𝑢

𝑖
shows another non-intersect path, then 𝑃

𝑖
and 𝑃𝑓 non-intersect.

Algorithm 1: Node t building the algorithm of path Pf.

The receiving node t:
If the neighbor node of t is an unsaturated node{𝑢

𝑖
},

𝑢 = Find best path(𝑡, {𝑢
𝑖
})

𝑢𝑓 = 𝑢
𝑖

𝑝𝑓 = 𝑃𝑓 ∪ 𝑢
𝑖
.

If the neighbor nodes of T are all saturated nodes,
Search the whole multicast tree
until an unsaturated node is found,

𝑢 = Find best path(𝑡, {𝑢
𝑖
})

𝑢𝑓 = 𝑢
𝑖

𝑝𝑓 = 𝑃𝑓 ∪ 𝑢
𝑖

Find best path() is defined as follows:
Find best path(𝑡, {𝑢

1
, 𝑢
2
, . . . , 𝑢

𝑚
}).

The link quality evaluation of query nodes is 𝑢
1
, 𝑢
2
, . . . , 𝑢

𝑚
,

𝑤(Path
𝑠→𝑢𝑖

) = (𝐷,Bandwidth(Path
𝑠→𝑢𝑖

), Latency(Path
𝑠→𝑢𝑖

)),
for every unsaturated node 𝑢

𝑖
,

calculate 𝑤(Path
𝑠→𝑢𝑖

∪ 𝑒
𝑢𝑖𝑡
)

Choose the best path to return.

Algorithm 2: Algorithm of node t building the path Pf.

Send𝑃
𝑖
and 𝑤(𝑝

𝑖
);

If Indegree(𝑢
𝑖
) = 1,

Contact the child node c of the source node s, and
the subtree of c contained 𝑢

𝑖
. The unsaturated node v is

then searching in the subtree of c.
Return the
path 𝑃 = 𝑝(𝑠 → V) ∩ 𝑝(V → 𝑢) and 𝑤(𝑃).

Algorithm 3: Stage of coding vector distribution.
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Source node S:
Broadcast to each relay node of multicast diagram to

distribute coding vector;
set 𝑇 = (largest RTT) × 2;
set timer 𝑡 = 0, initialize𝑚 = 0;
while (𝑡 ≤ 𝑇)
Receive ⟨request code, address of 𝑢⟩;
𝑚 = 𝑚 + 1;
node addr [𝑚] = address of 𝑢;
𝑗 = Obtain the child nodes of the node s’ number;
Obtain
𝑔(𝑚 + 𝑗) = {(𝑝

1
, 𝑞
1
)
𝑇
, (𝑝
1
, 𝑞
1
)
𝑇 , . . . , (𝑝

𝑚+𝑗
, 𝑞
𝑚+𝑗

)
𝑇
}

for 𝑖 = 1 to𝑚
send ⟨code, (𝑝

𝑖
, 𝑞
𝑖
)
𝑇
⟩ to

node addr [𝑚];
Receive the distribution code of the transit node 𝑢;
If indegree(𝑢) = 1, then
Do nothing

If indegree(𝑢) = 2, then
send message ⟨request code, address of 𝑢⟩ to s;

Wait to receive ⟨newcode, (𝑝
𝑖
, 𝑞
𝑖
)
𝑇
⟩;

Set 𝑤 (𝑢) : 𝑝
𝑢
= 𝑝
𝑖
, 𝑞
𝑢
= 𝑞
𝑖
.

Algorithm 4

Source node S:
S has produced (𝑚 + 𝑗) coding vector.
For 𝑖 = 1 to 𝑗
send ⟨code, 𝑔(𝑚 + 𝑗)⟩ to s’ jth child node addr [𝑗];
The node of indegree 1 is as follows:

Receive (𝑝
𝑖
, 𝑞
𝑖
)
𝑇 sent from its father node;

Set 𝑤(𝑢) : 𝑝
𝑢
= 𝑝
𝑖
, 𝑞
𝑢
= 𝑞
𝑖
;

The node of in-degree 2 is as follows:
Receive the coding vectors (𝑝

1
, 𝑞
1
)
𝑇 and (𝑝

2
, 𝑞
2
)
𝑇;

Set V
𝑢
= (

𝑝
1

𝑝
2

𝑞
1

𝑞
2

)

−1

(
𝑝
𝑢

𝑞
𝑢

).

Algorithm 5: Diffusion stage.

father nodes V, two vectors are obtained at the
diffusion stage Algorithm 5. Supposing (𝑝

1
, 𝑞
1
)
𝑇 and

(𝑝
2
, 𝑞
2
)
𝑇, then V

𝑢
= (V
1
, V
2
)
𝑇.With 1 and 2 to represent

the received data from two sides, then (𝛼, 𝛽)(V
1
, V
2
)
𝑇

is sent to all of the nodes on the edge of the data. We
then have

(𝑎, 𝑏) (
𝑝
1

𝑝
2

𝑞
1

𝑞
2

) = (𝛼, 𝛽) . (5)

The node 𝑢 is sent to its degree of edge data as follows:

(𝑎, 𝑏) (
𝑝
𝑢

𝑞
𝑢

) = (𝛼, 𝛽) (
𝑝
1

𝑝
2

𝑞
1

𝑞
2

)

−1

(
𝑝
𝑢

𝑞
𝑢

) . (6)

The comprehensive Formulas (5) and (6) can be obtained
as follows:

V
𝑢
= (

𝑝
1

𝑝
2

𝑞
1

𝑞
2

)

−1

(
𝑝
𝑢

𝑞
𝑢

) . (7)

In the above process, the relay node 𝑢 distributes the
appropriate coding vector. According to the above analysis,
the receiving node 𝑡 can be decoded to obtain (𝑎, 𝑏) as it
receives any two coded data.

Theorem 5. In the 2-redundant multicast tree, after coding
and forwarding by the middle node, the receiving node 𝑡 can
encode to obtain (𝑎, 𝑏) sent from the source node 𝑠.
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Proof. Two mutually disjoint paths 𝑃𝑓 and 𝑃𝑠 exist accord-
ing to the construction of 2-redundant multicast tree after
the source 𝑠 multicast forwarded the date (𝑎, 𝑏). Given
that the source node 𝑠 is linearly independent, (𝑝

1
, 𝑞
1
)
𝑇
,

(𝑝
2
, 𝑞
2
)
𝑇
, . . . , (𝑝

𝑚
, 𝑞
𝑚
)
𝑇 is generated when coding vector.The

assumption that the node 𝑡 from two paths of encoded data
is linearly independent can be proved if the two paths of the
transit node coding vectors are proved to be linearly indepen-
dent.

This assumption can be verified using Formulas (5) and
(6). If Formulas (5) and (6) were established, ( 𝑝1 𝑝2𝑞1 𝑞2 )must be
reversible, that is, ( 𝑝1 𝑝2𝑞1 𝑞2 ) is linearly independent.

3. Performance Analysis

3.1. k-Redundant Multicast Algorithm Complexity Analysis.
The entire network node number is assumed as 𝑛 from the
preliminary figure to construct multicast tree.Themain work
is to build a tree diagram, of which the whole process is
similar to the Bellman-Ford algorithm. The complexity is
expressed as (𝑉𝐸), where 𝑉 is for the entire figure on the
number of nodes 𝑛, and 𝐸 is used to determine the number
of edges. The overall complexity of the algorithm is 𝑂(𝑛∧2).

The main task of the receiving node joining is to find
neighbor nodes. The number of control message is about
𝑂(𝑛
∧2). The receiving node in 2-redundant multicast figure

finds suitable unsaturated node. The search process is aimed
to find tree. The worst case is 𝑂(log 𝑛).

3.2. Network Coding Complexity Analysis. By distributing
phase in the entire coding vector, the initialization ofmessage
transmission is the broadcasting of multicast tree. The num-
ber of packets is 𝑂(𝑛). A total of𝑚messages are in response.
The message number is 𝑂(𝑚). The diffusing phase of coding
vector is to spread from each relay node to the child nodes.
The number of packets is 2𝑛, so that the overall number of
message is 𝑂(𝑛).

In the aspect of time delay, the maximum delay from the
source node 𝑠 to the receiving node is 𝑇. The source node 𝑠
in the coding vector distribution stages sets the timing to 2𝑇
and initializes the broadcast message for 𝑇; thus, the overall
worst case is 3𝑇. During the diffusion stage, 𝑡 is assumed as
any two nodes’ maximumdelay in themulticast figure. As the
distributed algorithm is used, the extension of coding vector
is generally not greater than 𝑡. Accordingly, the overall coding
time delay is 𝑂(𝑇).

3.3. Simulation Analysis

3.3.1. Simulation Illustration. To evaluate and analyze the
performance of multicast, the NS platform is used for sim-
ulation. The experimental environment is as follows: 500
sensor nodes are distributed to 100m by 100m square area
randomly; the receiving node is 100, and the gathering node
is in the network center. The signal collision and the influ-
ence of random factors, such as wireless channel interfer-
ence, are ignored. The other important parameters used in
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Figure 6: Topology of network simulation.
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Figure 7: Average energy of node consumption.

the experiment are shown in Table 1. The topology of the
network simulation is shown in Figure 6.

3.3.2. Simulation Analysis. The comparative analyses of sev-
eral aspects, such as the average energy consumption of
nodes, end-to-end delay, and packet loss rate, with the tradi-
tional multicast mechanism based on tree and the tree multi-
cast mechanism based on network coding are conducted.

(1) Average Energy Consumption of Nodes. The node energy
consumption is that in WSNs, the average energy consump-
tion in the node running is computed as follows:

average (noden
𝑖
) =

1

𝑛

𝑛

∑
𝑖=1

𝐸 (𝑛
𝑖
) , (8)

where 𝑛 is the number of sensor nodes. As shown in Figure 7,
the whole simulation ran for 256 s. The first 120 s is for
the building of multicast topology. At this time, the energy
consumption is more in the three algorithms. The following
136 s is for the data’s multicast process. Based on the sim-
ulation curve, the computational cost of the MABNC algo-
rithm of multicast figure based on network coding increased



8 International Journal of Distributed Sensor Networks

Table 1: Simulation parameters.

Parameter Value
𝑑
0
(m) 75

Node initial energy (J) 1–3
𝐸elec 5 nJ/bit
𝜀fs 10 pJ/(bit⋅m2)
𝜀mp 0.0013 pJ/(bit⋅m4)
Message size 4000 bits

compared with the traditional multicast mechanism based
on tree and tree multicast routing algorithms. However,
the data retransmission times are effectively reduced and
smaller energy consumption is yielded by using the network
coding mechanism. Literature [11] indicates that in the
sensor network, the bit data of energy consumption that the
node sent is equivalent to 1000 times computing. Using the
network coding can reduce the number of nodes sending
data effectively. Compared with the tree routing mechanism
based on network coding, the building and multicasting are
more concise by using k-redundant multicast figure and can
achieve the maximum theoretical flow of multicast routing.

(2) End-to-End Delay. Overall, the simulation running time
is 1000 s. The first 120 s is for building a multicast topology,
and the remaining time is for multicasting. As shown in the
simulation Figure 8, the tree-based multicast routing mecha-
nism of time delay is the largest. The second is the multicast
mechanism by using the mechanism of network coding. As
the sensor network nodes change dynamically, the topology
is not stable. The tree-based multicasting mechanism needs
to maintain and adjust tree and influences the performance
of multicast. In the multicasting mechanism of k-redundant
based on network coding, the time delay centered in three
kinds of algorithm of end-to-end delay.The tree multicasting
routing based on network coding has the best performance.
After using 𝑘 redundant, as a result of overlay routing, a
bottom support of GEAR is needed and sometime delay is
spent.

(3) Rate of Packet Loss. The rate of packet loss is the index
of robustness to reflect the multicast routing algorithm. As
shown in Figure 9, in the three kinds of multicast routing
mechanism, the packet loss rate is higher because the sensor
network environment is complicated and rapid changes exist
in the network topology. The algorithm of k-redundant mul-
ticast routing has the least rate of packet loss. As k-redundant
algorithm uses the idea of multipath, the network robustness
is slightly better than the other two kinds of routing.

4. Summary

This paper aims to design the requirements of multicast
routing protocol based onWSN as follows: energy efficiency,
expandability, robustness, and fast convergence. Based on
network coding, k-redundant multicast protocol is proposed
and its working process is described. The routing protocol
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Figure 9: Packet loss rate.

is simulated at the platform of NS2.31. The simulation result
indicates that the protocol routing has lower rate of packet
loss, small delay, and relatively low cost of the entire network
nodes.
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This paper studies the achievable data rate of the two-transmitter and two-receiver interference channel model with cooperative
transmission. To implement the cooperation, a finite rate conferencing link is deployed at the transmitters side in order to share
the message. A new transmit scheme with private message sharing is proposed based on the dirty paper coding. The achievable
rate region is established in both strong interference regime and weak interference regime. In weak interference regime, the
asymptotically rate region shows the conferencing link can improve the achievable rate region for cooperative receiver. In strong
interference regime, the conferencing link not only improves the achievable rate for cooperative receiver but also improves the sum
rate of the cooperative network. Numerical results demonstrate these theories in a Gaussian interference channel.

1. Introduction

The classic interference channel (IC) model is a two-
transmitter and two-receiver model, which is firstly intro-
duced in [1]. In thismodel, one transmitter sends information
to the corresponding receiver and interferes with another
transmitter-receiver pair. The study of interference channel
is important for communication system design, because the
practical systems are designed to operate in the interference
scenario. In [2], Han and Kobayashi gave the classical
achievable rate region for the interference channel, where
the message is split into common information and private
information. This splitting technique is used to partially
decode and subtract the interfering signal.

Due to the scarcity of the spectrum resource and the
high data transmit requirement, cooperative transmission
had drawn much research attention [3–5]. Such cooperative
transmission had been considered in the IC research. Inter-
ference channel with transmitter cooperation had attracted
many researchers interests [6, 7]. The channel model is that
two transmitters attempt to communicate with their respec-
tive receivers simultaneously through a common medium,
and one transmitter has complete or partial knowledge about

themessage being transmitted by the other. It is first proposed
in [6] that by utilizing cognitive techniques, the cognitive
transmitter gains full knowledge of another transmitter
message. During the transmission, the cognitive transmitter
treats the message from the other transmitter as interference
and tries to compensate for it by using a well-known Gelfand
and Pinskers coding scheme [8]. This result enlarges the
achievable rate region in [2] and reduces to the same region in
[2] in the case where no interferencemitigation is performed.
In [9], a cooperative encoding schemewas proposed to derive
new achievable rate regions, in which the channel is named as
IC with degraded message sets (IC-DMS). Both [6, 9] proved
that the rate region is achievable when applying the proposed
coding schemes for the IC-DMS in the low interference
regime, whichmeans the cross-link gain between the receiver
and its interfering transmitter is less than one. Considering
the coding scheme in [9] is nonoptimal for IC-DMS in
high interference regime, a cooperative coding scheme is
proposed in [10]. By combining three coding methods, coop-
erative coding, collaborative coding, and Gelfand-Pinsker
coding, the new coding scheme derives the achievable rate
region not only in low interference regime but also in the
high interference regime. Reference [11] proposed various
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transmitter cooperation scenarios in the two-transmitter
two-receiver interference channel (𝑋-IC) and obtained the
channel capacity in the strong interference regime.

However, the previous works assumed that the message
sharing among transmitters via cognitive radio did not
consider the limitation of the data rate of the information
exchange on transmitter side. Reference [12] proposed a
scheme with finite-rate cooperation at transmitters in 𝑍-
interference channel (𝑍-IC). It is proved that the achievable
rate region can be improved by the conferencing link in both
low interference regime and high interference regime in 𝑍-
IC. The cooperation can be deployed at not only the trans-
mitter side but also the receiver side. In [13], the achievable
rate region is studied with receiver cooperation, in which the
receiver will relay the public information to the other receiver.

Most of the works are based on the assumption that the
public message can be shared either between transmitters or
receivers. In such cooperation scenario, the transmitter coop-
eration sharing the public message can mitigate the interfer-
ence. In this paper, we extend the transmitter cooperation
in 𝑋-IC with private message sharing for joint processing
[3]. We consider the one-side information exchange in the
transmitters side and cooperative transmission, which can be
thought as one transmitter acting as the relay node in the 𝑋-
IC [14] for cooperative transmission. In such scenario, the
transmitter cooperation can not only mitigate the interfer-
ence but also improve the useful signal transmission gain.

The contributions of this paper are as follows: (1) we
study the 𝑋-IC channel with cooperative transmission,
in which the private message of one transmitter can be
transferred to another transmitter and then sent to the
corresponding receiver cooperatively; (2) the achievable rate
region is established in both strong interference regime and
weak interference regime. In weak interference regime, the
asymptotically rate region shows the conferencing link can
improve the achievable rate region for cooperative receiver.
In strong interference regime, the conferencing link not only
improves the achievable rate for cooperative receiver but also
improves the sum rate of the cooperative network.

The rest of the paper is organized as follows: the system
model is given in Section 2; the achievable rate region in
modified interference channel with cooperative transmission
is proved in Section 3; Section 4 computes an achievable rate
region in the AWGN case. The numerical results and the
conclusion are given at the end of the paper.

2. Modified Interference Channel with
Cooperative Transmission

In this section, a two-transmitter two-receiver interference
channel with transmitter cooperation is defined in which
transmitter 𝑇

𝑥1
has the knowledge of the message to be

transmitted by the transmitter 𝑇
𝑥2
. The transmitter 𝑇

𝑥1
could

refrain from transmitting its own information and act as a
relay for transmitter 𝑇

𝑥2
. Similar to [2], a modified IC with

cooperative transmission𝐶
𝑚
is introduced and demonstrates

an achievable region R𝑚. After that, a relation between an
achievable rate for 𝐶

𝑚
and an achievable rate for 𝐶 is used

+

+

(Tx1 )
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)

(Rx1
)

(Rx2
)
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Figure 1:Themodified interference channelmodel with transmitter
cooperation.

to establish an achievable region for the IC with cooperative
transmission. The modified 𝐶

𝑚
is defined as in Figure 1.

Let𝑋
1
∈ X
1
and𝑋

2
∈ X
2
be the random-variable inputs

to the channel. Let 𝑌
1
∈ Y
1
and 𝑌

2
∈ Y
2
be the random-

variable outputs of the channel. The conditional probabilities
of the discrete memoryless channel are the same as in [2] and
can be fully described by 𝑝(𝑌

1
| 𝑋
1
, 𝑋
2
) and 𝑝(𝑌

2
| 𝑋
1
, 𝑋
2
)

for all values𝑋
1
∈ X
1
,𝑋
2
∈ X
2
, 𝑌
1
∈ Y
1
, and 𝑌

2
∈ Y
2
.

The modified IC with cooperative transmission intro-
duces two pairs of auxiliary random variables: (𝑈

1
, 𝑉
1
) and

(𝑈
2
, 𝑉
2
). In this work, 𝑈

1
, 𝑈
2
denote the private message

sending to the corresponding receivers. 𝑉
2
denote the public

message sending to the two receivers. The message 𝑉
1
is

generated to sendmessage to receive𝑉
2
cooperatively. Define

(𝑛, 𝐾
11
, 𝐾
12
, 𝐾
21
, 𝐾
22
, 𝜖) code for the modified IC with coop-

erative transmission model as a set of 𝐾
21
⋅ 𝐾
22

codewords
𝑥𝑛
2
(𝑖, 𝑗) ∈ 𝑋𝑛

2
, and 𝐾

11
⋅ 𝐾
12
⋅ 𝐾
21
⋅ 𝐾
22

codewords 𝑥𝑛
1
(𝑖, 𝑗) ∈

𝑋𝑛
1
, 𝑖 ∈ 1, 2, . . . , 𝐾

21
, 𝑗 ∈ 1, 2, . . . , 𝐾

22
, 𝑘 ∈ 1, 2, . . . , 𝐾

11
,

𝑙 ∈ 1, 2, . . . , 𝐾
12
such that the average probability of decoding

error is less than 𝜖.
Denote the time-sharing random variable𝑄 as defined in

[2]. For notational simplicity, the following notation is used to
replace the probability distributions of 𝑄, 𝑈

1
, 𝑈
2
, 𝑉
1
, and 𝑉

2

𝑝 (𝑞) = Pr {𝑄 = 𝑞} ,

𝑝 (𝑢
1
| 𝑞) = Pr {𝑈

1
= 𝑢
1
| 𝑄 = 𝑞} ,

𝑝 (𝑢
2
| 𝑞) = Pr {𝑈

2
= 𝑢
2
| 𝑄 = 𝑞} ,

𝑝 (V
1
| 𝑞) = Pr {𝑉

1
= V
1
| 𝑄 = 𝑞} ,

𝑝 (V
2
| 𝑞) = Pr {𝑉

2
= V
2
| 𝑄 = 𝑞} .

(1)

Theorem 1. Define 𝑍 := (𝑌
1
, 𝑌
2
, 𝑋
1
, 𝑋
2
, 𝑈
1
, 𝑉
2
, 𝑈
1
, 𝑉
2
, 𝑄, )

and letP be the set of distribution on𝑍 that can be decomposed
into the form

𝑝 (𝑞) 𝑝 (𝑢
2
| 𝑞) 𝑝 (V

2
| 𝑞) 𝑝 (𝑥

2
| 𝑢
2
, V
2
, 𝑞)

× 𝑝 (𝑢
1
| 𝑢
2
, V
2
, 𝑞) 𝑝 (V

1
| 𝑢
2
, V
2
, 𝑞) 𝑝 (𝑥

1
| 𝑢
1
, V
1
, 𝑞)

× 𝑝 (𝑦
1
| 𝑥
1
, 𝑥
2
) 𝑝 (𝑦
2
| 𝑥
1
, 𝑥
2
) .

(2)
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For any 𝑍 ∈ P, let 𝑆(𝑍) be the set of all quadruples
(𝑆
1
, 𝑇
1
, 𝑆
2
, 𝑇
2
) of nonnegative real numbers such that

𝑆
1
⩽ 𝐼 (𝑌

1
; 𝑈
1
| 𝑉
1
𝑉
2
𝑄) , (3)

𝑇
2
⩽ 𝐼 (𝑌

1
; 𝑈
2
| 𝑈
1
𝑉
1
𝑄) , (4)

𝑆
1
+ 𝑇
2
⩽ 𝐼 (𝑌

1
; 𝑈
1
𝑉
2
| 𝑉
1
𝑄) , (5)

𝑆
2
⩽ 𝐼 (𝑌

2
; 𝑈
2
| 𝑉
1
𝑉
2
𝑄) , (6)

𝑇
1
⩽ 𝐼 (𝑌

2
; 𝑉
1
| 𝑈
2
𝑉
2
𝑄) + 𝑅

0
, (7)

𝑇
2
⩽ 𝐼 (𝑌

2
; 𝑉
2
| 𝑈
2
𝑉
1
𝑄) , (8)

𝑆
2
+ 𝑇
2
⩽ 𝐼 (𝑌

2
; 𝑈
2
𝑉
2
| 𝑉
1
𝑄) , (9)

𝑆
2
+ 𝑇
1
⩽ 𝐼 (𝑌

2
; 𝑈
2
𝑉
1
| 𝑉
2
𝑄) + 𝑅

0
, (10)

𝑆
2
+ 𝑇
1
+ 𝑇
2
⩽ 𝐼 (𝑌

2
; 𝑈
2
𝑉
1
𝑉
2
| 𝑄) + 𝑅

0
. (11)

Furthermore, let 𝑆 be the closure of⋃
𝑍∈P 𝑆(𝑍).Then any ele-

ment of 𝑆 is achievable for the modified IC with cooperative
transmitter 𝐶

𝑚
.

Proof. It is sufficient to show the achievability of the
interior elements of 𝑆(𝑍) for each 𝑍 ∈ 𝑝. So, fix 𝑍 = (𝑌

1
,

𝑌
2
, 𝑋
1
, 𝑋
2
, 𝑈
1
, 𝑉
2
, 𝑈
1
, 𝑉
2
, 𝑄) and take any (𝑈

1
, 𝑉
1
, 𝑈
2
, 𝑉
2
)

satisfying the constraints of the theorem. Given any 𝜂 ⩾ 0,
define 𝐿

𝑎
, 𝑁
𝑎
(𝑎 = 1, 2) by

1

𝑛
log 𝐿
𝑎
= 𝑆
𝑎
− 𝜂, (12)

1

𝑛
log𝑁
𝑎
= 𝑇
𝑎
− 𝜂. (13)

Encoding. To generate the codebook, first let 𝑞𝑛 ≜ (𝑞(1),
𝑞(2), 𝑞(3) ⋅𝑞(𝑛)) be a sequence in𝑄𝑛 chosen randomly according
to Π𝑛
𝑡=1
𝑝(𝑞(𝑡)) and known to the transmitters and receivers.

Considering the message exchange from 𝑇
𝑥2
to 𝑇
𝑥1
, note that

𝑝 (𝑢
1
| 𝑢
2
, V
2
, 𝑞)

= ∑
𝑢2∈𝑈2,V2∈𝑉2

𝑝 (𝑢
1
𝑢
2
, V
2
, 𝑞) 𝑝 (𝑢

2
𝑞) 𝑝 (V

2
𝑞) 𝑝 (𝑞) ,

𝑝 (V
1
| 𝑢
2
, V
2
, 𝑞)

= ∑
V1∈𝑈2,V2∈𝑉2

𝑝 (V
1
| 𝑢
2
, V
2
, 𝑞) 𝑝 (𝑢

2
| 𝑞) 𝑝 (V

2
| 𝑞) 𝑝 (𝑞) .

(14)

Then the codebook can be generated according to the
distribution

𝑝 (𝑞) 𝑝 (𝑢
2
| 𝑞) 𝑝 (V

2
| 𝑞) 𝑝 (𝑥

2
| 𝑢
2
, V
2
, 𝑞)

× 𝑝 (𝑢
1
| 𝑢
2
, V
2
, 𝑞) 𝑝 (V

1
| 𝑢
2
, V
2
, 𝑞) 𝑝 (𝑥

1
| 𝑢
1
, V
1
, 𝑞) .

(15)

If the probability of error could be arbitrarily small under
such a message, the rates achieved will be (𝑆

1
, 𝑇
1
, 𝑆
2
, 𝑇
2
)

for the respective transmitter-receiver pairs 𝑇
𝑥1

→ 𝑅
𝑥1
,

𝑇
𝑥1
→ 𝑅
𝑥2
, 𝑇
𝑥2
→ 𝑅
𝑥2
, 𝑇
𝑥2
→ (𝑅

𝑥1
, 𝑅
𝑥2
).

Decoding.𝑅
𝑥1
and𝑅

𝑥2
decode independently, based on strong

joint typicality. The inputs 𝑥𝑛
1
, 𝑥𝑛
2
are received at 𝑅

𝑥1
, 𝑅
𝑥2

as
𝑦𝑛
1
, 𝑦𝑛
2
according to the conditional distributions

𝑝
𝑛
(𝑦
𝑛

1
| 𝑥
𝑛

1
, 𝑥
𝑛

2
) =

𝑛

∏
𝑡=1

𝑝 (𝑦
(𝑡)

1
| 𝑥
(𝑡)

1
, 𝑥
(𝑡)

2
) , (16)

𝑝
𝑛
(𝑦
𝑛

2
| 𝑥
𝑛

1
, 𝑥
𝑛

2
) =

𝑛

∏
𝑡=1

𝑝 (𝑦
(𝑡)

2
| 𝑥
(𝑡)

1
, 𝑥
(𝑡)

2
) , (17)

where 𝑅
𝑥1

attempts to recover (𝑠
11
, 𝑠
21) and 𝑅𝑥2 attempts to

recover (𝑠
12
, 𝑠
21
, 𝑠
22
) based on the received signal𝑦𝑛

1
, 𝑦𝑛
2
.Thus,

the decoders at 𝑅
𝑥1
, 𝑅
𝑥2
are functions

𝜓
1
: 𝑌
𝑛

1
× 𝑄
𝑛
→ 𝑆
11
× 𝑆
21
,

𝜓
1
(𝑦
𝑛

1
, 𝑞
𝑛
) = (𝜓

11

1
(𝑦
𝑛

1
, 𝑞
𝑛
) , 𝜓
21

1
(𝑦
𝑛

1
, 𝑞
𝑛
)) ,

𝜓
2
: 𝑌
𝑛

2
× 𝑄
𝑛
→ 𝑆
12
× 𝑆
21
× 𝑆
22
,

𝜓
2
(𝑦
𝑛

2
, 𝑞
𝑛
) = (𝜓

12

2
(𝑦
𝑛

2
, 𝑞
𝑛
) , 𝜓
21

2
(𝑦
𝑛

2
, 𝑞
𝑛
) , 𝜓
22

2
(𝑦
𝑛

2
, 𝑞
𝑛
)) .

(18)

When 𝑅
𝑥1
, 𝑅
𝑥2

receive the 𝑞𝑛 and 𝑛-sequence 𝑦𝑛
1
, 𝑦𝑛
2
,

respectively, it looks at the set of all input sequences
(𝑢
𝑛

1
, V𝑛
1
, V𝑛
2
) and (𝑢𝑛

2
, V𝑛
1
, V𝑛
2
), respectively. Thus 𝑅

𝑥1
, 𝑅
𝑥2

forms
the set with the given 𝑞𝑛 as follows:

𝑆
1
(𝑦
𝑤

1
, 𝑞
𝑛
) := {(𝑢

𝑛

1
, V𝑛
1
, V𝑛
2
) : (𝑦
𝑛

1
, 𝑢
𝑛

1
, V𝑛
1
, V𝑛
2
, 𝑞
𝑛
)}

∈ 𝐴
𝑛

𝜖𝑑
(𝑌
1
, 𝑈
1
, 𝑉
1
, 𝑉
2
| 𝑄) ,

𝑆
2
(𝑦
𝑤

2
, 𝑞
𝑛
) := {(𝑢

𝑛

2
, V𝑛
1
, V𝑛
2
) : (𝑦
𝑛

2
, 𝑢
𝑛

2
, V𝑛
1
, V𝑛
2
, 𝑞
𝑛
)}

∈ 𝐴
𝑛

𝜖𝑑
(𝑌
2
, 𝑈
2
, 𝑉
1
, 𝑉
2
| 𝑄) .

(19)

Valuation of Error Probability. To simplify the error probabil-
ity calculation, defining each massage emitted to the channel
yields the same error probability. First, the decoding error
probability 𝑃0

𝑒1
for 𝑅
𝑥1

is considered. Suppose that 𝑌
1
∈ Y
1

was received by 𝑅
𝑥1
. Let 𝐸

1
(𝑢
1
V
1
) denote the decoding event

(18), let define 𝑖, 𝑗, 𝑘, 𝑚 as binary variables indicate the decode
function of message 𝑢

1
, V
1
, 𝑢
2
, V
2
, respectively, where equals 1

indicates the decoding successfully, otherwise equals 0. Then
it is easy to have

𝑃0
𝑒1
= Pr{𝐸𝑐

1
(11) , or ⋃

𝑖𝑚 ̸=11

𝐸
1
(𝑖𝑚)}

≤ Pr𝐸𝑐
1
(11) + ∑

𝑖𝑚 ̸=11

{𝐸
1
(𝑖𝑚) | 𝑢

1
∈ 𝑈
1
, V
1
∈ 𝑉
1
, V
2
∈ 𝑉
2
} .

(20)

It is easy to have

Pr {𝐸𝑐
1
(11) ≤ 𝜖} . (21)
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Considering the symmetry among the relevant random
variables for the second part of (20), it is easy to have

∑
𝑖𝑚 ̸=11

Pr {𝐸
1
(𝑖𝑚) | 𝑢

1
∈ 𝑈
1
, V
1
∈ 𝑉
1
, V
2
∈ 𝑉
2
}

= (𝐿
1
− 1)Pr {𝐸

1
(01) | 𝑢

1
∈ 𝑈
1
, V
1
∈ 𝑉
1
, V
2
∈ 𝑉
2
}

+ (𝑁
2
− 1)Pr {𝐸

1
(10) | 𝑢

1
∈ 𝑈
1
, V
1
∈ 𝑉
1
, V
2
∈ 𝑉
2
}

+ (𝐿
1
− 1) (𝑁

2
− 1)Pr {𝐸

1
(00) | 𝑢

1
∈ 𝑈
1
, V
1
∈ 𝑉
1
, V
2
∈ 𝑉
2
} .

(22)

Let us first evaluate Pr{𝐸
1
(01) | 𝑢

1
∈ 𝑈
1
, V
1
∈ 𝑉
1
, V
2
∈ 𝑉
2
}. It

is easy to have

Pr {𝐸
1
(01) | 𝑢

1
∈ 𝑈
1
, V
1
∈ 𝑉
1
, V
2
∈ 𝑉
2
}

≤ exp [−𝑛 (𝐻 (𝑈
1
| 𝑄) − 𝜖)]

⋅ exp [𝑛 (𝐻 (𝑈
1
| 𝑉
1
𝑉
2
𝑌
1
𝑄) + 𝜖)]

= exp [−𝑛 (𝐼 (𝑉
1
𝑉
2
𝑌;𝑈
1
| 𝑄) − 2𝜖)]

= exp [−𝑛 (𝐼 (𝑌; 𝑈 | 𝑉
1
𝑉
2
𝑄) − 2𝜖)] .

(23)

Using similar techniques for the other terms in (22) and
substituting (12) and (13), it is easy to have

∑
𝑖𝑚 ̸=11

Pr {𝐸
1
(𝑖𝑚) | 𝑢

1
∈ 𝑈
1
, V
1
∈ 𝑉
1
, V
2
∈ 𝑉
2
}

≤ exp [−𝑛 (𝐼 (𝑌
1
; 𝑈
1
| 𝑉
1
𝑉
2
𝑄) − 𝑆

1
+ 𝜂 − 2𝜖)]

+ exp [−𝑛 (𝐼 (𝑌
1
; 𝑉
2
| 𝑈
1
𝑉
1
𝑄) − 𝑇

2
+ 𝜂 − 2𝜖)]

+ exp [−𝑛 (𝐼 (𝑌
1
; 𝑈
1
𝑉
2
| 𝑉
1
𝑄) − (𝑆

1
+ 𝑇
2
) + 𝜂 − 2𝜖)] .

(24)

Since 𝜖 > 0 can be made arbitrarily small by letting n be
sufficiently large, (3)–(5) yield

∑
𝑖𝑚 ̸=11

Pr {𝐸
1
(𝑖𝑚) | 𝑢

1
∈ 𝑈
1
, V
1
∈ 𝑉
1
, V
2
∈ 𝑉
2
} ≤ 𝜆, (25)

where the parameter 𝜆 ∈ (0, 1). Then, substituting (22),
(23), and (24), it is easy to have 𝑃0

𝑒1
< 2𝜆. For 𝑅

𝑥2
, 𝑃0
𝑒2

denote the decode error probability. Let 𝐸
2
(𝑢
2
V
1
V
2
) denote

the decoding event (18). Using similar techniques, it is easy
to have the same result. To consider the achievability for
the IC with transmitter cooperation channel, it is simply by
using lemma 2.1 in [2]. Then it is demonstrated that if the
rate pair (𝑆

1
, 𝑇
1
, 𝑆
2
, 𝑇
2
) is achievable in the modified IC with

transmitter cooperation channel, then the rate pair (𝑆
1
, 𝑆
2
+

𝑇
1
+𝑇
2
) is achievable for the IC with transmitter cooperation

channel. Furthermore, the convex hull is then achievable by
standard time-sharing arguments.

3. The Gaussian Interference Channel with
Cooperative Transmission

Considering a memoryless Gaussian channel scenario, the
received signals in standard form [1] for IC with transmitter
cooperation are given by

𝑌
1
= 𝑋
1
+ √𝑎21𝑋2 + 𝑍1,

𝑌
2
= √𝑏
12
𝑋
1
+ 𝑋
2
+ 𝑍
2
,

(26)

where 𝑋
1
, 𝑋
2
are the transmit signals with transmit power

constraints 𝑃
1
and 𝑃

2
, respectively. 𝑎

21
and 𝑏

12
are real

numbers, and 𝑍
1
and 𝑍

2
are independent AWGN with zero

means and variance𝑁
1
, 𝑁
2
, respectively.

To simplify the notation, let 𝛾(𝑥) = (1/2)log
2
(1 + 𝑥).

Let 𝑄, the time-sharing random variable, be constant. Let
define 𝛼, 𝛽 ∈ R and 𝛼, 𝛼, 𝛽, 𝛽 ∈ [0, 1] with 𝛼 + 𝛼 =

1, 𝛽 + 𝛽 = 1. Therefore, independent Gaussian codebooks
of sizes 2𝑛𝑆1 , 2𝑛𝑇1 , 2𝑛𝑆2 , and 2𝑛𝑇2 are generated according to
i.i.d. Gaussian distributions 𝑈

1
∼ 𝑁(0, 𝛼𝑃

1
), 𝑉
1
∼ 𝑁(0, 𝛼𝑃

1
),

𝑈
2
∼ 𝑁(0, 𝛽𝑃

1
), and 𝑉

2
∼ 𝑁(0, 𝛽𝑃

1
), respectively.

At 𝑅
𝑥1
, (𝑈
1
, 𝑉
2
) are decoded while 𝑈

2
is treated as noise.

Since each mutual-information bound can be expanded in
terms of entropies, the set of achievable rates (𝑆

1
, 𝑇
2
) denoted

here by 𝐶
1
is given by

𝑆
1
≤ 𝛾(

𝛼𝑃
1

𝑁
1
+ 𝑎
21
𝛽𝑃
2

) ,

𝑇
2
≤ 𝛾(

𝑎
21
𝛽𝑃
2

𝑁
1
+ 𝑎
21
𝛽𝑃
2

) ,

𝑆
1
+ 𝑇
2
≤ 𝛾(

𝛼𝑃
1
+ 𝑎
21
𝛽𝑃
2

𝑁
1
+ 𝑎
21
𝛽𝑃
2

) .

(27)

At 𝑅
𝑥2
, (𝑈
2
, 𝑉
1
, 𝑉
2
) are decoded while 𝑈

1
is treated as

noise. This is a multiple access channel with a rate-limited
link at transmitter, who has complete knowledge for 𝑇

𝑥2
.

This channel is a special case of the multiple access relay
channel studied in [15].The set of achievable rates (𝑆

2
, 𝑇
1
, 𝑇
2
)

is denoted by 𝐶
2
, where

𝑆
2
≤ 𝛾(

𝛽𝑃
2

𝑁
2
+ 𝑏
12
𝛼𝑃
1

) ,

𝑇
1
≤ 𝛾(

𝑏
21
𝛼𝑃
1

𝑁
2
+ 𝑏
12
𝛼𝑃
1

) + 𝑅
0
,

𝑇
2
≤ 𝛾(

𝛽𝑃
2

𝑁
2
+ 𝑏
12
𝛼𝑃
1

) ,

𝑆
2
+ 𝑇
1
≤ 𝛾(

𝑏
12
𝛼𝑃
1
+ 𝛽𝑃
2

𝑁
2
+ 𝑏
12
𝛼𝑃
1

) + 𝑅
0
,

𝑆
2
+ 𝑇
1
+ 𝑇
2
≤ 𝛾(

𝑏
12
𝛼𝑃
1
+ 𝑃
2

𝑁
2
+ 𝑏
12
𝛼𝑃
1

) + 𝑅
0
.

(28)
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R1

𝛼 = 0, 𝛽 = 1

𝛼 = 1, 𝛽 = 1

𝛼 = 1, 𝛽 = 0

𝛾( a21P2
N1

) + 𝛾( P2

N2 + b12P1

) + R0

𝛾( b12P1 + P2

N2

) + R0

𝛾( a21P2
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) + R0

R2 = 𝛾( a21P2

N1 + P1

) + R0

𝛾( P1

N1 + a21P2

)𝛾( P1
N1

)

Figure 2: The union of rate region pentagons in weak interference
scenario.

It is possible to use a Fourier-Motzkin elimination to
verify the achievable rate region for arbitrary parameter value
𝛼, 𝛽, and the achievable (𝑅

1
, 𝑅
2
) is formed according to (23)

𝑅
𝛼,𝛽
=

{{{{{{{{{{{{{{{{{{{{{{{{{

{{{{{{{{{{{{{{{{{{{{{{{{{

{

(𝑅
1
, 𝑅
2
)



𝑅
1
≤ 𝛾(

𝛼𝑃
1

𝑁
1
+ 𝑎
21
𝛽𝑃
2

) ,

𝑅
2

≤ min{𝛾( 𝑏12𝛼𝑃1 + 𝑃2
𝑁
2
+ 𝑏
12
𝛼𝑃
1

) + 𝑅
0
,

𝛾 (
𝑎
21
𝛽𝑃
2

𝑁
1
+ 𝑎
12
𝛽𝑃
2

)

+ 𝛾(
𝑏
12
𝛼𝑃
1
+ 𝛽𝑃
2

𝑁
2
+ 𝑏
12
𝛼𝑃
1

) +𝑅
0
} ,

𝑅
1
+ 𝑅
2
≤ 𝛾(

𝛼𝑃
1
+ 𝑎
21
𝛽𝑃
2

𝑁
1
+ 𝑎
21
𝛽𝑃
2

)

+ 𝛾(
𝑏
12
𝛼𝑃
1
+ 𝛽𝑃
2

𝑁
2
+ 𝑏
12
𝛼𝑃
1

) + 𝑅
0

}}}}}}}}}}}}}}}}}}}}}}}}}

}}}}}}}}}}}}}}}}}}}}}}}}}

}

.

(29)
The convex hull of the union of the rate region is over

arbitrary and gives the complete achievability region. Since
the union of the rate region ⋃

0<𝛼,𝛽<1
𝑅
𝛼,𝛽

is convex, the
convex hull is not needed. Therefore, the convex hull is not
needed. A proof of this fact will be given in the following.
Consider the regime where 𝑎

21
, 𝑏
12
< 1, that is, in weak

interference and weak cooperation scenario. In this case, the
constraint𝑅

2
≤ 𝛾((𝑏

12
𝛼𝑃
1
+𝑃
2
)/(𝑁
2
+𝑏
12
𝛼𝑃
1
))+𝑅
0
is ignored.

Then the achievable rate region can be represented in a more
compact form as follows:

𝑅
𝛼,𝛽
=

{{{{

{{{{

{

(𝑅
1
, 𝑅
2
)



𝑅
1
≤ 𝑓
1
(𝛼, 𝛽) ,

𝑅
2
≤ 𝑓
2
(𝛼, 𝛽) ,

𝑅
1
+ 𝑅
2
≤ 𝑓
3
(𝛼, 𝛽)

}}}}

}}}}

}

, (30)

where

𝑓
1
(𝛼, 𝛽) = 𝛾(

𝛼𝑃
1

𝑁
1
+ 𝑎
21
𝛽𝑃
2

) ,

𝑓
2
(𝛼, 𝛽) = 𝛾(

𝑎
21
𝛽𝑃
2

𝑁
1
+ 𝑎
12
𝛽𝑃
2

) + 𝛾(
𝑏
12
𝛼𝑃
1
+ 𝛽𝑃
2

𝑁
2
+ 𝑏
12
𝛼𝑃
1

) + 𝑅
0
,

𝑓
3
(𝛼, 𝛽) = 𝛾(

𝛼𝑃
1
+ 𝑎
21
𝛽𝑃
2

𝑁
1
+ 𝑎
21
𝛽𝑃
2

) + 𝛾(
𝑏
12
𝛼𝑃
1
+ 𝛽𝑃
2

𝑁
2
+ 𝑏
12
𝛼𝑃
1

) + 𝑅
0
.

(31)

To verify the union of rate region pentagons, it is easy to prove
𝑓
1
(𝛼, 𝛽), 𝑓

2
(𝛼, 𝛽), and 𝑓

3
(𝛼, 𝛽) are all continuous functions

of 𝛼, 𝛽, as 𝛼, 𝛽 are from 0 to 1. When 𝛼 increases from 0
to 1, 𝑓

1
(𝛼, 𝛽) is monotonically increasing and both 𝑓

2
(𝛼, 𝛽)

and 𝑓
3
(𝛼, 𝛽) are monotonically decreasing. On the other

hand, when 𝛽 increases from 0 to 1, 𝑓
1
(𝛼, 𝛽), 𝑓

3
(𝛼, 𝛽) are

monotonically decreasing, while 𝑓
2
(𝛼, 𝛽) increasing. There-

fore, as shown in Figure 2, the upper left corner point moves
downward in the 𝑅

1
-𝑅
2
plane as 𝛼 increases. Therefore,

as shown in Figure 2, the upper left corner point moves
downward in the 𝑅

1
-𝑅
2
plane as increases. Moreover, the

lower right corner point moves downward and to the right
as 𝛼 increases and 𝛽 decreases. Consequently, the union of
theses expanded pentagons is defined by 𝑅

1
≤ (𝑃
1
/𝑁
1
), 𝑅
2
≤

((𝑏
12
𝑃
1
+ 𝑃
2
)/𝑁
2
) + 𝑅
0
, and the lower right corner points of

the pentagons (𝑅
1
, 𝑅
2
) with

𝑅
1
= 𝛾(

𝛼𝑃
1

𝑁
1
+ 𝑎
21
𝛽𝑃
2

) ,

𝑅
2
= 𝛾(

𝑏
12
𝛼𝑃
1
+ 𝛽𝑃
2

𝑁
2
+ 𝑏
12
𝛼𝑃
1

) + 𝛾(
𝑎
21
𝛽𝑃
2

𝑁
1
+ 𝑎
12
𝛽𝑃
2
+ 𝛼𝑃
1

) + 𝑅
0
.

(32)

To prove the convexity of the region, similar to [13], it is easy
to have

𝑅


2
=

−𝜂

22𝑅1 + 𝜂
, 𝑅



2
= −
2𝜂 ⋅ ln (2) ⋅ 22𝑅1

(22𝑅1 + 𝜂)
2
, (33)

where 𝜉 = 𝛾((𝑏
12
𝛼𝑃
1
+ 𝛽𝑃

2
)/(𝑁
2
+ 𝑏
12
𝛼𝑃
1
)), 𝜂 =

𝛾(𝑎
21
𝛽𝑃
1
/(𝑁
2
+ 𝑏
12
𝛼𝑃
1
)). Since 𝜂 > 0, it has 𝑅

2
≤ 0 and

𝑅
2
≥ 0. As a result, the curve (26) is concave.Therefore, in the

weak interference regime where 𝑎
21
, 𝑏
12
< 1, the rate region is

convex. Thus, convex hull is not needed. Thus the achievable
rate region simplifies to

𝑅
1
≤ 𝛾(

𝛼𝑃
1

𝑁
1
+ 𝑎
21
𝛽𝑃
2

) ,

𝑅
2
≤ min{𝛾(𝑏12𝑃1 + 𝑃2

𝑁
2

) + 𝑅
0
,

𝛾 (
𝑏
12
𝛼𝑃
1
+ 𝛽𝑃 − 2

𝑁
2
+ 𝑏
12
𝛼𝑃
1

)

+ 𝛾(
𝑎
21
𝛽𝑃
2

𝑁
1
+ 𝑎
21
𝛽𝑃
2
+ 𝛼𝑃
1

) + 𝑅
0
} .

(34)
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Now, consider the strong interference and strong coop-
eration scenario, where 𝑎

21
, 𝑏
12
> 1. In this regime, as 𝛼, 𝛽

are increase from 0 to 1, 𝑓
1
(𝛼, 𝛽) is monotonically increasing

and both 𝑓
2
(𝛼, 𝛽) and 𝑓

3
(𝛼, 𝛽) are monotonically decreasing.

Therefore, using similar techniques, the convex hull is proved
to be unnecessary. Thus, the achievable rate region simplifies
to

𝑅
1
≤ 𝛾(

𝑃
1

𝑁
1

) ,

𝑅
2
≤ 𝛾(

𝑏
12
𝑃
1
+ 𝑃
2

𝑁
2

) + 𝑅
0
,

𝑅
1
+ 𝑅
2
≤ 𝛾(

𝑎
21
𝑃
2

𝑁
1

) + 𝛾(
𝑏
12
𝑃
1

𝑁
2

) + 𝑅
0
.

(35)

So far, obtained achievable rate regions are obtained for
regimes 𝑎

21
, 𝑏
12
< 1 and 𝑎

21
, 𝑏
12
> 1 as in (29) and (30),

respectively.

4. Numerical Results

In this section, to evaluate the achievable rate region, the
results are illustrated in Figures 3 and 4, respectively. As a
numerical example, Figure 3 shows the achievable rate region
of a Gaussian IC in the weak interference regime, with 𝑃

1
=

𝑃
2
= 6, 𝑎

21
= 𝑏
12
= 0.55. The red line denotes the classic Han

and Kobayashi common-private power splitting scheme [2],
and the blue line denotes the ICwith transmitter cooperation.
The cooperation builds a little contribution for 𝑅

2
. However,

it sacrifices the rate for 𝑅
1
, because 𝑇

𝑥1
spend more transmit

power to the cooperative receiver 𝑅
𝑥2

instead of the direct
link receiver 𝑅

𝑥1
. Since the interference link gain is smaller

than that of direct link, the cooperation gain of 𝑇
𝑥1
on 𝑅
𝑥2
is

tiny as well. This is obviously different in the case of strong
interference regime as shown in Figure 4.

In the strong interference regime, the capacity region of
IC with transmitter cooperation is achieved by transmitting
only at the cross-link, that is, the private message from 𝑇

𝑥1

to 𝑅
𝑥2

and the common message from 𝑇
𝑥2

to 𝑅
𝑥1
. In the

strong interference scenario, the cooperation link increases
the capacity by helping the private information decoding at
𝑅
𝑥2
. In fact, a conferencing link𝑅

0
increases the sum capacity

by exactly 𝑅
0
. As a numerical result, Figure 4 illustrates the

capacity region of an IC with transmitter cooperation in
strong interference regime with and without cooperation.
The channel parameters are set to be 𝑃

1
= 𝑃
2
= 2, 𝑎

21
=

𝑏
12
= 1.5. The results indicate that the achievable rate region

increases when the 𝑅
0
increases. The capacity region without

cooperation (H-K scheme) is the red pentagon. The capacity
expands to the blue pentagon region with cooperation and
𝑅
0
= 0.4. If 𝑅

0
≥ (1/2) log(1 + 𝑃

2
), the 𝑇

𝑥1
can fully

cooperative 𝑅
𝑥2
. In this case, the achievable rate region

became the black rectangular.

5. Conclusions

In this paper, rate region of the two-user IC with transmitter
cooperation is studied and derived into Gaussian channel
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2
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Figure 3:The achievable rate region for weak interference with𝑃
1
=

𝑃
2
= 6, 𝑎

21
= 𝑏
12
= 0.55.
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Figure 4:The achievable rate region for weak interference with𝑃
1
=

𝑃
2
= 2, 𝑎

21
= 𝑏
12
= 0.55.

scenario. A potentially more efficient transmission model
is proposed. In the weak interference scenario, a novel
achievable rate region is provided to help the cooperative link
by splitting the transmit power for the other direct link. In
the strong interference scenario, a more flexible rate region is
defined and proved.The larger rate region is achievable as the
conferencing rate increases, which also improves its sum rate.
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The recent advances in microelectro devices have led the researchers to an area of developing a large distributed system that consist
of small, wireless sensor nodes.These sensor nodes are usually equipped with sensors to perceive the environment. Synchronization
is an important component of almost all distributed systems and has been studied by many researchers. There are many solutions
for the classical networks, but the traditional synchronization techniques are not suitable for sensor networks because they do not
consider the partitioning of the network and message delay. Additionally, limited power, computational capacity, and memory of
the sensor nodes make the problemmore challenging for wireless sensor networks.This paper examines the clock synchronization
issues in wireless sensor networks. Energy efficiency, cost, scalability, lifetime, robustness, and precision are the main problems to
be considered in design of a synchronization algorithm.There is no one single system that satisfies all these together. A comparison
of different clock synchronization algorithms in wireless sensor networks with a main focus on energy efficiency, scalability, and
precision properties of them will be provided here.

1. Introduction

Wireless sensor networks are the networks that consist of
mobile wireless computing devices, in which these devices
are usually equipped with sensors to perceive the environ-
ment. Along with the recent advances in technology and
the increasing demand, sensor networks are now being
widely used in many applications. Wireless sensor networks
have many applications including environmental monitor-
ing, health monitoring, inventory location monitoring, and
objects tracking. Features of a sensor network, such as size
(number of nodes), density, and connectivity, vary depending
on the application. Sensor nodes in the network are mostly
mobile devices equipped with limited power and computa-
tion capabilities. Hence, a reasonable ordering of events in
such environments is a challenging task.

This paper examines the clock synchronization issues
in ad hoc and sensor networks [1]. Clocks can be out of
synchronization in two ways: shifting (clock offset or phase
offset) or drifting (clock skew-oscillator’s frequency offset). In
the case of shifting, they run at the same frequency, but their
clock readings differ by a constant value—the offset between

the clocks. In the case of drifting, they run at different
frequencies. Synchronizing drifting clocks is much more
costly and difficult than synchronizing two shifting clocks.
Clocks of nodes may run at slightly different frequencies,
which is themain reason why clock offsets keep drifting away
due to the imperfections in the quartz crystal. Adjusting clock
skew can guarantee long-term reliability of synchronization
and reduce the number of message exchanges. Some of the
previous algorithms adjust the frequency offset (clock skew)
relative to a certain frequency [2, 3].Maggs et al. [4] proposed
a consensus clock synchronization that provides internal
synchronization to a virtual consensus clock. It is sensitive to
the limited resources available to sensor nodes and is robust
to many of the challenges faced in dynamic ad hoc networks.

Feedback-based synchronization (FBS) scheme to com-
pensate the clock drift caused by both internal perturbation
and external disturbance was proposed by Chen et al. [5].
It showed that FBS is much more robust than the delay
measurement time-synchronization (DMTS) protocol. Misra
and Vaish [6] suggested a reputation-based role assigning
scheme for RBAC. The main objective of this scheme is to
manage reputation locally with minimum communication
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and delay overhead and to assign appropriate role or level
to the deserved nodes in order to increase the throughput
of overall network. Their scheme showed the increase in
throughput by around 32% at the consumption of little more
energy. Liu et al. [7] proposed a Kalman filter based advanced
SCTS (ASCTS) mechanism. They proved the close relation-
ship between the basic phase locked loop (PLL) employed by
SCTS and the Kalman filter employed by ASCTS.

Many synchronization techniques have been proposed
in literature for either central [8, 9] or distributed [10–12]
systems. However, these classical synchronization techniques
are not suitable for wireless sensor networks, since they do
not take into account the partitioning of the network and the
message delay.

There are mainly six requirements to be considered in
design of a synchronization algorithm: energy efficiency, cost,
scalability, lifetime, robustness, and precision.There is no one
single system that satisfies all these together. The author will
be providing a comparison of different clock synchronization
algorithms in wireless networks along three axes: energy
efficiency, scalability, and precision properties.

The paper is organized as follows. I will be first talking
about the synchronization problem in the next subsection.
Then, I will give an overview of traditional synchronization
methods in Section 2. After a brief introduction to wireless
sensor networks, challenges, design issues, sources of error,
and requirements of a synchronization method for wireless
sensor networks will be analyzed in Section 3. I will present
four different synchronization methods and then compare
them based on three aspects.

2. Traditional Synchronization Methods

Possible set of solutions to the problem depends on the
system in use. For instance, the problem can be addressed
by a centralized server in centralized systems. Two such
systems are described by Cristian [8] and Gusella and Zatti
[9]. The method presented in [8] depends on a central time
server that is connected to an accurate time source like UTC
(Coordinated Universal Time). To get the actual time, the
client sends a request to the server. Receiving the request,
the server prepares a response by appending its current clock
time 𝑡 to it and sends it to the client. Then the client adjusts
its time as 𝑡 + 𝑟𝑟𝑡/2, where 𝑟𝑟𝑡 is the round trip time elapsed
for the message to travel from and then back to a sender.

Rather than the clients asking for time as in [8], a time
server polls the machines periodically in [9]. The procedure
starts with the server requesting for current clock times of the
clients. Once all the responses are received, the server finds
the time of each client by using the round trip times of the
messages, a method similar to [8]. The actual time is then
calculated in the server by averaging those values as well as its
own time. Instead of sending the calculated time, the server
sends to each client the amount of time that it should adjust.
The idea behind this is to avoid the errors introduced by the
round-trip time estimations.

The clock synchronization problem gets more compli-
cated in distributed systems due to lack of a global clock.
There are two concepts to be considered in this case, either

to synchronize the physical clock or the logical clock. In
physical clock synchronization, the goal is to bring together
the physical clocks of each machine to a very similar point;
whereas in logical clock synchronization, gravity is the
accurate ordering of relevant events.

Network Time Protocol (NTP) is the most commonly
used method on the Internet for physical clock synchroniza-
tion [12]. NTP is a layered client-server architecture based on
UDP message passing. It operates with a hierarchy of levels,
where levels are assigned a number called the stratum. At
the lowest level are the stratum 1 (primary) servers, which
are directly synchronized to national time services. In the
next level, there are the stratum 2 (secondary) servers that
are synchronized to stratum 1 servers. And the hierarchy
continues the same way until the highest level.

In some distributed systems, it is more important to
have a consistent and logical ordering of events, rather than
knowing the actual occurrence time for each individual
event. For such systems, it is not required to have absolute
clock synchronization as it was the case in physical clock
synchronization. Lamport [11] and Fidge [10] are the two
most remarkable solutions for logical clock synchronization
in distributed systems.

Lamport [11] defines an ordering of events using the
concept of causality. If an event 𝑎 could have affected the
outcome of event 𝑏, then it is referred as event 𝑎 “happened
before” event 𝑏. The partial ordering of events is discussed
in the paper, which is obtained by the “happened before”
relation. For the partial ordering, there are two rules to be
considered. The first is to increment the local clock between
any two successive local events.The second is, upon receiving
a message from another process with a local timestamp 𝑡 of
that sending process, to set the local clock greater than or
equal to the maximum value of either 𝑡 or the local clock
value. Finally, they use these logical clocks to obtain total
ordering across all processes and events.

Fidge [10] also defines a partial ordering of events using
the causality concept. However, rather than using a single
value for each timestamp, they choose to use a vector of
values. The vector is initially set to (0, 0, . . . , 0), where each
index corresponds to a processor. In case of a local event
at processor 𝑃

𝑖
, the value at index 𝑖 is incremented. When

a processor 𝑃
𝑖
receives a message from processor 𝑃

𝑗
with

timestamp vector 𝑇, 𝑃
𝑖
sets the time in each index to

maximum value of either the corresponding value of 𝑇 or
the local vector value. The advantage of keeping a vector of
timestamps and maximizing it among processors is that it
allows ordering not only the events within a process, but also
the events in different processes.

3. Synchronization Issues in
Wireless Sensor Networks

Sensor networks are the networks that consist of mobile
wireless computing devices that are equipped with sensors to
perceive the environmental conditions, such as temperature,
pressure, and humidity.The traditional synchronization tech-
niques described above are not suitable for such networks.
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In this section, I will first talk about the sensor networks in
general and then discuss the main challenges of synchroniza-
tion in sensor networks, which involves desired properties
and design principles of a synchronization scheme, as well as
main possible resources of error.

Although the initial settings might be the same, real
clocks at different computing devices can be different due to
some variances in the counting rates of the clocks. For some
node 𝑖 in the network, a hardware oscillator assisted computer
clock installed in that node implements an approximation
𝐶(𝑡) of real-time 𝑡 as

𝐶
𝑖
(𝑡) = 𝑎

𝑖
𝑡 + 𝑏
𝑖
, (1)

where 𝑎
𝑖
denotes the angular frequency (or rate) of the

hardware oscillator and 𝑏
𝑖
denotes the difference to the real

time 𝑡. In literature, this angular frequency is usually referred
as clock drift or skew and the difference as clock offset [13].
In a perfect case, the rate of a clock (𝑑𝐶/𝑑𝑡) would be equal
to zero. However, due to the environmental conditions, such
as temperature, pressure, and humidity, the clocks are subject
to some drift with a maximum value of 𝜌 such that

1 − 𝜌 ≤
𝑑𝐶

𝑑𝑡
≤ 1 + 𝜌. (2)

Although having different values for different computers,
today’s clock hardware typically provide a value of 10−6 for
𝜌 [14], which means the clocks drift away from each other
by at most one second in ten days. Behaviors of clocks with
different 𝑑𝐶/𝑑𝑡 values are the standard timescale used by
most of the nations in the world, which is based on the Earth’s
rotation about its axis [15].

Clock synchronization problem deals with ways of bring-
ing the clocks of different computers (or processes, devices...)
close to each other by communicating among them. More
precisely, the clock synchronization problem aims to equalize
𝐶
𝑖
(𝑡) for all the nodes 𝑖 = 1, . . . , 𝑛 or some subset of nodes

in the network. Adjusting the clock values for once is not
enough, since the clocks will be drifting away again later.
Hence, one can choose to either equalize the rates along with
the offset or apply the synchronization repeatedly.

3.1. Sensor Networks. The recent advances in small electro
devices have aroused interest in the development of large
and distributed systems of small, wireless sensor nodes
that communicate with each other. These sensor nodes
mostly consist of components with sensing, data processing,
and communicating capabilities. Although being limited in
power, computational capacities, and memory, they can be
used collaboratively to monitor the environmental condi-
tions. Hence, a sensor network is network that is composed
of a large number of spatially distributed sensor nodes that
monitor physical or environmental conditions.

Types of sensors in a sensor network include low sam-
pling rate magnetic, thermal, visual, infrared, acoustic, and
radar. These sensors are able to monitor a wide variety of
ambient conditions such as temperature, humidity, vehicular
movement, lightning condition, pressure, soil makeup, noise
levels, the presence or absence of certain kinds of objects,

mechanical stress levels on attached objects, and speed,
direction, and size of an object [16]. Initially, the development
of wireless sensor networks originated by military-oriented
applications (i.e., monitoring forces, battlefield surveillance).
However, today wireless sensor networks are being used in
various domains for many other applications. Some of these
domains and sample applications in those domains have been
listed below.

(i) Military: battlefield surveillance, targeting, monitor-
ing forces, equipment and ammunition, and battle
damage assessment.

(ii) Environmental: fire, flood, earthquake detection, and
biocomplexity mapping.

(iii) Health: tracking and monitoring doctors/patients in
a hospital, human physiological data telemonitoring.

(iv) Scientific: space and undersea exploration, cosmic
radiation, and nuclear reactor control.

(v) Home: home automation, smart environment design.
(vi) Commercial: virtual keyboards, monitoring product

quality, interactivemuseums, and detecting andmon-
itoring car thefts.

Depending on the application, the number of nodes in
a sensor network can be in the order of hundreds or thou-
sands. These nodes are usually inaccessible and unattended,
making the network topology prone to dynamic changes.
Thus, robustness and self-configuration are the important
requirements to be considered in design of a sensor network.
Energy efficiency is another important concern for wireless
sensor networks, since nodes are often inaccessible and have
small sizes, which causes them to possess or produce limited
power.

3.2. Desired Properties. In this section, the main require-
ments of a synchronization method for wireless sensor
networks are listed and discussed. There is a trade-off among
each of these features, and no one single system satisfies all
these together [3, 13, 17].

(i) Energy efficiency: sensors in a wireless network are
small and untethered devices. Hence, a synchroniza-
tion scheme should take into account the limited
energy resources and utilize energy in an efficientway.

(ii) Scalability: sensor networks usually consist of hun-
dreds to thousands of nodes. Hence, a synchro-
nization scheme should be able to scale well with
increasing node density or number of nodes.

(iii) Precision: refers to how much the local clocks differ
from either each other or an external standard clock.
Desired precision can range from milliseconds to
seconds depending on the application. For some
applications, it is enough to only have a reasonable
ordering of events, whereas for others a very high
precision might be required.

(iv) Robustness: sensors in the network are usuallymobile
and untethered. There is great chance for a node
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Figure 1: Sources of delay while transmitting a packet from a source
to a destination in the wireless sensor network.

to fail or left unattended for a long time. Hence,
robustness to such failures is a desired property for
a synchronization method.

(v) Lifetime: amount of time for synchronization to
last. Depending on the scheme, it might be either
instantaneous or as long as the network operates.

(vi) Scope: for some applications, it is enough to synchro-
nize only a subset of the network at a time, whereas
for others a global synchronizationmight be required.
Scope defines the geographic span of nodes that need
to be synchronized.

(vii) Cost: sensor nodes are usually small and low cost
devices. So, it is not a reasonable thing to equip a
nodewith expensive hardware, such as aGPS receiver.
Cost can play an important role for the overall
system, considering that the number of sensors can
get extremely large.

3.3. Main Sources of Errors. In this section, main possible
sources of error in a synchronization algorithm are presented.
When two nodes want to synchronize, they need to commu-
nicate with each other by message exchange. However, there
are different types of delays on the path from the sender of a
message to the receiver that cause errors in clock estimations.
Figure 1 explains a schematic representation of where these
delays happen. In the remaining, I discuss each error source
individually.

(i) Send time: corresponds to the time spent in the sender
node for constructing the packet at the application
layer and sending it to the MAC layer. This time
depends on the operation system being used, hence
causing a nondeterministic delay on sender.

(ii) Access time: the time spent at the MAC layer waiting
for access to the transmission channel. This delay
plays an important role for most of the systems.

(iii) Transmission time: corresponds to the time taken for
a message to be transmitted on the wireless link. This
is a deterministic delay and can be estimated by the
length of the message and the speed of the radio.

(iv) Propagation time: this is the time spend on the wire-
less link from sender to the receiver, once the packet
leaves the sender. This delay is also deterministic and
depends on the distance between the nodes.

(v) Reception time: this refers to the time spent on the
receiver for receiving the packet and passing it to the

MAC layer.This time corresponds to the transmission
time on the receiver side and can be estimated in a
similar manner.

(vi) Receive time: corresponds to the time for processing
the incoming packet at the receiver and sending it to
the application layer.This time can be thought as dual
of send time at the sender.

3.4. Design Principles. In [3], Elson and Romer discussed five
main design properties of a wireless network synchronization
algorithm. The first principle is a multimodal, tiered, and
tunable design. As mentioned in Section 3.2, there is always
a trade-off among the desired attributes of an algorithm.
According to this, the first principle says that synchronization
should contain different models with different attributes, so
that one can tune it by changing a set of parameters for
different applications.

The second principle offers each node in the network to
store relative drift and phase information locally, rather than
keeping a global timescale. This kind of design purveys the
error to be dependent on the distance between the nodes, not
the distance to a master clock.

The third principle is postfacto synchronization, which
has been widely used by many algorithms [2, 17, 18]. Post-
facto synchronization offers the local node clocks to run
asynchronous until the timestamps of different clocks need to
be compared.This provides a lot of energy savings by forcing
the resources to be used only when required. Final two
principles involve being adaptable to different applications
and exploiting the domain knowledge.

Apart from these, there are certain other concerns that
should be taken into account for the design. I will be men-
tioning only two of them that I will give better understanding
for further reading of this paper and refer the reader to [3, 15]
for more detailed analysis. First issue is single-hop versus
multihop synchronization. Most of the traditional methods
assume that all the nodes in the network can communicate
with each other or the network topology has lowlatency.
However, for sensor networks, thismay not be always the case
that there might bemore than one broadcast domains. Nodes
in different domains can communicate with each other via
routers that appear in both domains (at the intersection of
two domains).

Second important concern is static versus dynamic net-
work topology. Sensors are usually moving devices in the
network. Hence, the network topology is subject to change
frequently. Also, due to limited power or range of sensor,
it is possible to have link failures any time in the network.
A synchronization scheme should be able to adapt these
changes dynamically.

4. Methods for Synchronization in
Wireless Sensor Networks

Four different synchronization methods are presented in
here. These methods are selected because either they are one
of the first systems proposed for sensor networks or most
widely used/referred systems.
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Figure 2: Network topology and message flow in ad hoc networks.

4.1. Synchronization in Ad Hoc Networks. Römer [14] pro-
posed a time synchronization algorithm for ad hoc networks.
In ad hoc networks, nodes are usually mobile and have
limited communication range. Thus, the network topology is
prone to frequent changes.This has been depicted in Figure 2
by an example. At time 𝑡

1
, only nodes 1 and 2 are within

communication range of each other. Then, node 2 moves
closer to node 3; hence, at time 𝑡

2
, only nodes 2 and 3

can communicate. There is no time between 𝑡
1
and 𝑡
2
, in

which nodes 1 and 3 can communicate to each other directly
or indirectly. In contravention of this, nodes 1 and 3 can
communicate with each other in a unidirectional way: at time
time 𝑡

1
node 1 sends a message to node 2, which is stored at

node to and then forwarded to node 3 at time 𝑡
2
.

Traditional methods assume that nodes in the network
can send messages to each other periodically and the round
trip time between two nodes can be estimated. However,
these assumptions no longer hold for ad hoc networks.
According to Römer, an ad hoc network synchronization
algorithm should not require a particular network topology
and be able to handle all kinds of partitioning. This in mind,
Römer, makes two assumptions about the network. First
assumption is that the maximum clock drift 𝜌

𝑖
is known

for all computer clocks. Secondly, it is assumed that if two
adjacent nodes start to communicate with each other, then
the connection lasts long enough to allow the two nodes to
exchange one more (additional) message.

The main idea of the proposed algorithm is to transform
the timestamp generated by an untethered local clock of
a sending node to the local clock of the receiver node.
According to this, if a node wants to send a message to
another node in the network, it creates a timestamp using
its own local clock and attaches it to the message. When
the message is received by the other node, the timestamp is
first transformed from local time of sender to UTC and then
from UTC to the local time of the receiver. Due to various
reasons, such as unpredictability of computer clocks, these
transformations cannot be done exactly. So, the algorithm
uses lower andupper bounds for the interval of the exact time.
The relationship between the computer clock difference Δ𝐶
and the real time difference Δ𝑡 can be given as

1 − 𝜌 ≤
Δ𝐶

Δ𝑡
≤ 1 + 𝜌, (3)

which can be transformed into

(1 − 𝜌) Δ𝑡 ≤ Δ𝐶 ≤ (1 + 𝜌) Δ𝑡

Δ𝐶

1 + 𝜌
≤ Δ𝑡 ≤

Δ𝐶

1 − 𝜌
.

(4)

Sender Time in sender

Receiver Time in receiver
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Figure 3: Estimation of message delay.

These lead to the consequence that the computer clock
difference Δ𝐶 lies within [(1 − 𝜌)Δ𝑡 ≤ Δ𝐶 ≤ (1 + 𝜌)Δ𝑡].
Similarly, the interval for real time difference Δ𝑡 can be given
by [Δ𝐶/(1 + 𝜌), Δ𝐶/(1 − 𝜌)]. Let 𝜌

𝑠
and 𝜌
𝑟
be the maximum

clock drifts of the sender and the receiver nodes, respectively.
Then, the algorithm runs as follows.

(i) Sender node 𝑠 generates a message with its local
timestamp.

(ii) When the receiver node 𝑟 gets the message, it first
estimates the computer clock difference Δ𝐶 from the
real time interval as [Δ𝐶/(1 + 𝜌

𝑠
), Δ𝐶/(1 − 𝜌

𝑟
)].

(iii) Then, the receiver calculates the computer clock
difference relative to its local time as [Δ𝐶((1−𝜌

𝑟
)/(1+

𝜌
𝑠
)), ΔC((1 + 𝜌

𝑠
)/(1 − 𝜌

𝑟
))].

There is the message delay 𝑑 that the transformation
algorithm needs to take into account in order to find these
intervals exactly. However, this delay is not constant for
all message exchanges. Therefore, they choose to estimate
a delay interval for each message independently. The delay
for message 𝑀

2
in terms of the receiver’s clock using two

consecutive message exchanges can be given by

0 ≤ 𝑑 ≤ (𝑡
5
− 𝑡
4
) − (𝑡
2
− 𝑡
1
)
1 − 𝜌
𝑟

1 + 𝜌
𝑠

. (5)

However, this estimation has two disadvantages. First, the
time between two consecutive messages can be quite high,
resulting in the values for (𝑡

5
− 𝑡
4
) and (𝑡

2
− 𝑡
1
) to be large.

Second, the delay is calculated by using two different message
exchanges.This requires keeping track of state information in
case of multiple message transfers among many other nodes.
Römer proposes to avoid the first disadvantage by sending
dummy messages when if these values sum up to be large.
For the second case, he offers to delete the state information
at the cost of a later dummy message. The estimation process
of message delay is shown in Figure 3.

The algorithm described above works for the message
exchanges between two adjacent nodes in the network. How-
ever, as mentioned before, the message exchanges between
twonodes can be unidirectional anddelayed. For amessage to
be transfered from node 1 to node 𝑛 with message exchanges
in the sequence of nodes 1, 2, . . . , 𝑛, the round trip time
between each pair of nodes and the idle time of the node are
also maintained to be used in the time calculations.

Once the time intervals, [𝑡
1
, 𝑡
2
] and [𝑡

3
, 𝑡
4
], for two

different events are computed as described above, finding
whether either one of them happened before the other can
be done by comparing these intervals; that is, [𝑡

1
, 𝑡
2
] ¡ [𝑡
3
, 𝑡
4
].
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Figure 4: (a) Critical path for traditional methods. (b) Critical path for RBS.
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Figure 5: (a) A sample topology with two broadcast domains. (b) A logical topology.

The answer is either “yes” if 𝑡
2
¡ 𝑡
3
or “no” if 𝑡

4
¡ 𝑡
1
or “maybe”

otherwise. Also, the distance between these two intervals can
also be given as

[𝑡1, 𝑡2] − [𝑡3, 𝑡4]
 ≤
(max (𝑡

4
, 𝑡
2
) −min (𝑡

3
, 𝑡
1
))

(1 − 𝜌)
. (6)

The prototype experiments presented in the paper show
that the performance of the system decreases in proportional
to the increase in timestamp intervals, which may be caused
by either the age of the timestamp or the number of hops used
to pass the message.

4.2. Reference Broadcast Synchronization (RBS). Elson et al.
[2] present a synchronization scheme calledReference Broad-
cast Synchronization (RBS) for wireless sensor networks.The
main idea of the algorithm lies under the assumption that
when a node broadcasts a reference beacon to its neighbors,
the receivers will get the message approximately at the same
time. As opposed to the traditional synchronizationmethods
that try to synchronize the time between the sender and
receiver nodes, they propose to synchronize a set of receivers
with each another. The behind principle for doing this is to
remove the errors caused by the sender’s non-determinism.
Elson defines the critical path in a message exchange to
be the path from the sender node to the receiver node
that includes all sources of error (send, access, transmission,
propagation, reception, and receive delays) as explained
earlier in Section 3.2. Since RBS takes into account only the
arrival times of a message in each receiver, the three error
sources (send, access, and transmission delays) are eliminated
by default. Figure 4 shows the critical path of traditional
methods and RBS.

The algorithm estimates the phase offset between two
receiver nodes 𝑖 and 𝑗 as follows.When the sender broadcasts
m reference messages, the 𝑛 receivers record the arrival

time of the message according to their local time. After the
receivers exchange the reordered times, the receiver 𝑖 can
compute the phase offset between the receiver 𝑗 by

𝐵
𝑖,𝑗
=
1

𝑚

𝑚

∑
𝑘=1

(𝑇
𝑗𝑘
− 𝑇
𝑖𝑘
) , (7)

where𝑇
𝑗𝑘
refers to the time of node 𝑗 at receiving themessage

𝑘. The right side of the equation represents the average of
all phase offsets between 𝑖 and 𝑗 for all 𝑚 messages. This
averaging provides better precision statistically.

To find the clock drift, they propose to perform a
least-squares linear regression over the phase offsets of all
exchanged messages. This implies fitting a best line to all the
phase offset observations of two receiver nodes over time.The
slope and the intercept of the fitted line then provide the drift
and the offset of one node with respect to the other. Such an
approach allows the relative clock values to be computed even
in case of missing messages.

As explained, the algorithm finds the relative clock offset
and the drift from over multiple message exchanges. This
provides postfacto synchronization by saving energy for the
cases where synchronization is needed infrequently. When
desired, nodes can turn on their power and transfer messages
until the best fit line is computed reasonably. Storing the
relative clock drifts and the offsets with respect to the other
nodes, rather than correcting the local clocks according to a
global time scale, also provides important energy savings.

Elson et al. [2] show that the proposed method can be
generalized to clock synchronization in multihop networks.
Consider the example on the left of Figure 5. The larger
circles represent two different broadcast domains, rectangles
represent nodes in corresponding domains, and A and B are
the reference nodes. According to this topology, nodes 1 and
2 cannot communicate with each other directly. To compare
the two events, e1 on node 1 and e3 on node 3, node 2 first
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uses A’s reference broadcast to convert the clock value of e1 to
its own clock value. Similarly, using B’s reference broadcast,
node 2 converts this value to node 3’s clock value. The final
value can then be compared with e3, since both are based on
node 3’s clock.

The technique explained above can be extended to net-
works of more than two domains with multiple gateways.
To do this, the network topology can be represented by a
logical graph, in which there is a link between two nodes
if they receive a common broadcast. See the graph on the
right of Figure 5 for a sample logical topology graph. A series
of conversions can be performed on this graph by finding a
shortest path between the nodes. Also, theweights of the links
can be used for representing the quality of the conversion.

4.3. Timing-Sync Protocol (TSPN). Ganeriwal et al. [18] pro-
pose a synchronization scheme called Timing-Sync Protocol
for sensor networks (TSPN). One of themain concerns of the
paper is to achieve high accuracy even for a large number of
nodes being deployed. The algorithm presented is based on
a sender-receiver synchronization approach. They argue that
this classical approach gives better results than synchronizing
only the receivers with each other (i.e., RBS [2]).The principle
is that messages are time stamped at the MAC layer, which
removes sources of error at the sender and the receiver.

There are two assumptions about the network that make
the proposed algorithm work. First assumption is that every
node in the network knows the set of nodes that it can
communicate with. Secondly, they suppose that it is possible
to create a spanning tree in the network by using the bi-
directional links among the nodes. Based on these, there
are two main steps of the algorithm, which involves “level
discovery phase” and “synchronization phase.”

The first step of the algorithm is the “level discovery
phase” to create a hierarchical topology of the network. A root
node is assigned at the level 0, and it initiates the phase by
broadcasting a level discovery message. Nodes that receive
this message assign themselves to one level greater than the
received message. These nodes then broadcast a new level
discovery message that contains the level of the broadcasting
node. For instance, a node that receives a level discovery
message from level 0 sets its level to 1 and then broadcasts
another level discovery message affirming that it is from level
1. This scheme continues until every node in the network
establishes a level.

The second step of the algorithm is the “synchronization
phase,” which involves a pairwise synchronization along the
edges of the composed topology.This phase is also initiated by
the root by broadcasting a time-sync message, and proceeds
from the nodes of a lower level until the highest level. A node
receiving a time sync from the root sends a synchronization-
pulse message to the root indicating that it wants to adjust
its clock to the root. The root responds back with an
acknowledgment containing the required information for the
node to synchronize.Nodes at level 2will also be receiving the
synchronization pulsemessage sent to the root, whichwill act
as a time sync for these nodes. This hierarchical way of syn-
chronizing from root up to the highest level of the topology
induces every node in the network to be synchronized with

Level i

A

B

Acknowledgment

Time

Synchronization pulse

Level i + 1
t1

t2 t3

t4

a = ((t2 − t1) − (t4 − t3))/2

d = ((t2 − t1) + (t4 − t3))/2

Figure 6: Message exchange between the nodes A and B.

the root node. Therefore, the root node is referred as a user
node and is usually equipped with a GPS receiver.

Consider Figure 6, where node A from a higher level 𝑖 + 1
wants to synchronize its clock to a node B from a lower level 𝑖.
At time 𝑡

1
, A sends a synchronization-pulse message to node

B, which contains the level number 𝑖+1 and time 𝑡
1
. B receives

this message at time 𝑡
2
and sends back an acknowledgment

message at time 𝑡
3
including the values for 𝑡

1
, 𝑡
2
, 𝑡
3
, and

the level information 𝑖. When A gets the acknowledgment
message at time 𝑡

4
, it can calculate the clock drift 𝑎 and

propagation delay 𝑑 as follows:

𝑎 =
(𝑡
2
− 𝑡
1
) − (𝑡
4
− 𝑡
3
)

2

𝑑 =
(𝑡
2
− 𝑡
1
) + (𝑡
4
− 𝑡
3
)

2
.

(8)

After finding 𝑎 and 𝑑, A can now adjust its clock to the
clock of B. Authors claim that postfacto synchronization can
be applied for energy savings in multihop networks. Assume
that node A needs to send a message to node E through the
path A-B-C-D-E. Then, synchronization is started between
twonodes, once the there is amessage exchange. For instance,
when B gets a message from A, it synchronizes with A first
using TSPN and then sends the message to the next hop C.

4.4. Flooding Time Synchronization Protocol (FTSP). Maróti
et al. [19] proposes the Flooding Time Synchronization Pro-
tocol (FTSP) to achieve network-wide time synchronization.
The goal of the scheme is to provide high accuracy and
scalability under large number of mobile nodes. For better
accuracy, MAC layer time stamping is utilized to eliminate
most of the error resources on the critical path from sender
to receiver.

Two of the error resources mentioned in Section 3.2—
transmission and reception delays—are analyzed in more
detail and divided further into four categories: interrupt han-
dling time (the delay between andmicrocontroller), encoding
time (time to encode and transform message to electromag-
netic waves), decoding time (time to decode and transform
message from electromagnetic waves to binary data), and
byte alignment time (delay fromdifferent alignment of sender
and receiver). The two triangles at the top and bottom show
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the time when the message is time-stamped. This time-
stamping mechanism eliminates the jitter of interrupt han-
dling time on the sender.

FTSP further removes other sources of error except the
propagation delay as follows. A broadcast message is time
stamped both at the sender and the receiver. A message
consists of four regions: preamble bytes, sync bytes, actual
data with a descriptor, and crc bytes. While preamble bytes
are transmitted, the receiver radio can synchronize to the
carrier frequency of themessage signal. Bit offset is calculated
from sync bytes at the receiver for bit alignment, and the
message is time stamped after sync bites are sent/received.
Finally, the clock drift is found from a best line fitted on data
points representing time and clock offset by linear regression
(a similar approach applied in TSPN).

For multihop synchronization, FTSP uses reference
points that hold both the local and global timestamp of an
instance of time. All the nodes in the network synchronize
to a root node. If a node can communicate with the root
directly, then it will collect reference points from the root to
synchronize. However, if it is not in the communication range
of the root, then it can get the reference points from other
synchronized nodes in the network.The root node is selected
dynamically according to the changing network topology.

5. Comparison of Methods

5.1. Precision. Precision designates the accuracy of the algo-
rithm and can refer to either absolute (with respect to an
external standard clock) or relative (with respect to nodes
within a network). Römer [14] conducts their experiments on
a prototype system and reports 3ms inaccuracy on a test set
of 5 hops. Their accuracy degreases as the age of time stamp
and the number of hops increase. This number is the lowest
precision among all other three methods in consideration.
This is mainly due to two reasons. First reason is that Römer’s
method takes into account only the current and one previous
message exchange between two nodes. Although this reduces
the overall system complexity, the accuracy degrades from
all the error sources (send, access, transmission, propagation,
reception, and receive delays) on the critical path from sender
to receiver. Unlike RBS and FTSP, no averaging or best line
fitting on the previous offset points is applied. This causes
Römer’s method also to be sensitive to failures. Second
reason is that Römer does not exploit the MAC layer time
stamping. As analyzed in [18, 19], time stamping messages
at the MAC layer remove considerable amount of error
sources on the critical path. Recall that TPSN does not use
previously exchanged messages but utilizes the MAC layer
implementation.

RBS [2] follows a different approach than all other three
methods in the sense that it synchronizes receivers with each
other, rather than receiver to sender. This removes the non-
determinism at the sender (send, access, and transmission
delays). With a 4-hop network on Berkeley motes, average
error is reported as 3.68 𝜇s. This is considered to a high
precision. TSPN also conducts its experiments on Berkeley
motes and reports an average error of 20 𝜇s. Although this
is worse than RBS, the authors of TSPN argue that this is

Table 1: Synchronization error (in 𝜇s).

Romer RBS TSPN FTSP
Average error 207 29.13 16.9 0.95
Worst case error 274 93 44 4.32
Best case error 0 0 0 0

Table 2: Synchronization error over multihop.

Synchronization ad hoc network
(Romer) 3ms error on 5 hops

RBS 3.68 𝜇s error on 4 hops
TSPN 20 𝜇s error on 4 hops
FTSP 3𝜇s error on 6 hops

due to the fact that RBS experiments were conducted on
superior operating system. Under same circumstances, TSPN
is claimed to be achieving two times better precision. Authors
argue that this is due to two reasons: MAC layer utilization
and two way message exchange between two nodes in TSPN.

Despite these, if RBS was implemented with MAC layer
utilization ability, it would give better results than TSPN
under the scenario that the nodes synchronize with each
other frequently and at constant time intervals. The reason
is that averaging and line fitting for clock offset and drift in
RBS will eventually dominate the two-way message exchange
in TSPN statistically.

FTSP [19] is implemented on UCB Micra platforms and
achieves 3𝜇s error on 6 hops, which is 0.5𝜇s error per hop.
This is the best precision among all other three methods.
There are two contributors for this result. First, FTSP exploits
MAC layer time stamping more than TSPN does. It removes
the sources of errors on the sender and receiver by a smarter
implementation that adjusts the receiver of a message to
the carrier frequency. Second, FTSP exploits from linear
regression to estimate clock drift and offset, like RBS. But
different thanRBS, FTSP is a sender-receiver synchronization
method that usesmultiple time stamps (both global and local)
corresponding to a reference point. Synchronization error
statistics of each method shown in Tables 1 and 2 show the
synchronization error in case of multihop of each method.

5.2. Energy Efficiency. Considering that sensors are small and
untethered devices, energy resources should be utilized in an
efficientmanner.There are three issues to be considered: post-
facto synchronization, computation, and communication.
Post-facto synchronization proposes the nodes to stay in a
low-power state with unsynchronized clocks, until a event of
interest occurs. All three algorithms (except FTSP) suggest a
post-facto synchronization scheme.

There is no quantitative data; however, Römer’s methods
behave the best in terms of energy utilization. Römer takes
into account that a node can go idle for a long time; hence,
the exchanged messages contain this idle time information
to be used in clock drift calculation. Also, the computational
complexity and message overload are very low. Unlike RBS
and FTSP, Römer does not require a complex computation
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mechanism based onmessage exchanges in the past, but only
one previous message exchange.

Second best energy efficient method is RBS. RBS also
takes into account post-facto synchronization. Clock drift is
estimated by linear regression based line fitting on past clock
phase offsets.Thus, computational complexity is considerably
higher than Römer’s and TSPN and requires more message
exchanges than Römer’s. However, it purveys energy savings
by not updating local clocks of the nodes.

Energy utilization in TSPN ismoderate. Although being a
post-facto synchronization scheme, it has high computation
and communication costs. In pairwise synchronization, the
method requires three message exchanges between the nodes
(time sync, synchronization pulse, and acknowledgment).
This results in a higher communication load. Clock drift
computation is not as complex as RBS or FTSP; but unlike
RBS, local clocks of the nodes are updated.

FTSP is the most inefficient synchronization scheme
among the other three, in terms of energy utilization. No
argument on post-facto synchronization is made in the
paper. Clock drift estimations are done in a similar way
with RBS; hence, it has high computation cost and requires
to have enough message exchanges to be completed before
convergence. Also, the method updates the local clocks. All
these result in high energy consumption for FTSP.

To sum up our conclusion for energy, three factors affect
the efficiency of an algorithm. Among those three, post-facto
synchronization plays the most important role. Then comes
the computation complexity, including whether local times
are updated or not. Finally, the communication complexity
refers to the number of message exchanges required.

5.3. Scalability. Scalability requires a synchronization scheme
to be able to scale well with size of the network. In other
words, scalability measures how much the efficiency is
affected by the increasing number of nodes. By 12 efficiencies,
I mean precision and energy utilization and will be compar-
ing the methods in terms of these two constraints.

Römer utilizes the energy in an efficientway.Thismakes it
scalable in terms of energy consumption. However, accuracy
of the system degrades by two things: age of time stamps and
the number of hops. Even with a network of 5-hops, the aver-
age inaccuracy was reported as 3ms, which is a considerable
low precision. Therefore, it can be concluded that scalability
of Römer’s method depends on the application. For a system,
in which constraints on energy consumption are stricter than
constraints on accuracy, Römer’s would be the best scalable
method. The method was tested on a prototype system; thus,
scalability of the system was not discussed in the paper.

RBS is a scalable system in terms of both precision and
energy efficiency. Although TSPN and FTSP achieve better
precision than RBS, energy is utilized in a more efficient way
by RBS. In their discussion, authors claim that TSPN is a very
scalable system, considering that it would give better accuracy
than RBS. However, TSPN has moderate scalability. This
is because it requires a topological hierarchy and does not
assume dynamic changes in the network structure. Also, the
experiments reported by the TSPNpaper use 300 nodes at the

maximum case. This number is not enough, considering that
number of sensor in a network can be in order of thousands.

FTSP is a scalable network in terms of accuracy. It would
be the best system for an application, in which precision
requirements are high and power is not an issue. Similar
to TSPN, FTSP also exploits from a hierarchical network
structure. However, unlike TSPN, the root node is selected
dynamically among the nodes in the node. This makes FTSP
more robust to failures in the networks. Experimental set of
FTSP consists of 1000 motes, which is the highest number of
nodes used among all other three systems, as well as many
other synchronization schemes not mentioned here.

6. Conclusions

I have discussed synchronization issues in wireless sensor
networks. Dynamic topological structure and limited capa-
bilities of sensor nodes make the synchronization problem
more difficult for sensor network environments. Moreover,
possible delays inmessage exchange between the nodesmake
it even harder. There are certain issues to be considered in
designing a synchronization scheme, such as multimodality,
post-facto synchronization, single or multihop topology, and
adaptability. The desired features of the synchronization
scheme include energy efficiency, scalability, precision, life-
time, scope, and cost.

I have summarized four different synchronization
schemes for wireless sensor networks. For comparison, I
have analyzed three features—efficiency, scalability, and
precision—of these systems in detail. It is seen that there
is a trade-off between these features and no single system
provides all these together.

Systems that provide high precision either remove pos-
sible sources of error on sender side by taking a receiver-
receiver based approach or remove critical error sources
by exploiting the MAC layer time stamping with a sender-
receiver based approach. Furthermore, estimating the clock
drift with linearregression on past clock offsets makes the
system robust to possible failures in the network.

Post-facto synchronization, computation, and communi-
cation complexities determine the energy efficiency of a syn-
chronization method. Systems that require synchronization
when an event of interest occurs save energy by letting the
nodes go idle and save power. Moreover, local clock updates
also require high amount of energy. Systems, which do not
require this, utilize the energy more efficiently.

Finally, scalability can be in terms of either precision or
energy efficiency. It is seen that the more energy a system
requires, themore precision that it can achieve and vice versa.
So, scalability depends on application requirements, whether
more precision or better energy utilization is needed.
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Multicopy forwarding schemes have been employed in delay tolerant network (DTN) to improve the delivery delay and delivery
rate. Much effort has been focused on reducing the routing cost while retaining high performance. This paper aims to provide an
optimal joint expected delay forwarding (OJEDF) protocol which minimizes the expected delay while satisfying a certain constant
on the number of forwardings permessage.We propose a comprehensive forwardingmetric called joint expected delay (JED) which
is a function of remaining hop-count (or ticket) and residual lifetime. We use backward induction to calculate JED by modeling
forwarding as an optimal stopping rule problem.We also present an extension to allowOJEDF to run in delay constrained scenarios.
We implement OJEDF as well as several other protocols and perform trace-driven simulations. Simulation results confirm that
OJEDF shows superiority in delay and cost with acceptable decrease of delivery rate.

1. Introduction

A delay tolerant network (DTN) [1] is a sparse mobile mul-
tihop network where a complete path from the source to
the destination may not exit most of the time. A DTN
can be viewed as a collection of time-varying and separate
node clusters. Under this condition, conventional mobile ad
hoc network (MANET) or wireless sensor network (WSN)
routing will become impractical because of frequent disrup-
tion and high packet loss. The Delay-Tolerant Networking
Research Group (DTNRG) [2] is concerned with architecture
and relevant protocols in order to provide interoperable
communications with and among extreme and performance-
challenged environments. In DTNs, the messages can be
forwarded asynchronously using the store-carry-forward
routingmechanismwhich relies on the contact opportunities
between nodes [3].

Routing inDTNhas been an active research area in recent
years. Epidemic [4] exchanges the copies whenever contact
occurred within pair of nodes. Epidemic can guarantee

the maximized delivery rate and the minimized end-to-
end delay under ideal conditions. However, unrestrained
flooding is impractical because of huge consumption of
energy, buffer and bandwidth. Much literature has been
focused on reducing the number of copies of each message
while retaining a high routing performance. Previous works
proposed a variety of metrics, including movement trend [5],
delivery probability [6], encounter frequency [7], the distance
to destination [8], end-to-end delay [9], energy [10], signal to
noise ratio (SNR) [11], and comprehensive utility [12]. These
metrics are used to make decision for forwarding in order
to optimize certain performance such as expected delay and
delivery rate.

In this paper, we propose optimal joint expected delay
forwarding whose main idea is similar to that of optimal
probabilistic forwarding (OPF) [13]. This means that optimal
stopping rule [14] is used again. Different from maximizing
the delivery rate in OPF, we concentrate on optimizing the
expected delay of each message with the constraint on the
maximum of copies per message. The problem is how to
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forward the copies of each message in each discrete time slot
in order to minimize the expected delay when the number
of copies is given. To solve this problem, we firstly employ
the comprehensive dynamic forwarding metric called joint
expected delay (JED) which is a function of two important
states of a message copy: remaining hop-count and residual
lifetime. Then, we propose the forwarding rules to decide
whether to forward the copies. Based on the hop-count
constraint forwarding scheme, we propose a general ticket
constraint OJEDF which can be viewed as a development of
Spray andWait [15] with special spray metric. We also extend
OJEDF in delay constrained scenarios.

We performed simulations using St. Andrews encounter
trace [16] and Illinois encounter trace [17] to evaluate the
routing performance of OJEDF against several DTN routing
protocols, including Spray and Wait, ProphetV2 [7], and
Epidemic, in terms of average delay, delivery rate, and the
number of forwardings for each message. Simulation results
confirmed that OJEDF improves the average delay and cost
with acceptable decrease of delivery rate.

This paper is organized as follows. Section 2 summarizes
the related works. Section 3 introduces preliminaries on
optimal joint expected delay forwarding and presents the
motivation and assumption of OJEDF. Section 4 proposes
the calculation algorithms of our delivery metric JED and
optimal forwarding rule in hop-count constraint OJEDF and
ticket constraint OJEDF, respectively. Section 5 proposes an
extension ofOJEDFwhichmakes it work in delay constrained
scenarios. Section 6 presents our simulation methods and
results. Finally, the paper is concluded in Section 7.

2. Related Works

The single-copy routing protocols such as MobiSpace [18]
and CAR [19] are energy efficient but always have large delay.
Due to uncertainty in nodal mobility and network partition,
DTN routing algorithms usually spawn and keep multiple
copies for the same message in different nodes. Epidemic is
the first distribution routing protocol for DTN, and it gains
good delivery delay. However, Epidemicwastes a lot of energy
and suffers from severe contention.

Much literature has aimed to balance the delay and
energy. Some restricted flooding or spray mechanisms dis-
seminate a small number of message copies to potential relay
nodes, and then each copy finds routing to the destination
independently. These mechanisms can obtain better delay
performance without a lot of resource consumption.

Spray andWait is amulticopy routingwithout any routing
knowledge. Spray and Wait combines the speed of Epidemic
routing with the simplicity and thriftiness of direct trans-
mission. This mechanism “sprays” a number of copies into
the network and then “waits” till one of these nodes meets
the destination. Spray and Focus [20] replaced the direct
transmission in wait phase with utility-based single-copy
strategy and proposed the utility transfer mechanism to dis-
seminate the history contact information. Thrasyvoulos was
absorbed in utility-based spraying [21] and proposed three

potential utility functions: last-seen-first spraying, most-
mobile-first spraying, and most-social-first spraying. Jindal
proposed distance utility-based spray strategy [22] which
utilized dynamic programming to calculate the optimal relay
node. An adaptive distributed spray mechanism (AMR) was
performed in [23] which determined the depth of spray
tree by relay nodes. But AMR is just efficient in random
waypoint model and sometimes can produce at most 𝑀/2

copy redundancy (𝑀 is the number of nodes). In addition,
theoretical analyses of expected delay in single-copy case and
multicopy case were proposed in [24, 25], respectively.

Different from Spray and Wait, delegation forwarding
[26] forwards themessages based on different delivery proba-
bility metrics. Delegation forwarding maintains a forwarding
threshold 𝜏when contact of node pairs occurred. Forwarding
threshold indicates the quality of node such as cost, delivery
rate, and average delay. RAPID [27] treats DTN routing as a
resource allocation problem that translates the routingmetric
into per-packet utilities such as minimizing average delay,
minimizing missed deadlines, and minimizing maximum
delay.

Some routing protocols aimed to achieve the desired
performance with different levels of prior knowledge about
the network. OPF [28] was proposed to maximize the
delivery rate of eachmessage whenmean inter-meeting times
between all pairs of nodes were known. Cyclic MobiSpace
[29] assumes that each node has full contact information to
other nodes, and it optimizes minimum expected delay.

3. Preliminaries

3.1. Hop-Count Constrained Forwarding and Ticket Con-
strained Forwarding. We consider two constraint patterns
related to the number of message copies: hop-count con-
strained forwarding and ticket constrained forwarding.

In hop-count pattern, a maximal remaining hop-count
𝐾 was defined in source node. The remaining hop-count
decreased progressively when forwarding occurred. The
calculation of the remaining hop-count for the copies of
each message is independent. Figure 1 depicts the forward-
ing process with 𝐾 = 3 in node 𝐴. Ticket pattern
uses the total number of copies 𝐿 which can be redis-
tributed in each forwarding. Figure 2 depicts the ticket
constrained forwarding process with 𝐿 = 8 in node 𝐴 using
binary spray [9].

3.2. Motivation. Many routing protocols in DTNs forward
the messages based on the specific routing metrics by means
of comparing the direct forwarding qualities of node pairs.
However, such forwarding strategy ignores the time dimen-
sionality which is an important character in DTNs. In fact,
the forwarding decision only relied on the direct forwarding
qualities of node pairs and cannot stand for the optimal
choice in whole time dimensionality of delivery.

In this paper, we optimize the expected delay of each
message based on the comprehensive forwarding metric
JED
𝑖,𝑑,𝐾,Tr for each copy in 𝑖 for destination 𝑑 with remaining

hop-count 𝐾 (or 𝐿 tickets) and residual time-to-live Tr.
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Figure 1: An illustration of hop-count constrained forwarding with
𝐾 = 3.
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Figure 2: An illustration of ticket constrained forwarding with
𝐿 = 8.

We use backward induction to calculate JEDs by modeling
forwarding as an optimal stopping rule problem. Our contri-
butions are as follows.

(1) We propose a comprehensive forwarding metric JED
which is related to the time dimensionality and the
number of copies for each message.

(2) We propose the backward induction algorithms to
calculate JEDs with hop-count constraint and ticket
constraint, respectively.

(3) We solve the delay restraint optimal cost forwarding
by the extension of OJEDF.

3.3. Assumption. To model our optimal forwarding problem
as an optimal stopping rule problem, we have the following
assumptions.

(1) Like other probabilistic forwarding protocols, nodal
mobility exhibits long-term regularities and each
node knows the matrix 𝑀

𝑛×𝑛
which contains the

mean inter-meeting times MIT
𝑖,𝑗
between all pairs of

nodes {𝑖, 𝑗}.Thismatrix can be estimated fromcontact
history.

(2) Time dimensionality in whole forwarding process is
discrete. OJEDF employs a discrete residual time-to-
live Tr with time slot size𝑈 for each message copy. So
we can state the next time-slot as Tr−1.

(3) JEDs are exponentially distributed.Therefore, the JED
of two copies with JED

1
and JED

2
can be calculated by

1

1/JED1 + 1/JED2
. (1)

Proof. Let JED1 = 1/𝑎 and JED2 = 1/𝑏, and let the joint
probability density function be 𝑓(𝑥) = 𝑎𝑒−𝑎𝑥 ⋅ 𝑏𝑒−𝑏𝑥. Then,
the expected value is

𝐸 (𝑋) = ∫
+∞

−∞
𝑥𝑓 (𝑥) 𝑑𝑥 = ∫

+∞

0
𝑥𝑎𝑏𝑒
−(𝑎+𝑏)𝑥

𝑑𝑥

= −
𝑎𝑏

𝑎 + 𝑏
∫
+∞

0
𝑥𝑑𝑒−(𝑎+𝑏)𝑥

= −
𝑎𝑏

𝑎 + 𝑏
𝑥𝑒−(𝑎+𝑏)𝑥



+∞

0

+ ∫
+∞

0
𝑒−(𝑎+𝑏)𝑥𝑑𝑥

= −
1

𝑎 + 𝑏
𝑒−(𝑎+𝑏)𝑥



+∞

0

=
1

𝑎 + 𝑏
=

1

1/JED1 + 1/JED2
.

(2)

Similarly, the meeting probability of two nodes in any time
slot with size 𝑈 can be estimated by

𝑃
𝑖,𝑗

= 1 − exp(−
𝑈

MIT
𝑖,𝑗

) . (3)

4. Optimal Joint Expected Delay
Forwarding (OJEDF)

4.1. OJEDF with Hop-Count Constraint. Without loss of gen-
erality, we consider a copy in node 𝑖 with destination 𝑑,
remaining hop-count 𝐾 (𝐾 ≥ 1), and residual time-to-live
Tr. Upon meeting with 𝑗, 𝑖 can either forward the copy to 𝑗

or not. Since we assume the forwarding process is discrete,
the JED in the next time slot can be stated as JED

𝑖,𝑑,𝐾,Tr−1
in no forwarding case. As an alternative, the copy can be
forwarded and is logically regarded as being replaced by two
new copies, both of which have 𝐾 − 1 remaining hop-count.
If the copy is forwarded, the JED of the copy in node 𝑗

will be JED
𝑗,𝑑,𝐾−1,Tr−1 and that of the copy in node 𝑖 will

become JED
𝑖,𝑑,𝐾−1,Tr−1. The joint JED can be calculated using

formula (1). Consequentially, the forwarding option depends
on the comparison of JED

𝑖,𝑑,𝐾,Tr−1 and the joint JEDs of
JED
𝑖,𝑑,𝐾−1,Tr−1 and JED𝑗,𝑑,𝐾−1,Tr−1.The copy is forwarded only

if

JED
𝑖,𝑑,𝐾,Tr−1 >

1

1/JED
𝑖,𝑑,𝐾−1,Tr−1 + 1/JED

𝑗,𝑑,𝐾−1,Tr−1
. (4)

We only consider unicast forwarding. When a node
contacts with several nodes at the same time slot,
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(1) JED
𝑖,𝑑,𝐾,Tr := 0

(2) 𝑃


𝑖,𝑁
:= 1

(3) for each relay node 𝑗 (𝑗 ̸= 𝑖 ∩ 𝑗 ̸=𝑑){
(4) 𝐷

𝑖,𝑗
= JED

𝑖,𝑑,𝐾−1,Tr−1 × JED
𝑗,𝑑,𝐾−1,Tr−1/(JED𝑖,𝑑,𝐾−1,Tr−1 + JED

𝑗,𝑑,𝐾−1,Tr−1)}
(5) Append all 𝐷

𝑖,𝑗
in a priority queue 𝑄 in ascending order

(6) While (𝑄 is not empty){
(7) if (𝑗 := ServeQueue(𝑄) and 𝐷

𝑖,𝑗
< JED

𝑖,𝑑,𝐾−1,Tr−1){
(8) JED

𝑖,𝑑,𝐾,Tr := JED
𝑖,𝑑,𝐾,Tr + 𝑃

𝑖,𝑁
× 𝑃
𝑖,𝑗

× 𝐷
𝑖,𝑗

(9) 𝑃


𝑖,𝑁
:= 𝑃


𝑖,𝑁
− 𝑃


𝑖,𝑁
× 𝑃
𝑖,𝑗
}}

(10) JED
𝑖,𝑑,𝐾,Tr := JED

𝑖,𝑑,𝐾,Tr + 𝑃
𝑖,𝑁

× JED
𝑖,𝑑,𝐾,Tr−1

Algorithm 1: The calculation of JED
𝑖,𝑑,𝐾,Tr in hop-count based forwarding.

Table 1: The mean intermeeting times matrix.

0 1 2 3 4 5 6 7
0 0 20 33 42 20 50 60 35
1 20 0 45 50 30 40 25 10
2 33 45 0 30 40 55 60 20
3 42 50 30 0 60 45 37 27
4 20 30 40 60 0 35 29 100
5 50 40 55 45 35 0 23 80
6 60 25 60 37 29 23 0 26
7 35 10 20 27 100 80 26 0

the copy is forwarded to the node 𝑗 which has the minimum
JED
𝑗,𝑑,𝐾−1,Tr−1.
The forwarding metric JED

𝑖,𝑑,𝐾,Tr equals the sum of the
weighted expected delay in forwarding case and not forward-
ing case. In forwarding case, node 𝑖 has the opportunity to
meet the relay node 𝑗, 𝐾, . . . with probability 𝑃

𝑖,𝑗
, 𝑃
𝑖,𝐾

, . . .,
respectively. So the joint expected delay that node 𝑖meets one
of the nodes 𝑗, 𝐾, . . . in time-slot Tr and then forwards the
copy to it is

𝑃
𝑖,𝑗

×
1

1/JED
𝑖,𝑑,𝐾−1,Tr−1 + 1/JED

𝑗,𝑑,𝐾−1,Tr−1
+ (1 − 𝑃

𝑖,𝑗
)

× 𝑃
𝑖,𝐾

×
1

1/JED
𝑖,𝑑,𝐾−1,Tr−1 + 1/JED

𝑘,𝑑,𝐾−1,Tr−1
+ ⋅ ⋅ ⋅ .

(5)

If node 𝑖 did not meet any relay node, the copy was kept in
node 𝑖 with joint expected delay JED

𝑖,𝑑,𝐾,Tr−1 and probability
𝑃
𝑖,𝑁

= 1 − 𝑃
𝑖,𝑗

− (1 − 𝑃
𝑖,𝑗
) × 𝑃
𝑖,𝐾

− ⋅ ⋅ ⋅ . Algorithm 1 shows
the calculation of JED

𝑖,𝑑,𝐾,Tr in hop-count based forwarding
using the backward induction.

Specially, the copy only can be delivered to the destination
when the remaining hop-count𝐾 = 0, andwe set JED

𝑖,𝑑,0,Tr =

MIT
𝑖,𝑑
. For each pairs of nodes {𝑖, 𝑑 | 𝑖 = 𝑑}, we let

JED
𝑖,𝑑,𝐾,Tr = 𝛿 (𝛿 is a very small number such as 10𝑒 − 6)

in order to make the formula (1) calculable.
In our OJEDF, Tr is only used to define the finite

upper bound on the number of stages which is essential for
modeling OJEDF as optimal stopping rule problem. So it is
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Figure 3: The JEDs calculated by OJEDF in hop-count based
forwarding.

feasible to calculate the JEDs of the previous stage using the
backward induction method even when JED

𝑖,𝑑,𝐾,Tr > Tr.
This implies that the OJEDF rule depicted in formula (4)
is valid when JED

𝑖,𝑑,𝐾,Tr > Tr. However, this kind of JEDs
cannot be employed in delay constrained scenarios which we
will introduce in Section 5 since it is impossible to deliver the
message within residual time-to-live.

As an example, a matrix 𝑀
8×8

including discrete mean
inter-meeting times (normalized by time-slot size𝑈) between
each pair of nodes was defined in Table 1.The JEDs calculated
by OJEDF using Algorithm 1 were shown in Figure 3 with
𝐾 = 3 (enough to forward each message to all nodes),
maximum Tr = 30, 𝑖 = 0, 𝑑 = 1, and 𝑈 = 1. In Figure 3, the
JEDs are decreased with increasing 𝐾 and Tr. It means that
a message has smaller expected delay when more remaining
hop-count and residual time can be used to accomplish
delivery. As a result, we can make forwarding options based
on formula (4) when node 𝑖meets potential relay nodes with
different remaining hop-count 𝐾 and residual time-to-live
Tr. Figures 4(a), 4(b), and 4(c) show the forwarding options
based on OJEDF with 𝐾 = 1, 𝐾 = 2, and 𝐾 = 3. We can see
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Figure 4: (a) Forwarding options based on OJEDF in hop-count based forwarding with 𝐾 = 1. (b) Forwarding options based on OJEDF in
hop-count based forwarding with 𝐾 = 2. (c) Forwarding options based on OJEDF in hop-count based forwarding with 𝐾 = 3.

that the message forwarding tends to be more cautious when
the remaining hop-count declines gradually along with the
forwarding process.

4.2. OJEDF with Ticket Constraint. Another copy constraint
pattern is ticket constraint which is more precise than hop-
count constraint since it replaces the remaining hop-count
𝐾 with the number of tickets 𝐿. Without loss of generality,
we consider a copy in node 𝑖 with destination 𝑑, the number
of tickets 𝐿 (𝐿 > 1), and residual time-to-live Tr. When
node 𝑖 meets any relay node 𝑗, the forwarding option

depends on JED
𝑖,𝑑,𝐿,Tr−1 and the joint JED of JED

𝑖,𝑑,𝐿1,Tr−1
and JED

𝑗,𝑑,𝐿2,Tr−1(𝐿1 + 𝐿2 = 𝐿). We define 𝐷
𝑖,𝑗 MIN =

min(1/(1/JED
𝑖,𝑑,𝐿1,Tr−1 + 1/JED

𝑗,𝑑,𝐿2,Tr−1)), and the copy is
forwarded only if JED

𝑖,𝑑,𝐿,Tr−1 > 𝐷
𝑖,𝑗 MIN.

Algorithm 2 shows the backward induction algorithm
to calculate JED

𝑖,𝑑,𝐿,Tr for ticket based forwarding. Specially,
the copy only can be delivered to the destination when the
number of tickets 𝐿 = 1, and we set JED

𝑖,𝑑,1,Tr = MIT
𝑖,𝑑
.

We use the same matrix defined in Table 1. The JEDs
calculated by OJEDF in ticket based forwarding were shown
in Figure 5 with 𝐿 = 4, maximum Tr = 30, 𝑖 = 0, and
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(1) JED
𝑖,𝑑,𝐿,Tr := 0

(2) 𝑃


𝑖,𝑁
:= 1

(3) for each relay node 𝑗 (𝑗 ̸= 𝑖 ∩ 𝑗 ̸=𝑑){
(4) 𝐷

𝑖,𝑗
= JED

𝑖,𝑑,𝐿1,Tr−1 × JED
𝑗,𝑑,𝐿2,Tr−1/(JED𝑖,𝑑,𝐿1,Tr + JED

𝑗,𝑑,𝐿2,Tr−1)}

(5) Append all 𝐷
𝑖,𝑗
in a priority queue 𝑄 in ascending order

(6) while (𝑄 is not empty){
(7) if (𝑗 := ServeQueue(𝑄) and 𝐷

𝑖,𝑗
< JED

𝑖,𝑑,𝐿,Tr−1){
(8) JED

𝑖,𝑑,𝐿,Tr := JED
𝑖,𝑑,𝐿,Tr + 𝑃

𝑖,𝑁
× 𝑃
𝑖,𝑗

× 𝐷
𝑖,𝑗

(9) 𝑃


𝑖,𝑁
:= 𝑃


𝑖,𝑁
− 𝑃


𝑖,𝑁
× 𝑃
𝑖,𝑗
}}

(10) JED
𝑖,𝑑,𝐿,Tr := JED

𝑖,𝑑,𝐿,Tr + 𝑃
𝑖,𝑁

× JED
𝑖,𝑑,𝐿,Tr−1

Algorithm 2: The calculation of JED
𝑖,𝑑,𝐿,Tr in ticket based forwarding.
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Figure 5:The JEDs calculated byOJEDF in ticket based forwarding.

𝑑 = 1. As a result, we can make forwarding options based
on formula (4) when node 𝑖meets potential relay nodes with
the different number of ticket 𝐿 and residual time-to-live
Tr. Figures 6(a), 6(b), and 6(c) show the forwarding options
based on OJEDF with 𝐿 = 1, 𝐿 = 2, and 𝐿 = 3.

5. An Extension of OJEDF for Delay
Constrained Scenarios

Wehave solved the optimal joint expected delay problemwith
the constraint of remaining hop-count or ticket of messages.
As a further consideration, we extend OJEDF to run in delay
constrainedDTNapplications. For example, electronic notice
in campus networks [30] and village networks [31] and short-
term weather information in large national parks [32] must
be forwarded with constrained delay. On the other hand, as
the access networks, configuration and forecast for QoS are
also necessary in order to provide acceptable service (such as
e-mail) in DTNs.

Since JED is a function of remaining hop-count (or the
number of tickets) and residual lifetime, the OJEDF can

also be used to estimate the minimum hop-count 𝐾 or the
minimum tickets 𝐿 to meet the constrained delay. We give
a simple hop-count estimation algorithm with constrained
delay based on JED in Algorithm 3.We define the𝐾 MAX as
the maximum of hop-count which equals ⌈log

2
𝑀⌉ (𝑀 is the

number of nodes) which is large enough to spray copies to all
of the nodes in hop-count based forwarding.The constrained
delay (CD) and initial time-to-live TTL (TTLinit) must be
defined in advance. Both of them are normalized by time-slot
𝑈 and satisfy TTLinit ≥ CD. Similarly, Algorithm 4 shows the
ticket estimation algorithm in which the maximum of tickets
𝐿 MAX equals 𝑀.

We can get the minimum of hop-count with different
constrained delay for each destination node using
Algorithm 3. Assuming that the message was generated
in node 0 and the mean inter-meeting times matrix was in
Table 1, Figure 7 showed the minimum of hop-count with
TTL = 29. The ticket estimation was shown in Figure 8 with
the same parameters.

6. Simulation

We evaluated OJEDF with hop-count constraint (OJEDF-H)
and OJEDF with ticket constraint (OJEDF-T) against Spray
and Wait (SNW), ProphetV2 (PRO2), and Epidemic (EP)
using St. Andrews encounter trace and Illinois encounter
trace. We implemented the above protocols in The ONE [33]
which was developed by the Helsinki University of Tech-
nology. We obtained the performance indicators including
average delay (only of the copies delivered successfully), the
delivery rate, and the average number of copies for each
message (no acknowledgment mechanism) from The ONE.
The simulation parameters were shown in Table 2 (only the
default values without any special instruction).

6.1. Simulation Using St. Andrews Encounter Trace. St.
Andrews encounter trace set up a mobile sensor network
comprising mobile IEEE 802.15.4 sensors (T-mote invent
devices) carried by human users and Linux-based basesta-
tions that bridge the 802.15.4 sensors to the wired network. St.
Andrews encounter trace deployed 27 T-mote invent devices
among 22 undergraduate students, 3 postgraduate students,
and 2 members of the staff of the University of St. Andrews
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Figure 6: (a) Forwarding options based on OJEDF in ticket based forwarding with 𝐿 = 2. (b) Forwarding options based on OJEDF in ticket
based forwarding with 𝐿 = 3. (c) Forwarding options based on OJEDF in ticket based forwarding with 𝐿 = 4.

from the participants’ Facebook friend lists. Participants were
asked to carry the devices whenever possible.

Due to the limit of buffer and the queue of external
events, we only employ the encounter data from time 0 to
5369. We optimize the original data in order to remove the
reduplicative records and invalid users. The reduplicative
records are the same encounter records in the same time, and
the invalid users mean the users who never appeared before
time 5369. As a result, we get 25 valid users and 591 external
encounter events.The final encounter datamust be formatted

into standard external event queue data which can be read by
The ONE.

We get the performance with different message overload.
The intervals of message generator varied from 10 s to 50 s.

Figure 9(a) showed the average delay with different inter-
vals of message generator. The average delay increased with
the increasing intervals. When the message overload was
high, the multihop forwardings were difficult due to the
constrained buffer size. As a result, the average delay was
low. The average delay increased with the decreased message
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Figure 7: The minimum of hop-count with TTL = 29.

(1) 𝐾 MAX := ⌈log
2
𝑀⌉

(2) CD := Constrained Delay
(3) for (𝐾 = 0; 𝐾 ≤ 𝐾 MAX; 𝐾 + +){
(4) for (TTL = CD; TTL ≤ TTLinit; TTL + +){
(5) Calculate JED

𝑖,𝑑,𝐾,TTL, using Algorithm 1; }
(6) if (JED

𝑖,𝑑,𝐾,TTL ≤ CD)
(7) return 𝐾; }
(8) return false;

Algorithm 3: Hop-count estimation algorithm.

(1) 𝐿 MAX := 𝑀

(2) CD := Constrained Delay
(3) for (𝐿 = 1; 𝐿 ≤ 𝐿 MAX; 𝐿 + +) {
(4) for (TTL = CD; TTL ≤ TTLinit; TTL + +){
(5) Calculate JED

𝑖,𝑑,𝐿,TTL using Algorithm 2; }
(6) if (JED

𝑖,𝑑,𝐿,TTL ≤ CD)
(7) return 𝐿; }
(8) return false;

Algorithm 4: Ticket estimation algorithm.

overload since the multihop forwardings became common.
There was no copy control in EP and PRO2, so the average
delay of them was high compared with that of SNW and
OJEDF due to the constrained buffer size set in simulation.
We can see from Figure 9(a) that the average delay of PRO2
was lower than that of SNW and OJEDF when the interval
of message generator was long enough. This is because the
buffer size becomes sufficient in low message overload, and
the average delay is low when there is no copy control in
PRO2. OJEDF which optimizes the joint expected delay can

be viewed as an improvement of SNW.The average delay rates
ofOJEDF-H andOJEDF-Twere 8.89% and 14.05% lower than
that of SNW, respectively.

Figure 9(b) showed the delivery rate with different inter-
vals of message generator. The delivery rate increased when
the overload decreased. All of the delivery rates are lower
than 50%.This is because only 244 contacts occurred between
25 users in the first 5369 s. This is a very low contact
probability. OJEDF did not forward the copies to the node
first encountered but forwarded based on the expected delay.
So the delivery rates of OJEDF-H and OJEDF-T were 14.20%
and 13.61% lower than that of SNW in average, respectively.
Most of the time, the delivery rate of OJEDF is higher than
that of EP and PRO2.

We also got the number of forwardings with different
intervals of message generator. We can see form Figure 9(c)
that the numbers of forwardings of OJEDF-H and OJEDF-T
were much lower than those of EP, PRO2, and SNW. OJEDF
only forwarded the messages to the optimal node, and the
numbers of forwardings of OJEDF-H and OJEDF-T were
34.86% and 36.00% lower than that of SNW, respectively.

We also compared the performance with different TTLs
(from 10 minutes to 90 minutes).

Figure 10(a) showed the average delay. The average delay
means the delivery delay of messages which were delivered
successfully, so the average delay was low when TTL was
low. The average delay rates of EP and PRO2 were higher
than those of SNW and OJEDF. OJEDF outperformed other
protocols in terms of the average delay with all TTLs.
Specially, the average delay rates of OJEDF-H and OJEDF-T
were 9.24% and 18% lower than that of SNW, respectively.

Figure 10(b) showed the delivery rate with different TTLs.
With increasing TTL, more messages were unable to be for-
warded due to the restraint of buffer size. As a result, the deliv-
ery rate of EP and PRO2 trended to decrease. On the contrary,
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Figure 8: The minimum of tickets with TTL = 29.

Table 2: Settings for simulation.

Parameters Values for St. Andrews trace Values for Illinois trace Remarks
Time slot for OJEDF-H 70 s 176 s Only for OJEDF-H
Time slot for OJEDF-T 140 s 245 s Only for OJEDF-T
Mean self-meeting time 𝛿 0.000001 s 0.000001 s Only for OJEDF
[-1pt] Remaining hop-count
initialization constant 3 2 Only for OJEDF-H

Number of tickets for
OJEDF-T 6 4 Only for OJEDF-T

Time unit for PRO2 30 s 30 s Only for PRO2
Delivery predictability
initialization constant 0.5 0.5 Only for PRO2

Delivery predictability
transitivity scaling constant 𝛽 0.9 0.9 Only for PRO2

Delivery predictability aging
constant 𝛾 0.999885791 0.999885791 Only for PRO2

Number of tickets for SNW 6 6 Only for SNW
Binary mode True True Only for SNW
Number of nodes 25 7
Time-to-live 90min 500min
Number of external encounter
events 591 7017

Default connections False False
Message size 500 kB 50 kB
Interval of message generator 25 s–35 s 250 s–350 s
Buffer size 5M 1M
Simulation times 20 20
End time of simulation 5369 s 240000 s

the delivery rate of SNW and OJEDF increased with increas-
ing TTL. The delivery rates of OJEDF-H and OJEDF-T were
4.9% and 3.8% lower than that of SNW, respectively.

Figure 10(c) showed the number of forwardings with
different TTLs. OJEDF outperformed all protocols in terms
of the number of forwardings with all TTLs. Specially,

the numbers of forwardings of OJEDF-H and OJEDF-T were
34.69% and 37.66% lower than that of SNW, respectively.

6.2. Simulation Using Illinois Encounter Trace. Illinois en-
counter trace is the dataset of MACs of Bluetooth and Wi-Fi
access points collected by theUniversity of IllinoisMovement
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Figure 9: (a) Average delay with different interval for message generator using St. Andrews encounter trace. (b) Delivery rate with different
interval for message generator using St. Andrews encounter trace. (c) Number of forwardings with different interval for message generator
using St. Andrews encounter trace.

(UIM) framework using Google Android phones. The set
of Bluetooth and WiFi traces were collected by 28 users
forweeks in 2010. These people are staff, faculties, graduates,
and undergraduates at the University of Illinois. Each UIM
experiment phone encompasses a Bluetooth scanner and a
Wi-Fi scanner capturing both Bluetooth MAC addresses and
Wi-Fi access pointMAC addresses in proximity to the phone.

To unify the network interface in simulator, we only used
the Bluetooth trace. Considering the constraint of buffer and
external event queue, only 7017 external encounter events
fromFebruary 26, 2010 07:00:42 to February 26, 2010 22:59:57
were employed. We found seven different MAC addresses in
this period.

We tested the performance with different message over-
load. The intervals of message generator were varied from
100 s to 500 s. Figures 11(a), 11(b), and 11(c) showed the sim
ulation results using Illinois encounter trace. Like the results
in St. Andrews encounter trace, EP and PRO2 still have
higher average delay than other copy constrained algorithms.
The average delay rates of OJEDF-H and OJEDF-T were
6.09% and 12.14% lower than that of SNW, respectively. The
delivery rate increased when the overload decreased. All of
the delivery rates are lower than 21%. This is because about
38.08% of the total 7017 contacts occurred between user 3
and user 4 or between user 4 and user 6. These unevenly
distributed contacts led to low delivery rate when we only



International Journal of Distributed Sensor Networks 11

EP
PRO2
SNW

OJEDF-H
OJEDF-T

10 20 30 40 50 60 70 80 90
100

200

300

400

500

600

700

Time-to-live (min)

Av
er

ag
e d

el
ay

 (s
)

(a)

EP
PRO2
SNW

OJEDF-H
OJEDF-T

10 20 30 40 50 60 70 80 90
Time-to-live (min)

0.20

0.25

0.30

0.35

0.40

D
eli

ve
ry

 ra
te

(b)

1

2

3

4

5

6

7

EP
PRO2
SNW

OJEDF-H
OJEDF-T

10 20 30 40 50 60 70 80 90
Time-to-live (min)

N
um

be
r o

f f
or

w
ar

di
ng

s

(c)

Figure 10: (a) Average delay with different TTLs using St. Andrews encounter trace. (b) Delivery rate with different TTLs using St. Andrews
encounter trace. (c) Number of forwardings with different TTLs using St. Andrews encounter trace.

employed the encounter trace in one day. Different from
Saint Andrews encounter trace, we set a big buffer relative
to message size, so the delivery rates of EP and PRO2 were
higher than those of OJEDF-H and OJEDF-T. The delivery
rates of OJEDF-H and OJEDF-T were 15.55% and 9.66%
lower than that of SNW in average, respectively. OJEDF still
had the least forwardings for each message. The numbers
of forwardings of OJEDF-H and OJEDF-T were 10.90% and
11.86% lower than that of SNW, respectively.

We compared the performancewith different TTLs. Large
TTLs (from 100 minutes to 500 minutes) were used in our
simulations. Firstly, the valid encounters lasted for 230301
seconds at 02-26-2010 in Illinois encounter trace. Secondly,
the encounters were unevenly distributed between seven

persons. As a result, many copies need more time to find
useful encounters during all simulation time and to meet the
destinations ultimately.

Figures 12(a), 12(b), and 12(c) showed the performance
of different algorithms with different TTLs using Illinois
encounter trace. The average delay rates of EP and PRO2
were lower than that of SNW. This profited from flooding
based diffusion and sufficient buffer. OJEDF outperformed
all protocols in terms of the average delay with all TTLs.
The average delay rates of OJEDF-H and OJEDF-T were
47.93% and 52.76% lower than that of SNW, respectively.
The delivery rates of all protocols increased with increasing
TTLs in Illinois encounter trace scenario.Thedelivery rates of
OJEDF-H and OJEDF-T were 28.61% and 21.91% lower than
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Figure 11: (a) Average delay with different interval for message generator using Illinois encounter trace. (b) Delivery rate with different
interval for message generator using Illinois encounter trace. (c) Number of forwardings with different interval for message generator using
Illinois encounter trace.

that of SNW, respectively. But the numbers of forwardings of
OJEDF-H and OJEDF-T were 11.65% and 12.37% lower than
that of SNW, respectively.

6.3. Summary of Simulation. Simulation results confirm that
OJEDF outperforms all protocols in terms of average delivery
delay and forwarding cost using both St. Andrews encounter
trace and Illinois encounter trace. The delivery delay and the
number of forwardings of OJEDF-H are 18% and 23% lower
than those of SNW while decreasing only 15% delivery rate.
OJEDF-T is more accurate than OJEDF-H in terms of copy
control. The delivery delay and the number of forwardings of

OJEDF-T are 24% and 25% lower than those of SNW while
decreasing only 12% delivery rate.

7. Conclusion

In this paper, we provide an optimal forwarding protocol
which minimizes the expected delay while satisfying the
constant on the number of forwardings per message. We
propose the optimal joint expected delay forwarding which
makes optimal forwarding decisions bymodeling forwarding
as an optimal stopping rule problem. We firstly employ
the comprehensive dynamic forwarding metric called joint
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Figure 12: (a) Average delay with different TTLs using Illinois encounter trace. (b) Delivery rate with different TTLs using Illinois encounter
trace. (c) Number of forwardings with different TTLs using Illinois encounter trace.

expected delay (JED) which is a function of two important
states of a message copy: remaining hop-count and residual
lifetime. Then we propose the forwarding rules to decide
whether to forward the copies. Based on the hop-count
constraint forwarding scheme, we propose a general ticket
constraint OJEDF which can be viewed as a development of
Spray and Wait with special spray metric. We also present an
extension to allowOJEDF to run in delay constrained scenar-
ios.We implementedOJEDF aswell as several other protocols
and performed trace-driven simulations. Simulation results
verified the efficiency of OJEDF.

In the future, we will perform simulations on the
extended version of OJEDF, that is, estimating the minimum
hop-count or tickets to meet the constrained delay. We will

also do research on the expansibility and adaptability of
OJEDF when only partial routing information is known.
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Wireless sensor control networks (WSCNs) are important scenarios and trends in mobile wireless sensor networks. Compared
with traditional wireless sensor networks, WSCNs have two specific characteristics: entities in networks are extended from passive
sensors to active sensors (e.g., actuators and actors) and the transmitting messages are extended from data only to data plus (e.g.,
data and control instructions). Thus new security problems arises. In this paper, we make the first attempt to specify the security
requirements for WSCNs, namely, indistinguishability, reachability, and timeliness. In addition, several new attacks in WSCN,
distinguishing risks, dropping attacks, and disordering attacks, are pointed out at the first time. A lightweight scheme LIRT is
proposed with tailored design to guarantee the indistinguishability, reachability, and timeliness in WSCNs. Extensive and rigorous
analysis on LIRT justifies its security strength and performance measures.

1. Introduction

Mobile wireless sensor networks are an extended form of
traditional wireless sensor networks where nodes are not
static but mobile. Recently, sensors in mobile wireless sensor
networks become more and more versatile, for example,
underwater sensors, body sensors, and control sensors. The
control sensors are usually divided into two classes: actuators
and actors. Those actuator and actor sensor networks extend
traditional wireless sensor networks from passive networks
to active networks, from data networks to control networks,
via adding functionalities such as response and action. The
actuator and actor sensor networks start to be applied in new
applications such as smart grid, smart city, smart building,
and factory automation, to name a few [1–3].

Wireless actuator and actor sensor networks can be
viewed as wireless sensor control networks (WSCNs) over
a group of sensors. WSCNs have two distinctions compared
with traditional wireless sensor networks as follows. (1)The
entities in networks are extended from sensors only to sensors

plus. For example, there exist sensors, actuators, and actors
in WSCNs. Actuators may perform actively for controlling,
but sensors in traditional wireless sensor networks usually act
passively for collecting data. (2) The transmitting messages
in networks are extended from data only to data plus, for
example, datamessages and controlmessages.Therefore, new
security problems arise in WSCNs. If entities in WSCNs
can be distinguished by adversaries, adversaries will be able
to launch a target attack (that has been explored in our
previous paper [4]); if data or control messages are dropped
by adversaries, the control loop will be terminated; if data
or control messages are disordered, the control status or
sequences may be disturbed. We called them indistinguisha-
bility, reachability, and timeliness problems in WSCNs. Note
that those security problems cannot be solved by previous
security schemes for traditional wireless sensor networks
due to the specialities of WSCNs. We thus have to explore
new methods to solve them, especially, in a tailored design
manner.
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Concretely, security in wireless control networks starts to
attract more and more attention [5–9]. Those work majorally
address different contexts fromWSCNs, so the solutions may
not be able to tackle the aforementioned security require-
ments. Moreover, the security problems in WSCNs are chal-
lengeable due to the inherent properties: wireless lossy
channels, jamming-sensitive links, resource-constraint sen-
sor devices, control timing demands, and control sequence
ordering requirements.

In this paper, wemake the first attempt to clarify and ana-
lyze the security requirements inWSCNs and then propose a
lightweight scheme called LIRT to guarantee those require-
ments, namely, indispensability, reachability, and timeliness
in WSCNs. We formally prove the achievement of the
proposed scheme. Different from other works and previous
approaches, all presentations in the paper strictly follow
formal expressions for better clarity and rigorous generality.

The contributions of the paper are listed as follows.

(i) Wemake the first attempt to define formal attacks and
security requirements in WSCNs, namely, indistin-
guishability, reachability, and timeliness in WSCNs.

(ii) We make the first attempt to propose a lightweight
scheme to guarantee those security requirements and
formally prove the security goals that are achieved.

The rest of the paper is organized as follows. Section 2
gives an overview on relevant prior work. In Section 3 we
discuss the basic assumption and models used throughout
the paper. Section 4 provides the detailed description and
analysis of our proposed scheme. Finally, Section 5 concludes
the paper.

2. Related Work

Wireless sensor networks for automation control have
attracted more and more attention in recent years [5, 8,
10–12]. Yen et al. [5] proposed packet loss problem in
wireless networked control system over IEEE 802.15.4e. They
proposed redundant transmission. de Filippi et al. [7] pro-
posed single-sensor control strategies for semiactive steering
damper control in two-wheeled vehicles. Thurman et al. [9]
explored acoustic sensors in an unmanned underwater vehi-
cle to provide full autonomy control. Au et al. [13] proposed
energy-efficient classification algorithms for wearable sensor
systems. All the above work focuses on control performance
but not control security.

The security problems in WSCNs have not been thor-
oughly explored in recent work. Target attacks for wireless
machine-to-machine control networks are first pointed out
by our previous work [4]. We also proposed a scheme
called RISE to mitigate target attacks. Stealthy deception
attacks in water SCADA systems are first pointed out by
Amin et al. [6]. They discuss sensor networks but mainly
in wired SCADA networks. Zheng et al. [3] discussed
reliable problem in wireless communication networks that
support demand and response control.They proposed several
methods for deriving reliability performance. Short et al.
[2] discussed burst errors in wireless control networks.

Actor
ActorActor

Actor

Sensor

Sensor

Sensor Sensor

Actuator

Actuator

Figure 1: Wireless sensor control networks. Sensors collect sensing
data; actuators respond corresponding instructions; actors execute
those instructions.

They proposed application-level strategies for ameliorating
the effects of packet losses and burst errors in sampled-data
control systems. Above related work are independent with
our discussion and solution in the following, as our analysis
for the security requirements are different from them.

3. Problem Formulation

3.1. NetworkModel andAttackModel. There exist threemajor
entities (denoted as E) in WSCNs: sensors (denoted as S),
actuator (denoted as U), and actors (denoted as C). Usually,
sensors send data to actuators. Actuators send instructions to
actors. Actors execute instructions. The number of sensors is
usually more than that of actuators. The number of actuators
is usually less than that of actors. Figure 1 depicts the entities
in WSCNs.

We assume that the links among sensors, actuators, and
actors are not secure. The adversaries (denoted as A) in the
links can launch the following attacks. We assume that the
security boundary is out of the entities ofWSCNs.That is, we
assume entities are trustworthy. The trust models in WSCN
scenarios are analyzed in detail in our previous work [14].

Definition 1 (message distinguishing risk (R
𝑚
)). Adversaries

may distinguish data and instructions in transmitting mes-
sages in WSCNs, after viewing the behavior and messages
among entities in WSCNs.

The observation is the only advantage of adversaries,
as we suppose the links are not secure. It can be formally
described as follows:

R
𝑚
= Pr {A correctly guesses𝑚∗ ∈ 𝐷 ‖ 𝑚

∗
∈ 𝐼

| 𝑚
∗
⇐ 𝐷 ∪ 𝐼, 2

E𝑖→E𝑖 :{𝑚
∗
}
,A⇐ 𝑚

∗
} ,

(1)

where Pr{𝐴 | 𝐵} denotes the probability that 𝐴 happens after
event 𝐵 happens; 𝐷 means data; 𝐼 means instructions; 𝑚∗ is
any message in𝐷 or 𝐼; 2𝜙 means the power set of a set 𝜙.

Definition 2 (entity distinguishing risk (R
𝑒
)). Adversaries

may distinguish sensors, actuators, and actors among entities
in WSCNs, after viewing the behavior and messages among
entities in WSCNs.
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It can be formally described as follows:

R
𝑒
= Pr {A correctly guessesE

𝑖
∈ S (‖U‖C)

| 𝐸
𝑖
⇐ S (‖U‖C) , 2

E𝑖→E𝑗:{𝑚
∗
}
,A⇐ 𝑚

∗
} .

(2)

Definition 3 (dropping attack (A
𝑑
)). Adversaries may drop

data that are sent from sensors to actuators and instructions
that are sent from actuators to actors.

Definition 4 (disordering attack (A
𝑖
)). Adversaries may dis-

turb the arrival time of data at actuators and the arrival time
of instructions at actors.

It is natural to see that the prerequisite for dropping attack
is message distinguishing risk and entity distinguishing risk.

The disordering attack can be launched without any
prerequisite information about message distinguishing risk
and entity distinguishing risk. It is thus much easier to be
launched via just jamming arbitrary packets into channels,
and it is thus more difficult to be defended against.

3.2. Security Definition and Design Goal. The security re-
quirements are defined as follows.

Definition 5 (indistinguishability). The data and instruction
cannot be distinguished from messages by adversaries from
all their observations. The sensors, actuators, and actors
cannot be distinguished from entities by adversaries from
their observations.

Indistinguishability is formally described as

𝐻(S | 𝑂) = 𝐻 (U | 𝑂) = 𝐻 (C | 𝑂) = 𝐻 (S) = 𝐻 (U)

= 𝐻 (C) ,
(3)

where𝑂 is the observation of adversaries;𝐻 is the entropy of
correctly guessing on entities.

Definition 6 (reachability). The data can arrive at designated
actuators finally, and instructions can arrive at designated
actors finally.

Definition 7 (timeliness). The data can arrive at actuators
timely, and instructions can arrive at actors timely.

Therefore, the design goal is to propose a scheme for guar-
anteeing indistinguishability, reachability, and timeliness in a
lightweight way.

4. Proposed Schemes

We list major notations used in the remainder of the paper in
Table 1.

4.1. Indistinguishability. As message distinguishing risk, R
𝑚
,

and entity distinguishing risk, R
𝑒
, are the prerequisite of

dropping attack, A
𝑑
, we first propose a method to eliminate

those risks.

Table 1: Notations.

WSCNs Wireless sensor control networks
E Entities
S Sensors
U Actuators
C Actors
A Adversaries
R
𝑚

Message distinguishing risk
R
𝑒

Entity distinguishing risk
A
𝑑

Dropping attack
A
𝑖

Disordering attack

Proposition 8. Entity indistinguishability is equivalent to
message indistinguishability.

Proof (straightforward). If entities are distinguishable, mes-
sages will be distinguishable via the entities who send; if
messages are distinguishable, entities will be distinguishable
by analyzing their sending messages.

Thus, we discuss two risks together. We firstly analyze
the information or advantages that can be obtained by
adversaries. Adversaries can observe the following behavior
and messages in WSCNs.

The messages that can be observed for message distin-
guishing are as follows:

(M-O1) the length of themessages that are sent among
entities,
(M-O2) the format and semantics of themessages that
are sent among entities.

The behavior that can be observed for distinguishing
entities is as follows.

(B-O1) The sending sequence of the messages and
entities, it is a list of messages and entities which send
messages in an observing time span. For example,
in an observation time span with 𝑘 minutes, the
sending sequences of messages are {𝑚

1
, 𝑚
2
, . . . , 𝑚

𝑛
}.

In an observation time span with 𝑘 minutes, the
sending sequences of entities who send messages are
{𝐸
1
, 𝐸
2
, . . . , 𝐸

𝑛
}, where 𝐸

𝑖
∈ E, 𝑖 = 1, . . . , 𝑛. The

sequences can be observed for distinguishing entities.
For example, sensors may always stand at the head of
the sequence, and actors may always stand at the rear
of the sequence.
(B-O2)The interval of two sequentially sending mes-
sages at any two entities; for example,𝐸

𝑖
sends𝑚

𝑝
, and

then 𝐸
𝑗
sends 𝑚

𝑝+1
. 𝑚
𝑝
, 𝑚
𝑝+1

are two consecutively
sending messages. The time interval between these
two messages can be observed for distinguishing
entities. For example, actuators may always send a
message after sensors send a message, and actors may
always send a message after actuator sends a message.
(B-O3) The interval of two consecutively sending
messages at one entity, for example, 𝐸

𝑖
sends 𝑚

𝑝
and
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𝑚
𝑝+1

sequentially, where 𝐸
𝑖
∈ E, 𝑚

𝑝
, 𝑚
𝑝+1

. That is,
𝑚
𝑝
, 𝑚
𝑝+1

are two sequential messages sent from 𝐸
𝑖
.

The time interval between these two messages can
be observed for distinguishing entities. For example,
sensors may always send messages in a fixed interval.
(B-O4) The interval of 𝑘 sequentially sending mes-
sages at any 𝑘 entities, it is a generalization of (B-
O2). For example, suppose 𝑘 entities send 𝑘messages
sequentially.They are𝐸

1
, 𝐸
2
, . . . , 𝐸

𝑘
.The time interval

among them can be observed for distinguishing
entities. For example, sensors, actuators, and actors
may form a control loop. Observing loops may infer
the entity observed.
(B-O5)The interval of 𝑘 sequential sending messages
at one entity, it is a generalization of (B-O3). For
example, 𝐸

𝑖
sends 𝑘 messages: 𝑚

1
, 𝑚
2
, . . . , 𝑚

𝑘
, where

𝐸
𝑖
∈ E. The time interval among them can be

observed for distinguishing entities. For example,
intervals for message sending at sensors, at actuators,
or at actors may be quite different. Observing those
difference may infer the entity observed.

Proposition 9. If and only if the observation is indistinguish-
able, the message and entity are indistinguishable.

Proof. The observation at adversaries is the only knowl-
edge to distinguish message and entity. If and only if the
observation is indistinguishable, the message and entity are
indistinguishable.

Therefore, we propose the following strategies via ran-
domization to make observation indistinguishable. Each
strategy addresses one observation.

(IND-S1) All messages that are sent among entities
have the same length.
(IND-S2) All messages that are sent among entities
are encrypted for hiding semantics.
(IND-S3) The sending sequence of the messages
among entities is randomized.
(IND-S4) The interval of two sequentially sending
messages at any two entities is randomized.
(IND-S5) The interval of two sequentially sending
messages at one entity is randomized.
(IND-S6) The intervals of 𝑘 sequentially sending
messages at any 𝑘 entities are randomized.
(IND-S7) The intervals of 𝑘 sequentially sending
messages at one entity are randomized.

Proposition 10. Strategy (IND-S6) can be guaranteed by
(IND-S4).

Proof (straightforward). As any interval of two sequentially
sending messages at any two entities is randomized, and the
intervals of 𝑘 sequentially sending messages at any 𝑘 entities
in 𝑘 are also randomized.

Date:𝑀 = {𝐷 ‖𝐼‖𝑁𝑈𝐿𝐿},𝑊

Result: Sending Packets with Indistinguishability
Initialization;
While𝑇 do

𝑀⇐ 𝐺𝑒𝑡𝑂𝑢𝑡𝑄𝑢𝑒𝑢𝑒 𝐵𝑢𝑓𝑓𝑒𝑟();
//Get packet from Outgoing Queue
𝑡 ⇐ 𝑅𝑎𝑛𝑑𝑜𝑚()%𝑊;
//𝑊 is the suspended time slot
𝑆𝑢𝑠𝑝𝑒𝑛𝑑(𝑡);
if (𝑀 <> 𝑁𝑈𝐿𝐿) then

𝑇𝑒𝑚𝑝𝑃𝑘𝑡 ⇐ 𝐸𝑥𝑡𝑒𝑛𝑑𝑇𝑜𝐹𝑖𝑥𝐿𝑒𝑛(𝑀);
//Maintain the same length

else
𝑇𝑒𝑚𝑝𝑃𝑘𝑡 ⇐ 𝐶𝑟𝑒𝑎𝑡𝑒 𝐹𝑖𝑥𝐿𝑒𝑛𝐷𝑢𝑚𝑚𝑦();
//Create dummy packet

end
𝑀
 ⇐𝑀𝑎𝑠𝑘𝑀𝑠𝑔(𝑇𝑒𝑚𝑝𝑃𝑘𝑡);

//Encryption before sending
𝑆𝑒𝑛𝑑𝑀𝑠𝑔(𝑀);

end

Algorithm 1: Sending algorithm for indistinguishability (SAI
algorithm).

Proposition 11. Strategy (IND-S7) can be guaranteed by
(IND-S5).

Proof (straightforward). The interval of two sequentially
sending messages at one entity is randomized, the intervals
of 𝑘 sequentially sending messages at one entity are thus also
randomized.

Thus, the sending algorithm for indistinguishability
(called SAI algorithm) at each entity is proposed in
Algorithm 1.

4.2. Reachability. As adversaries cannot distinguish mes-
sages and entities, they have to drop messages (e.g., by
jamming channels) randomly to launch a dropping attack.

To guarantee the reachability of the data and instruction
messages, we propose the following strategies via redun-
dancy.

(RCH-S1) Data and instruction are sent for 𝛼 times.

Proposition 12. If the dropping probability of a packet is
𝑝, strategy (RCH-S1) can guarantee the reachability with
probability 1 − 𝑝𝛼.

Proof. As the dropping probability of one packet is 𝑝, its
reachability is 1 − 𝑝. The probability of 𝛼 packets that are
dropped is 𝑝𝛼, and the reachability of at least one in 𝛼 packets
is thus 1 − 𝑝𝛼.

The repeat sending for 𝛼 times can increase the probabil-
ity of reachability, but it also causes communication overhead.
In the following strategies, we will tackle the communication
overhead by optimization.

(RCH-S2) Data and instruction are sent for random
times in [𝛽

1
, 𝛽
2
]. The repeat times are varied. Usually,
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we have 𝛼 = 𝛽
2
. Therefore, it can both increase the

probability of reachability and tackle the communi-
cation overhead.

Proposition 13. If the dropping probability of a packet is
𝑝, strategy (RCH-S2) can guarantee the reachability with
probability at least (1/(𝛽

2
− 𝛽
1
)) ∑
𝛽2

𝛽1
(1 − 𝑝𝑖).

Proof. The reachability of one packet in [𝛽
1
, 𝛽
2
] is 1 − 𝑝𝑖,

𝑖 ∈ [𝛽
1
, 𝛽
2
]. The expectation of this probability for all 𝑖,

𝑖 ∈ [𝛽
1
, 𝛽
2
] is thus (1/(𝛽

2
− 𝛽
1
)) ∑
𝛽2

𝛽1
(1 − 𝑝𝑖).

Proposition 14. The average communication overhead in
(RCH-S2) is less than (RCH-S1) by 1 − (𝛽

1
+ 𝛽
2
)/2𝛼.

Proof (straightforward). The communication overhead in
(RCH-S1) is 𝑂(𝛼); the communication overhead in (RCH-
S2) is 𝑂((𝛽

1
+ 𝛽
2
)/2). Thus, the advantages in (RCH-S2)

compared with (RCH-S1) are (𝛼 − (𝛽
1
+ 𝛽
2
)/2)/𝛼. That is,

1 − (𝛽
1
+ 𝛽
2
)/2𝛼.

(RCH-S3) The repeating times at originators for
data or instruction are 𝛾

1
. The repeating times at

forwarders for dummy packets are 𝛾
2
. Usually, 𝛾

1
≪

𝛽
1
, 𝛾
1
+ 𝛾
2
≈ 𝛼.

Originators are the entities where data or instruction are
originated from. For example, the first sensor who sends the
data is the originator for that data. Forwarders are the entities
between originators and designated destination entities.That
is, forwarders forward the data or instruction to packet
destination. The dummy packets at immediate forwarders
are not created from meaningless dummy string (NULL)
but created from data or instruction received previously
by immediate forwarders. That is, before forwarders send
dummy packets, they choose the last one in received data
or instruction as a dummy packet. This strategy can both
improve the reachability of data or instruction and mitigate
the communication overhead.

Proposition 15. If the dropping probability of a packet is
𝑝, strategy (RCH-S3) can guarantee the reachability with
probability 1 − 𝑝𝛾1+𝛾2 . The communication overhead is 𝛾

1
/𝛼 of

that in strategy (RCH-S1).

Proof (straightforward). The proof is similar to the former
proposition.

The sending algorithm for reachability (SAR algorithm)
at each entity is given in Algorithm 2.

4.3. Timeliness. Adversaries cannot distinguishmessages and
entities. The dropping attack cannot aim at designated mes-
sages or entities.The dropping is thus randomly dropping, for
example, by jamming channels. The jamming subsequently
results in disordering attack. The timeliness of the control

Date:𝑀 = {𝐷 ‖𝐼‖𝑁𝑈𝐿𝐿}, 𝛾
1
, 𝛾
2
,𝑊

Result: Sending Packets for Reachability
//at Originators:
Initialization;
while𝑇 then
𝑀⇐ 𝐺𝑒𝑡𝑂𝑢𝑡𝑄𝑢𝑒𝑢𝑒 𝐵𝑢𝑓𝑓𝑒𝑟();
if (𝑀 <> 𝑁𝑈𝐿𝐿) then
𝐶𝑜𝑢𝑛𝑡 ⇐ 0;
while 𝐶𝑜𝑢𝑛𝑡 < 𝛾

1
do

𝑡 ⇐ 𝑅𝑎𝑛𝑑𝑜𝑚()%𝑊;
//𝑊 is suspended time slot
𝑆𝑢𝑠𝑝𝑒𝑛𝑑(𝑡);
𝑇𝑒𝑚𝑝𝑃𝑘𝑡 ⇐ 𝐸𝑥𝑡𝑒𝑛𝑑𝑇𝑜𝐹𝑖𝑥𝐿𝑒𝑛(𝑀);
𝑀

⇐𝑀𝑎𝑠𝑘𝑀𝑠𝑔(𝑇𝑒𝑚𝑝𝑃𝑘𝑡);

𝑆𝑒𝑛𝑑𝑀𝑠𝑔(𝑀);
𝐶𝑜𝑢𝑛𝑡 + +;

end
else
𝑡 ⇐ 𝑅𝑎𝑛𝑑𝑜𝑚()%𝑊;
𝑆𝑢𝑠𝑝𝑒𝑛𝑑(𝑡);
𝑇𝑒𝑚𝑝𝑃𝑘𝑡 ⇐ 𝐶𝑟𝑒𝑎𝑡𝑒𝐹𝑖𝑥𝐿𝑒𝑛𝐷𝑢𝑚𝑚𝑦();
𝑀

⇐𝑀𝑎𝑠𝑘𝑀𝑠𝑔(𝑇𝑒𝑚𝑝𝑃𝑘𝑡);

𝑆𝑒𝑛𝑑𝑀𝑠𝑔(𝑀);
end

end
//at Forwarders:
Initialization;
while𝑇 do
𝑀⇐ 𝐺𝑒𝑡 𝐼𝑛𝑄𝑢𝑒𝑢𝑒 𝐵𝑢𝑓𝑓𝑒𝑟();
//Get packet from ingress queue
if (𝑀 <> 𝑁𝑈𝐿𝐿) then
𝐶𝑜𝑢𝑛𝑡 ⇐ 0;
while (𝐶𝑜𝑢𝑛𝑡 < 𝛾

2
) do

𝑡 ⇐ 𝑅𝑎𝑛𝑑𝑜𝑚()%𝑊;
𝑆𝑢𝑠𝑝𝑒𝑛𝑑(𝑡);
𝑇𝑒𝑚𝑝𝑃𝑘𝑡 ⇐ 𝐸𝑥𝑡𝑒𝑛𝑑𝑇𝑜𝐹𝑖𝑥𝐿𝑒𝑛(𝑀);
𝑀

⇐𝑀𝑎𝑠𝑘𝑀𝑠𝑔(𝑇𝑒𝑚𝑝𝑃𝑘𝑡);

𝑆𝑒𝑛𝑑𝑀𝑠𝑔(𝑀);
𝐶𝑜𝑢𝑛𝑡 + +;

end
else
𝑡 ⇐ 𝑅𝑎𝑛𝑑𝑜𝑚()%𝑊;
𝑆𝑢𝑠𝑝𝑒𝑛𝑑(𝑡);
𝑇𝑒𝑚𝑝𝑃𝑘𝑡 ⇐ 𝐶𝑟𝑒𝑎𝑡𝑒 𝐹𝑖𝑥𝐿𝑒𝑛𝐷𝑢𝑚𝑚𝑦();
𝑀 ⇐𝑀𝑎𝑠𝑘𝑀𝑠𝑔(𝑇𝑒𝑚𝑝𝑃𝑘𝑡);
𝑆𝑒𝑛𝑑𝑀𝑠𝑔(𝑀);

end
end

Algorithm 2: Sending algorithm for reachability (SAR algorithm).

operations is damaged. To guarantee the timeliness of the data
and instruction messages, we propose following strategies.

(TML-S1) The suspended time is randomly chosen
from a time slot that is shortened exponentially. That
is, 𝑊
𝑠

𝑟

⇐ 1/2𝑛 ∗ 𝑊, where 𝑊 is the maximal
suspended time slot at the first time; 𝑛 is the sus-
pending times;

𝑟

⇐means “is randomly chosen from”;
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𝑊
𝑠
is the actual suspended time. The timeliness can

be improved with the exponentially shortening of
suspended time. This strategy is corresponding to
(RCH-S1).

Proposition 16. If the suspended time slot 𝑊 in 𝛼 times is
shortened to 1/2

𝛼𝑊, strategy (TML-S1) can guarantee the
timeliness with total suspended time∑𝛼

𝑖=1
(1/2𝑖) ∗ 𝑊.

Proof. Suppose the suspended time slot is𝑊, the suspended
time in expectation is 1/2𝑊. If the suspended time slot is
shortened to 1/2𝑛 ∗ 𝑊, the suspended time in expectation
is 1/2𝑛+1 ∗𝑊. If first 𝛼 − 1 are all dropped by adversaries, the
worst suspended time is ∑𝛼

𝑖=1
(1/2𝑖) ∗ 𝑊.

Similarly, (TML-S2) can be proposed corresponding to
(RCH-S2). That is, when data and instruction are sent for
random times in [𝛽

1
, 𝛽
2
], the suspending time between two

consecutively sending is randomly chosen from a time slot
that is shortened exponentially. That is,𝑊

𝑠

𝑟

⇐ 1/2𝑛 ∗𝑊.

(TML-S3)We propose to shorten the suspended time
slot exponentially at forwarders. The minimum is
lower bounded by a threshold value, denoted as Th.

The sending algorithm for timeliness (SAT algorithm) at
each entity is given in Algorithm 3.

Proposition 17. Strategy (TML-S3) does not damage indistin-
guishability.

Proof. Everyone inWSCNsmay be originators or forwarders.
It depends on messages to forwarder or originator. Orig-
inators or forwarders both shorten suspended time slot
exponentially. Thus, strategy (TML-S3) does not damage
indistinguishability.

Proposition 18. If the suspended time slot 𝑊 in 𝛾
1
times is

shortened to 1/2𝛾1𝑊 at originators and in 𝛾
2
times is shortened

to 1/2𝛾2𝑊, strategy (TML-S1) can guarantee the timeliness with
time (∑𝛾1

𝑖=1
(1/2𝑖) + ∑

𝛾2

𝑖=1
(1/2𝑖)) ∗ 𝑊.

Proof (straightforward). The proof is similar to the proof of
the former proposition.

The proposed scheme—LIRT—is the combination of
strategies for indistinguishability, reachability, and timeliness.
As the strategy (TML-S3) includes SAI, SAR, and SAT, it can
be viewed as an appropriate version of LIRT. As the scheme
is described intentionally in an incremental manner in this
section, the advantages of LIRT are clear to follow for its
advantages due to the improvements step by step.

5. Discussion

In former discussion, feedback information such as network-
ing status and receiver’s acknowledgement is not used for
simplicity. If feedback information is available, it can be used
to enhance previous strategies by achieving adaptive and

Date:𝑀 = {𝐷 ‖𝐼‖𝑁𝑈𝐿𝐿}, 𝛾
1
, 𝛾
2
,𝑊

Result: Sending Packets for Timeliness
//at Originators: Initialization;
While𝑇 do
𝑀⇐ 𝐺𝑒𝑡𝑂𝑢𝑡𝑄𝑢𝑒𝑢𝑒 𝐵𝑢𝑓𝑓𝑒𝑟();
if (𝑀 <> 𝑁𝑈𝐿𝐿) then
𝐶𝑜𝑢𝑛𝑡 ⇐ 0;
𝑊 ⇐𝑊;
While (𝐶𝑜𝑢𝑛𝑡 < 𝛾

1
) do

𝑡 ⇐ 𝑅𝑎𝑛𝑑𝑜𝑚()%𝑊;
𝑊 ⇐ max(1/2 ∗𝑊, 𝑇ℎ);
//Exponentially suspending
𝑆𝑢𝑠𝑝𝑒𝑛𝑑(𝑡);
𝑇𝑒𝑚𝑝𝑃𝑘𝑡 ⇐ 𝐸𝑥𝑡𝑒𝑛𝑑𝑇𝑜𝐹𝑖𝑥𝐿𝑒𝑛(𝑀);
𝑀

⇐𝑀𝑎𝑠𝑘𝑀𝑠𝑔(𝑇𝑒𝑚𝑝𝑃𝑘𝑡);

𝑆𝑒𝑛𝑑𝑀𝑠𝑔(𝑀);
𝐶𝑜𝑢𝑛𝑡 + +;

end
else
𝑡 ⇐ 𝑅𝑎𝑛𝑑𝑜𝑚()%𝑊;
𝑆𝑢𝑠𝑝𝑒𝑛𝑑(𝑡);
𝑇𝑒𝑚𝑝𝑃𝑘𝑡 ⇐ 𝐶𝑟𝑒𝑎𝑡𝑒 𝐹𝑖𝑥𝐿𝑒𝑛𝐷𝑢𝑚𝑚𝑦();
𝑀

⇐𝑀𝑎𝑠𝑘𝑀𝑠𝑔(𝑇𝑒𝑚𝑝𝑃𝑘𝑡);

𝑆𝑒𝑛𝑑𝑀𝑠𝑔(𝑀);
end

end
//at Forwarders: Initialization;
while𝑇 do
𝑀⇐ 𝐺𝑒𝑡 𝐼𝑛𝑄𝑢𝑒𝑢𝑒 𝐵𝑢𝑓𝑓𝑒𝑟();
if (𝑀 <> 𝑁𝑈𝐿𝐿) then
𝐶𝑜𝑢𝑛𝑡 ⇐ 0;
𝑊

⇐𝑊;

while (𝐶𝑜𝑢𝑛𝑡 < 𝛾
2
) do

𝑡 ⇐ 𝑅𝑎𝑛𝑑𝑜𝑚()%𝑊;
𝑊 ⇐ max(1/2 ∗𝑊, 𝑇ℎ);
𝑆𝑢𝑠𝑝𝑒𝑛𝑑(𝑡);
𝑇𝑒𝑚𝑝𝑃𝑘𝑡 ⇐ 𝐸𝑥𝑡𝑒𝑛𝑑𝑇𝑜𝐹𝑖𝑥𝐿𝑒𝑛(𝑀);
𝑀 ⇐𝑀𝑎𝑠𝑘𝑀𝑠𝑔(𝑇𝑒𝑚𝑝𝑃𝑘𝑡);
𝑆𝑒𝑛𝑑𝑀𝑠𝑔(𝑀


);

𝐶𝑜𝑢𝑛𝑡 + +;
end

else
𝑡 ⇐ 𝑅𝑎𝑛𝑑𝑜𝑚()%𝑊;
𝑆𝑢𝑠𝑝𝑒𝑛𝑑(𝑡);
𝑇𝑒𝑚𝑝𝑃𝑘𝑡 ⇐ 𝐶𝑟𝑒𝑎𝑡𝑒 𝐹𝑖𝑥𝐿𝑒𝑛𝐷𝑢𝑚𝑚𝑦();
𝑀 ⇐𝑀𝑎𝑠𝑘𝑀𝑠𝑔(𝑇𝑒𝑚𝑝𝑃𝑘𝑡);
𝑆𝑒𝑛𝑑𝑀𝑠𝑔(𝑀);

end
end

Algorithm 3: Sending algorithm for timeliness (SAT algorithm).

optimal overall performance. The feedback information that
can be gathered by senders is as follows.

(i) The network feedback on network status, it is sent by
intermediate forwarders or detectors, and it reports
congestion, risks, and dropping rate of messages.
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(ii) The feedback from receivers, it is sent by desig-
nated destination of messages, and it reports message
arrival, delay, jitter, and timeliness.

If the feedback information is available in WSCNs, the
strategies can be enhanced by intelligent method for adap-
tivity and optimization.

6. Conclusions

WSCNs are important types in mobile wireless sensor net-
works and present their own characteristics compared with
traditional wireless sensor networks. In this paper, we made
the first attempt to specify the security requirements for
WSCNs, in which of the upmost importance are indis-
tinguishability, reachability, and timeliness. To clarify and
illustrate the security requirements, several new attacks in
WSCNs were pointed out at the first time, for example, dis-
tinguishing risks, dropping attacks, and disordering attacks.
To defend against those attacks, a lightweight scheme LIRT
was proposed. LIST can guarantee the indistinguishability,
reachability, and timeliness in WSCNs, which is justified by
extensive and rigorous analysis on security strength. The
performance of LIRT is also measured by communication
overhead, to confirm its applicability in realistic scenarios.
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With GPS devices spreading, more mobile nodes are guided by the navigation systems to select better paths. The performance
of mobile networks can be improved with the navigation information in nodes. In this paper, we propose a trajectory-based
network coding (TBNC) method to disseminate data in mobile wireless sensor network (MWSN). It is designed according to
the characteristics of MWSN and is appropriate for the mobile nodes that share anonymously its GPS pretrajectory for the higher
bandwidth. Data are disseminated in the topology that is predicted on the basis of the trajectory information. Network coding
is used to adapt for the dynamics velocity of mobile nodes. Simulation results show that TBNC is able to cut down 1/2 overhead
messages of PRoPHET when mobile nodes share GPS trajectory. It improves the reliability and scalability of MWSN.

1. Introduction
Wireless sensor network (WSN) is composed of a large num-
ber of sensor nodes, which collect the information of sur-
rounding changes. Many researches on WSN are based on
the assumption that the sensor node is static. However, the
sensor node is mobile in many applications of WSN, such as
target tracking, traffic monitoring, urban microclimate, and
disaster monitoring [1]. MobileWSN (MWSN) can simply be
defined as the WSN in which the sensor nodes are mobile.
It is a wireless ad hoc network that consists of many sensor
nodes communicating with each other [2]. The nodes are
either equipped with motors for active mobility or attached
to mobile objects for passive mobility [3].The nodes move so
fast, and it is difficult to find a path between a pair of nodes
using ordinary WSN routing protocol [4].

Mobile nodes can exchange data with each other through
Ad-hoc communication networks. But the ordinary ad hoc
routing protocols will produce a huge number of overhead
messages, which can consume too much energy and add the
network load [5]. With GPS devices spreading, more and
moremobile nodes are guided by the navigation systems.The
prepath and destination of everymobile node are created and
stored in its navigation system [6]. The trajectory of mobile

node is able to be predicted and shared in the networks. So
every node can also predict the topology change of networks
according to the pre-path and velocity of other mobile nodes.
It doesn’t need to send data to all nodes using broadcast such
as Epidemic [7] and only forwards data to the nodes moving
at the direction of destination.

The researchers have already paid attention to the works
applying GPS devices to WSN [8–12]. Many applications of
WSNs require the positions where data was sensed, and the
former researches are only focused on locating the sensor
node in GPS device. These proposed schemes do not require
GPS on all sensor nodes, taking into the consideration that
GPS units increase the costs of sensor nodes at that time.
In this case, only a fraction of the nodes has GPS units,
and every node transmits its coordinates to the rest of the
sensors to localize themselves [13]. Nowadays, the GPS units
are popular to the mobile devices, and they are upgraded
from the positioning to navigation. Our work uses the pre-
trajectory of mobile nodes to improve the routing protocol of
MWSN, and it is different from the researches just positioning
nodes.

In this paper, we present a trajectory-based network
coding (TBNC) method to disseminate data in MWSN.
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Mobile nodes are navigated by GPS devices and share their
navigation information with the others. Data are divided into
short fixed-size blocks in source node anddisseminated to the
other mobile nodes. The source implements network coding
and sends the coding blocks to the destination according to
the pretrajectory of other nodes. The blocks are recoded by
the nodes on the cross roads. The experiments show that
TBNC is able to reduce overhead messages, and enhance
the reliability of transmission. TBNC is appropriate for the
MWSN systems that mobile nodes are navigated by GPS
devices.

The remainder of this paper is organized as follows. In
Section 2, we discuss the related work. Section 3 presents the
description and implementation of the TBNC.The evaluation
and analysis of the TBNC are shown in Section 4. The paper
is concluded in Section 5.

2. Related Works

The GPS devices are only used by mobile nodes of WSN to
determinate their locations in many studies. Parts of mobile
nodes are equippedwithGPS devices to get their coordinates.
GPS-equipped node is called a landmark, anchor, or seed [13].
It helps the other nodes without GPS devices to estimate their
positions. The landmark moves throughout WSN providing
sensor nodes with its location [14]. It either transmits its
coordinates to help the other nodes to estimate their positions
or receives messages sent by the other nodes and estimates
their positions. In recent years, more and more studies have
looked at positioning the nodes without any GPS devices
in WSN [15, 16]. LIS [17] is a novel localization algorithm.
As nodes run a fuzzy logic algorithm for processing the
information, it was considered that nodes were provided with
some kind of intelligence. They can implement in the area
where GPS does not work correctly, such as the interior of
buildings [18, 19]. GPS devices are not necessary to determin
the location of mobile nodes.

A few studies have been attracted on utilizing GPS
information for VANETs [20]. More and more vehicles are
equipped with satellite navigation systems. With increased
usage of smart phones like Apple iPhone or Android phones,
navigation systems based on smart phones are popular. Vehi-
cle trajectory information has become a valuable input for
data forwarding. In [21], a protocol is proposed to enable effi-
cient multihop routing capabilities. It fully supports two way
communications betweenmobile vehicles andAPs. Vehicular
mobility is predicted from the information offered by the
navigation system in terms of final destination and path. TSF
[22] considers a reliable, efficient APs-to-vehicles data deliv-
ery by minimizing the packet delivery delay. Data delivery is
performed through the computation of a target point based
on the destination vehicle’s trajectory information. Roadside
APs can be selected as relays where destination vehicle is
expected to pass by. Selecting AP optimally minimize the
packet delivery delay. TBD [23] utilizes vehicle trajectory
information to improve communication delay and delivery
probability for vehicles-to-APs destination communications.
A delay model of packets routing along roads is set up.
The path with minimum delay can be found with the help

of the real-time traffic condition information. VANETs can
be regarded as a class of MWSN. Our work will extend
the successful application of GPS trajectory in VANETs to
MWSN.

It is not reliable to forward data among mobile nodes.
Improving the reliability is another requirement of WMSN.
Network coding has been proven to be a promising approach
that can improve the reliability of communication and
reduce overhead by combining packets [24]. The technique
is well-suited for WSNs due to the broadcast nature of their
communications. In [25], network coding is combined with
multipath routing to deliver the message. The advantage
of the algorithm is that the same reliability is guaranteed
with significantly reduced energy consumption. In [26], an
adaptive network coding is proposed to enhance reliability
in WSN by considering redundancy. However, the algorithm
is not suitable for the broadcast scenario. AdapCode [27]
is proposed to reduce broadcast traffic in the process of
code updates for the reliable data dissemination. In [28],
a competitive approach to network coding is proposed to
reduce the network traffic and prolong the lifetime of the
network. In [29], network coding algorithm is combinedwith
duty-cycling for saving energy in wireless sensor networks.
In former researches, network coding is combined with few
algorithms for MWSN. They achieve the improvement on
reliability, reduce overhead, and save energy. Routing data
according to the pre-trajectory can also improve the reliabil-
ity. In the following work, we will combine network coding
with the pre-trajectory of mobile nodes for the improvement
of the scalability and reliability of MWSN.

3. Implementing TBNC on MWSN

In this section, we present the method of TBNC and its
implementation on MWSN. It firstly composes navigating
information and network coding in MWSN.

3.1. Conditions and Assumptions. In our work, mobile nodes
have to satisfy the three restrictive conditions while using
TBNC.

(1) The movements of nodes are constrained to roads. If
ground node can go to any location without regard to
the objects on surface, it is usually low-speed. Node’s
high-speed movement has a great influence on data
dissemination of WSN, and it is also a characteristic
of mobile WSN. The road is generically paved for the
purpose of enhancing the speed of transportation.
High-speed nodes on the ground usually move along
the roads. Mobile nodes can go to anywhere in the
specific area according to the definition of MWSN,
but they only move along the roads in many appli-
cations of MWSN such as VANET, mobile IP, and
passive localization. It is reasonable to constrain the
high-speed nodes on roads in former applications.

(2) Mobile node installs GPS receiver for navigation.
GPS became a very popular technology after being
adopted for navigation. Many vehicles have installed
GPS receivers. Navigation systems are also used
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widely in smart phones like Apple iPhone or Android
phones. Navigation system extends GPS to the usage
of ordinary passenger. The interface of GPS has been
reserved in the embedded systems such as ARM,
PowerPC, andMIPS. New products will be developed
easily to support the functions of position and naviga-
tion. It is also reasonable to navigate for mobile node
using GPS.

(3) Mobile node shares its GPS navigation data to the
others for reducing the delay of data dissemination.
Passengers do not mind to disclose their destinations
to the providers of transportation. Similarly, mobile
node can share anonymously its pre-path for the
higher bandwidth. The node must inform the other
nodes near the path to prepare data dissemination
and make sure that the navigation data is only used
in communications. The information opened by the
node is similar to P2P mode. The success of P2P
software indicates that network users accept to share
its IDs and routes to the others. User privacy can’t
be invaded when nodes share their pre-path. It is
also reasonable to share the GPS navigation data in
MWSN.

All of the former conditions are reasonable in part of
applications of MWSN. In order to construct the problem
model, we give the following two assumptions.

(1) All of nodes remain in a uniform linearmotion.When
the nodes 𝑖 and 𝑗 move in a same straight line with
constant velocity, the packet can directly be transmit
between them if their distance satisfies

max (
⃗𝑑
𝑖𝑗
(𝑡)

,

⃗𝑑
𝑖𝑗
(𝑡 + 𝑡
𝑠
)

) ≤ 𝑅,

⃗𝑑
𝑖𝑗
(𝑡 + 𝑡
𝑠
) = ⃗𝑑
𝑖𝑗
(𝑡) + ( ⃗V

𝑖
− ⃗V
𝑗
) ∗ 𝑡
𝑠
,

(1)

where 𝑅 is the coverage radius of the node, ⃗𝑑
𝑖𝑗
(𝑡) is

the distance vector between nodes 𝑖 and 𝑗 at time 𝑡,
| ⃗𝑑
𝑖𝑗
(𝑡)| is the norm of ⃗𝑑

𝑖𝑗
(𝑡), ⃗V
𝑖
and ⃗V
𝑗
are the velocities

of nodes 𝑖 and 𝑗. 𝑡
𝑠
is the time to send packet from 𝑖 to

𝑗 and can be computed by

𝑡
𝑠
=
𝐿
𝑝

𝐵
, (2)

where 𝐿
𝑝
is the maximum length of the packets

transmitting among nodes and 𝐵 is the bandwidth
between 𝑖 and 𝑗.

(2) There are enoughmobile nodes as the relay to forward
data between the source and destination. We define
the direction of data destination as positive and
reverse direction as negative. There may be many
nodeswithin the radio range of node.Thenode selects
the farthest node in positive direction as its next
hop. While data are forwarded completely from 𝑖 to
next hop, the distance between them 𝐷(𝑖, 𝑡 + 𝑡

𝑠
) is

computed as

𝐷(𝑖, 𝑡 + 𝑡
𝑠
) =
𝑛𝑖max
𝑗=1

(

⃗𝑑
𝑖𝑗
(𝑡 + 𝑡
𝑠
)

∗ 𝑂 (𝑖, 𝑗)) , (3)

where 𝑛
𝑖
is the number of nodes within the radio

range of 𝑖 and 𝑂(𝑖, 𝑗) is the orientation of the node 𝑗
in 𝑖. 𝑂(𝑖, 𝑗) can be denoted as

𝑂 (𝑖, 𝑗) =

{{

{{

{

+1, ⃗𝑑
𝑖𝑗
(𝑡 + 𝑡
𝑠
) > 0,

−1, ⃗𝑑
𝑖𝑗
(𝑡 + 𝑡
𝑠
) < 0,

0, min (
⃗𝑑
𝑖𝑗
(𝑡 + 𝑡
𝑠
)

,

⃗𝑑
𝑖𝑗
(𝑡 + 𝑡
𝑠
)

) > 𝑅.

(4)

The nodes continue to move when data are forwarded. The
length of hop 𝑖 can be computed by

𝑙 (𝑖) = ⃗V
𝑖
∗ 𝑡
𝑠
+ 𝐷 (𝑖, 𝑡) . (5)

If data can arrive at destination through 𝑛 hop, the distance
from the source to destination 𝐿 can be denoted as

𝐿 =

𝑛

∑
𝑖=1

𝑙 (𝑖) . (6)

The former two assumptions are not reasonable in any of
the applications ofMWSN.The following sectionwill give the
method to put away the assumptions in TBNC.

3.2. TBNC. In fact, themovement of any node is not uniform.
Its velocity changes in a region. The node is only able to
estimate the approximate location of neighbors. Neighbors
may move out of their radio range while forwarding data.
It is unreliable to forward data between two nodes moving
with unpredictable velocity. TBNC forwards encoded data to
multiple neighbors according to their trajectories. It improves
the reliability of data dissemination using linear network
coding.

3.2.1. Network Coding in the Source. Data are encoded in the
source. 𝐾 is its local encoding matrix with 𝜐 × 𝜔 dimension.
𝜔 is the number of rows in matrix 𝐾 and also the dimension
of encoding vectors. In order to reduce the complexity of
decoding operation as𝜔 is taken a fixed value. 𝜐 is the number
of columns in matrix 𝐾 and also the number of encoding
vectors. 𝜐 can be computed by

𝜐 = int(𝜔 ∗ 𝛽 ∗ ΔV + 1
𝑄

∗ 2
𝐶
) , (7)

where int() is the integral function,𝜔 is the number of rows in
matrix 𝐾, 𝛽 is the constant adjusting 𝜐 to proper value, ΔV is
the velocity standard deviation of mobile nodes on the road,
𝑄 is the nodes density on this road, 𝐶 is the pause frequency
of data transmission, and ΔV and 𝑄 are computed by the
following equations:

ΔV = √
1

𝑁
∗

𝑁

∑
𝑖=1

(V
𝑖
− V)2,

𝑄 =
𝑁

(𝐿/𝑅)
,

(8)
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where𝑁 is the number of mobile nodes and V is the average
speed of mobile nodes on the road. If the distance between
the node and its next hop is greater than the coverage
radius 𝑅, data transmission will be paused until a node is in
positive direction. 𝐶 is the number of the pauses during a
packet delivery to destination. The parameter 𝐶 is estimated
according to the detection fixed on the roadside (such as
speed camera, traffic monitoring). Consider

𝐶 =

{{{{{{

{{{{{{

{

𝐶 + 1, if 𝑅
V
< Δ𝑡 < 𝑇

𝑚
, 𝐶 < 5,

𝐶, if 𝑅
V
< Δ𝑡 < 𝑇

𝑚
, 𝐶 > 5,

∞, if Δ𝑡 > 𝑇
𝑚
,

(9)

where Δ𝑡 is the interval time between the two mobile nodes
passing the detection. The available maximum value of 𝐶 is
5. 𝑇
𝑚
is the specified maximum value of Δ𝑡. If Δ𝑡 > 𝑇

𝑚
,

𝐶 = +∞, and 𝜐 = +∞, it represents that the path cannot
reach the destination, and data transmission and encoding
are terminated.

A row vector contains 𝜔 consecutive data blocks sent by
the same source. The blocks IDs in the vector 𝑖 are from (𝑖 −

1) ∗ 𝜔 + 1 to 𝑖 ∗ 𝜔, where 𝑖 = 1, 2, 3, . . .. All of the elements in
the matrix 𝐾 originate a pseudorandom sequence produced
according to the vehicle ID. Seq𝑘 denotes the pseudorandom
sequence and is given by

Seq𝑘
𝑖
=
𝑆𝑘
𝑖

𝜐
, 𝑖 = 1, 2, 3, . . . ,

𝑆𝑘
𝑖
= (𝑆𝑘
𝑖−2
+ 𝑆𝑘
𝑖−1
) mod 𝜐,

𝑆𝑘
−1
= IDsource mod 𝜐,

𝑆𝑘
0
= IDdestination mod 𝜐,

(10)

where mod is the modulus operator and ID is the unique
identification of the mobile node. The element 𝑘

𝑖𝑗
in the

matrix𝐾 is gotten from Seqk and given by

𝑘
𝑖𝑗
= Seq𝑘

𝑖∗𝜔+𝑗
. (11)

The local coding matrix 𝐾 with 𝜐 × 𝜔 dimension can be
denoted as follows:

𝐾 =
[
[
[

[

𝑘
11
𝑘
12
. . . 𝑘
1𝜔

𝑘
21
𝑘
22
. . . 𝑘
2𝜔

. . . . . . . . . . . .

𝑘
𝜐1
𝑘
𝜐2
. . . 𝑘
𝜐𝜔

]
]
]

]

=
[
[
[

[

Seq𝑘
1

Seq𝑘
2

. . . Seq𝑘
𝜔

Seq𝑘
𝜔+1

Seq𝑘
𝜔+2

. . . Seq𝑘
2∗𝜔

. . . . . . . . . . . .

Seq𝑘
(𝜐−1)∗𝜔+1

Seq𝑘
(𝜐−1)∗𝜔+2

. . . Seq𝑘
𝜐∗𝜔

]
]
]

]

,

(12)

where 𝜔 data blocks to the same destination are assembled
and encoded together in the source. If 𝑥

𝑖
denotes data blocks

𝑖, 𝜔 data blocks are denoted by a data vector𝑋:

𝑋 = (𝑥
1
, 𝑥
2
, . . . , 𝑥

𝜔
) . (13)
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Figure 1: Forwarding data on the cross road.

Implementing linear network coding on the blocks from
the source is formalized as computing the product of two
matrixes. It is denoted by

𝑌 = 𝐾 ⋅ 𝑋
𝑇
. (14)

The encoded vector is denoted by Y, and its dimension is 𝜐.
The elements in 𝑌 can be computed by

𝑦
𝑖
=

𝜔

∑
𝑗=1

𝑘
𝑖𝑗
∗ 𝑥
𝑗
=

𝜔

∑
𝑗=1

Seq𝑘
𝑖∗𝜔+𝑗

∗ 𝑥
𝑗
, (15)

where 𝜐 encoded elements in 𝑌 are sent out from the source.

3.2.2. Recoding on the Cross Road. If the angle between
destination and next hop directions is less than 90 degrees,
the forwarding direction is positive.Whendata are forwarded
to the mobile nodes on the cross road, there is more than
one positive direction, as depicted in Figure 1. The node may
select multiple next hops on different roads to forward data.
It must measure the road status (such as the nodes flow and
direction) to decide which nodes are next hops. The nodes
flow on the road is computed by

𝑓 =
𝑁

(ΔV + 2𝐶) ∗ 𝐿
. (16)

If 𝑓 > 1/𝑅, the nodes on the road can deliver data to
destination.

The angle 𝛼 between destination and next hop directions
is computed by

𝛼 =



arccos(
Δladst ∗ Δlanxt + Δlodst ∗ Δlonxt

√Δla2dst + Δlo
2

dst ∗ √Δla2nxt + Δlo2nxt
)



,

Δladst = ladst − la
0
; Δlodst = lodst − lo

0
,

Δlanxt = lanxt − la
0
; Δlonxt = lonxt − lo

0
,

(17)

where la
0
and lo

0
are the latitude and longitude of mobile

node position; ladst and lodst are the destination positions;
lanxt and lonxt are the position of next hop.
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We suppose that 𝛼
1
and 𝛼

2
are the angles between desti-

nation and next hops in the directions 1 and 2, respectively,
and 𝑓

1
and 𝑓

2
are the nodes flows in the directions 1 and 2,

respectively. While both 𝛼
1
and 𝛼

2
are less than 90 degrees,

the next hops are selected as the following two rules:
(1) if (𝛼

2
− 𝛼
1
) > 60∘or (30∘ ≤ (𝛼

2
− 𝛼
1
) ≤ 60∘ and 𝑓

1
≥

1/𝑅), data are only forwarded to the next hops in the
direction 1;

(2) if (30∘ ≤ (𝛼
2
− 𝛼
1
) ≤ 60∘ and 𝑓

1
< 1/𝑅) or 0∘ ≤

(𝛼
2
− 𝛼
1
) < 30∘, data are recoded and forward to the

next hops in the directions 1 and 2, respectively.
The encoded vector𝑌 is recoded with the global recoding

matrix, denoted by 𝑃. The matrix 𝑃 is a lower triangular
matrix with 𝜇 × 𝜐 dimension, and its number of rows 𝜇 is
given by

𝜇 = int(𝜐 ∗
𝛾 ∗ (𝛼

1
+ 𝛼
2
)

(𝛼
1
𝑓
1
+ 𝛼
2
𝑓
2
) ∗ 𝑅

) , (18)

where 𝛾 is the constant adjusting 𝜇 to proper value and 𝛾 >
2. If the value of 𝑓

1
or 𝑓
2
is more than 1/𝑅, it is replaced by

1/𝑅 in (18).
The matrix 𝑃 is unique and constant to the mobile node,

need not be transferred to destinations. All of elements in
𝑃 originate another pseudo-random sequence. Seq𝑝 denotes
the pseudo-random sequence and is given by

Seq𝑝
𝑖
=
(arcsin 𝑆𝑝

𝑖
)

𝜋
+ 0.5, 𝑖 = 1, 2, 3, . . . ,

𝑆𝑝
𝑖
= 1 − 2 ∗ 𝑆𝑝

2

𝑖−1
, 𝑆𝑝

𝑖−1
∈ (−1, 0.5) ∪ (0.5, 1) ,

(19)

where 𝑆𝑝
𝑖
is an intermediate variable to produce the sequence.

𝑆𝑝
0
can be designated by the administrator, and its default

value is equal to 0.3. 𝑆𝑝
−1
= 0. The element 𝑝

𝑖𝑗
in the matrix

𝑃 is gotten from Seq𝑝 and given by

𝑝
𝑖𝑗
= Seq𝑝

𝑎
;

𝑎 =

{{

{{

{

−1 𝑗 > 𝑖;

𝑗 +
𝑖−1

∑
𝑘=1

𝑘 𝑗 ≤ 𝑖.

(20)

Implementing recoding on the coding blocks is formal-
ized as computing the product of matrixes. It is denoted by

𝑍 = 𝑃 ⋅ 𝑌
𝑇
= 𝑃 ⋅ (𝐾 ⋅ 𝑋

𝑇
)
𝑇

. (21)

If mobile node in the range of the cross road needs
forward data to multiple directions, it will buffer the encoded
data, then recode them for delivery. We suppose that 𝑢 is
the number of buffered and recoded blocks and 𝜇 is its
maximum number. 𝑢

1
and 𝑢

2
are the numbers of blocks sent

to directions 1 and 2, respectively. 𝑢 = 𝑢
1
+ 𝑢
2
. Pr is the

proportion of the recoded blocks in two directions and can
be computed by

Pr = 𝑢1
𝑢
2

= (2
(𝛼2−𝛼1)/30) ∗

𝑓
1

𝑓
2

. (22)

The node clears the buffered data until it moves out of the
range of the cross road.
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The message is
path information

t = 0

Figure 2: The process flowchart of mobile node on MWSN.

3.3. Implementing on MWSN. Mobile node presets the des-
tination and automatically or manually pre-sets the path on
GPS navigation. It shares the information of prepath to other
nodes for the improvement of data dissemination. Then, the
process of mobile node is formally shown in Figure 2. In
this figure, initial data represent the uncoded data in the
source nodes. If the number of next hops is more than 1, the
mobile node is passing on the cross road and recoding the
coded data for forwarding to different directions. Network
coding algorithm on Figure 2 is described in Algorithm 1,
and the recoding algorithm on Figure 2 is described in
Algorithm 2.

Network coding is only implemented on the source node.
Mobile node divides the packets into the short fixed-size
blocks and generates the local coding matrix K, then encodes
the blocks using linear network coding. It selects the farthest
node within its radio range as the next hop in the time of
a block to be forwarded. K is not sent out from the source.
The destination can generate all elements of 𝐾 for decoding
according to source and its IDs.

The process of recoding on mobile node is described
in Algorithm 2. The recoding algorithm is implemented by
mobile node on the cross road, while the first element of
encoded vector 𝑌 is received. Then, the mobile node is
buffering the encoded blocks 𝑦(𝑖) and recoding them at the
same time. The recoding matrix 𝑃 is designed as a lower
triangular matrix, and pseudo-random sequence is assigned
to the elements whose column number is not less than
row number. The recoded blocks are separated to the next
hops in two directions according to the proportion of 1 : Pr.
Because the matrix equations with triangular matrices are
easier to solve, the decoding process is faster to implement.
Destination node begins to decode initial data as long as it
received 𝜔 recoded blocks.
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Compute 𝜐 with (7)
𝑆𝑘
−1
= IDsource mod 𝜐, 𝑆𝑘

0
= IDdestination mod 𝜐

//Compute the local coding matrix 𝐾:
For 𝑖 = 1 to 𝜐

For 𝑗 = 1 to 𝜔
𝑆𝑘 = (𝑆𝑘

−1
+ 𝑆𝑘
0
)mod 𝜐;

𝑆𝑘
−1
= 𝑆𝑘
0
; 𝑆𝑘
0
= 𝑆𝑘;

𝑘[𝑖, 𝑗] = 𝑆𝑘/𝜐;
//Compute the encoded vector 𝑌:
For 𝑖 = 1 to 𝜐

sum = 0;
For 𝑗 = 1 to 𝜔

sum = sum + 𝑘[𝑖, 𝑗] ∗ 𝑋[𝑗];
𝑌[𝑖] = sum;
Send 𝑌[𝑖] to the next hop
If receiving Break Message exit.

Algorithm 1: Formal description of network coding on the source nodes.

Compute 𝑓, 𝛼
1
and 𝛼

2
with (16), (17)

Compute 𝜇 with (18)
𝑆𝑝 = 0.3;
//Compute the recoding matrix 𝑃:
For 𝑖 = 1 to 𝜇

For 𝑗 = 1 to 𝜐
If 𝑗 < 𝑖 then 𝑝[𝑖, 𝑗] = 0;
Else
𝑆𝑝 = 1 − 2 ∗ 𝑆𝑝

2;
𝑝[𝑖, 𝑗] = arcsin(𝑆𝑚)/𝜋 + 0.5;

End If
//Compute and send the recoded vector 𝑍:
Compute Pr;
For 𝑖 = 1 to 𝜇

For 𝑗 = 1 to 𝜐
sum = 0;
sum = sum + 𝑝[𝑖, 𝑗] ∗ 𝑌[𝑗];

𝑍[𝑖] = sum;
𝑃𝑡 = Pr/(1 + Pr);
If 𝑖 ∗ 𝑃𝑡 − Int(𝑖 ∗ 𝑃𝑡) < 𝑃𝑡 then

Send 𝑍[𝑖] to the next hops in direction 1;
Else

Send 𝑍[𝑖] to the next hops in direction 2;
End If

Algorithm 2: Formal description of recoding on mobile nodes.

4. Simulations

In this section, we generate the mobile nodes on the ONE
simulator [30] and evaluate the performance of our TBNC
method in contrast with Epidemic [31] and PRoPHET [32]
routing and generic Wi-Fi.

4.1. Simulations Setting. We use part of Helsinki city map in
ONE simulator as the region of simulation.The area with the
range of 4000m × 3000m from the map is extracted as the
scenarios of nodemovement.There are 127 cross roadswithin
the area. The density of roads is higher than general city. The

mobile nodes move on the map at the speed of 5 to 50 km/h,
which covers the movement from the walk to the vehicle
on the urban areas. The mobile nodes choose random from
sources to destinations on the map and move there following
the shortest path. The radio range is configured as 50m, and
the MAC protocol is IEEE 802.11.

We compare TBNC with Epidemic PRoPHET routing
and generic Wi-Fi. Epidemic and PRoPHET are two typ-
ical routing protocols for ad-hoc networks and have been
implemented by the users of the ONE simulator as add-ons.
Epidemic replicates messages to all encountered nodes that
do not have them yet. PRoPHET only sends messages to the
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Figure 3: Blocks loss rate on the different TTLs.

nodes that have the highest chances to deliver the messages
to the destination. In generic Wi-Fi, vehicles data must be
delivered by access points (APs) in the radio range, and the
routing capability of vehicles is disabled. Many APs need to
be deployed intensively in the area.

The other parameters of TBNC method are listed as
following. Maximum number of hops is 10. Maximum value
of Δ𝑡 is 180 seconds. The dimension of encoding vector 𝜔 =
10. The number of APs in the area is 20.

We measure the block loss rate, transmission delay, and
overhead messages as the parameters to reflect synthetically
the performance of TBNC. The 10 sources generate flows
continuously to the 10 destinations for the evaluation. The
simulation lasts for 30 minutes. The number of mobile nodes
and the TTL of blocks are variable at the every test, but
the sources and destinations follow the respective prescribed
trajectory to move in the range of test area.

4.2. Simulation Results. The block loss rate, transmission
delay, and overhead messages of 10 flows are collected in
the simulations. Block loss rate is the ratio of lost blocks to
the sending blocks from sources. Transmission delay is the
time of a block delivered from the source to all destinations.
Overhead ratio is the effective blocks as the percentage of all
forwarding blocks among vehicles. The average values of the
10 flows about the 3 parameters are presented as the basis for
evaluating the performance of TBNC.

The average blocks loss rate of TBNC is contrasted by
three protocols in Figures 3 and 4. TTLs are changed in four
data plots of Figure 3, but the number of mobile nodes rem-
ains 80. Blocks loss rate decreases in all plots as the value of
TTLs increases. When TTL is equal to the simulating time
(1800 s), blocks loss rate is 0 for all methods. Only 20 APs
cannot cover the whole area, while generic Wi-Fi has highest
loss rate and cannot be used. The loss rate of PRoPHET
is more than 0.3, while TTLs are less than 10 minutes.
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Figure 4: Blocks loss rate on the different number of mobile nodes.

Too many blocks are lost and packets can’t be recoverd in
destinations. Epidemic sends copies to all encountered nodes,
and transmits successively in the greatest probability, so it
has lest loss rate in all methods. TBNC is close to Epidemic
in blocks loss rate. When TTL is 1 minute, the blocks loss
rate of TBNC is less than 0.2, and it can reach the target
of transmission reliability. If network coding is not used,
our method is only close to PRoPHET in blocks loss rate.
Network coding played a critical role in the improvement of
reliability.

The number of mobile nodes 𝑁 is changed in four data
plots in Figure 4, but TTL remains 60. The values of 𝑁
have no effect on the loss rate of generic Wi-Fi. The other
methods decrease their blocks loss rate rapidly as the mobile
nodes became denser. TBNC are still closer to Epidemic than
PRoPHET. When there are more than 150 nodes moving in
the area, the blocks loss rate of TBNC decreases to less than
0.1. If more than 300 nodes are evenly distributed in the area,
all blocks can be delivered to their destinations. The increase
of 𝑁 has more influence on the transmission reliability than
the increase of TTL.

Figures 5 and 6 show the average delay of blocks that
are transmitted successively from sources to destinations. In
Figure 5, the test conditions are same as Figure 3.The average
delay of all methods grows with TTLs increase. Generic Wi-
Fi only can deliver few blocks to destinations. Its delay is
determined by time that nodes move into the radio range
of APs. PRoPHET only takes one of encountering node as
the next hop. Although the node has the highest chance
to destinations, it maybe moves more time to send block.
So, the delay of PRoPHET is more than the other methods.
TBNC is close to Epidemic in delay on the different TTLs.
The process of network coding adds a little delay to delivery
blocks. When TTL is 1 minute, the delay of TBNC is 7%more
than Epidemic.
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Figure 5: Average transmission delay on the different TTLs.
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Figure 6: Transmission delay on the different number of mobile
nodes.

In Figure 6, the test conditions are same as Figure 4.
The delay of generic Wi-Fi changes randomly and does not
associate with the number of mobile nodes. All the other
methods decrease the transmission delay with the increase of
nodes. PRoPHETmay select inaccurate next hops to delivery
data. Its delay ismore thanTBNCandEpidemic. TBNC is still
close to Epidemic in delay on the different𝑁. The increase of
𝑁 has also more influence on the delay than the increase of
TTL. When the number of mobile nodes is more than 300,
the delay of TBNC is less than 30 seconds, and it is only 7%
more than Epidemic. It can reach the target of transmission
real-time in the mobile networks.

The average overhead ratios of TBNC are contrasted by
three protocols in Figures 7 and 8. In Figure 7, the test
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Figure 7: Overhead ratio on the different TTLs.
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Figure 8: Overhead ratio on the different number of mobile nodes.

conditions are also same as Figure 3. Generic Wi-Fi does not
generate overhead messages on any conditions, and its value
is always 100% and the least in the four methods. Epidemic
broadcasts data to any nodes and generates most overhead
messages. Its overhead ratio rises rapidly with the increase
of TTL. When TTL is 1 minute, its overhead ratio is more
than 800%. Epidemic has too many overhead messages to
be used in WMSN. PRoPHET produces overhead messages
while it selects inaccurate next hops to delivery data. It also
generates more overheadmessages, while setting more TTLs.
TBNC only produces overhead messages on the cross road.
Its overhead messages also rise with the increase of TTL but
are always less than PRoPHET.When TTL is 1 minute, TBNC
has 68% less overhead ratios than PRoPHET.
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In Figure 8, the test conditions are also same as Figure 4.
The overhead ratio of Epidemic is too high to be used.
PRoPHET grows in overheadmessage with the increase of𝑁.
The increase in the number of mobile nodes causes that more
nodes select inaccurate next hops. Generic Wi-Fi still does
not generate overhead messages. The TBNC does not change
its overhead ratios with the increase of 𝑁. Overhead ratio
relates to the number of cross roads rather than the number of
mobile nodes.When𝑁 is 300, TBNC has 202% less overhead
ratio than PRoPHET and it cuts down about 1/2 overhead
messages. TBNC reduces the overheadmessage after network
coding and improves the scalability of MWSN.

TBNC is able to achieve lower overhead ratios than both
Epidemic and PRoPHET. Its blocks loss ratio and delay are
tiny higher than Epidemic but lower than the other methods.
TBNC reduces the overhead message after network coding
and improves the scalability of MWSN.

5. Conclusion

MWSNcan use the pre-trajectory ofmobile nodes to improve
its performance. We suppose that mobile nodes have to sat-
isfy the three reasonable conditions. TBNC is implemented
firstly on the source node. Encoded blocks are forwarded
to multiple neighbors according to their trajectories. Then,
they can be recoded on the mobile nodes on the cross road
and delivered forwarded along multipath to the destination.
TBNC combines network coding with the pre-trajectory of
mobile nodes.

We evaluate the performance of our TBNC in contrast
with Epidemic, PRoPHET routing, and generic Wi-Fi in the
simulations. The results show that TBNC is able to cut down
1/2 overhead messages of PRoPHET when mobile nodes are
shared by GPS trajectory. The blocks loss ratio and transmi-
ssion delay of TBNC are tiny higher than Epidemic but lower
than the other methods. Our work improves the reliability
and scalability of MWSN when location and navigation
systems are popular in mobile nodes.

Acknowledgments

The work is supported by the National Science Foundation
of China under Grant nos. 61070169, 61202378, and 61070170,
University Science Research Project of Jiangsu Province
under Grant no. 11KJB520017, Natural Science Foundation
of Jiangsu Province under Grant no. BK2011376, Specialized
Research Foundation for the Doctoral Program of Higher
Education ofChinaNo. 20103201110018, andApplication Fou-
ndation Research of Suzhou of China no. SYG201238,
SYG201118, and SYG201034.

References

[1] I. F. Akyildiz, W. Su, Y. Sankarasubramaniam, and E. Cayirci,
“Wireless sensor networks: a survey,” Computer Networks, vol.
38, no. 4, pp. 393–422, 2002.

[2] S. Indu, A. Bhattacharyya, V. Kesham, and S. Chaudhury, “Self
deployment of mobile sensor network for optimal coverage,”

International Journal of Engineering Science and Technology, vol.
2, no. 7, pp. 2968–2975, 2010.

[3] A. A. Ahmed, “An enhanced real-time routing protocol with
load distribution for mobile wireless sensor networks,” Com-
puter Networks, vol. 57, pp. 1459–1473, 2013.

[4] L. Karim and N. Nasser, “Reliable location-aware routing
protocol for mobile wireless sensor network,” Communications,
IET, vol. 6, no. 14, pp. 2149–2158, 2012.

[5] A. A. Ahmed and N. Fisal, “A real-time routing protocol
with load distribution in wireless sensor networks,” Computer
Communications, vol. 31, no. 14, pp. 3190–3203, 2008.

[6] N. Bulusu, J. Heidemann, and D. Estrin, “GPS-less low-cost
outdoor localization for very small devices,” IEEE Personal
Communications, vol. 7, no. 5, pp. 28–34, 2000.

[7] M. J. Khabbaz, C.M.Assi, andW. F. Fawaz, “Disruption-tolerant
networking: a comprehensive survey on recent developments
and persisting challenges,” IEEE Communications Surveys and
Tutorials, vol. 14, no. 2, pp. 607–640, 2012.

[8] X. Cheng, A. Thaeler, G. Xue, and D. Chen, “TPS: a time-based
positioning scheme for outdoor wireless sensor networks,” in
Proceedings of the IEEE Conference on Computer Communi-
cations 23rd Annual Joint Conference of the IEEE Computer
and Communications Societies (INFOCOM ’04), pp. 2685–2696,
March 2004.

[9] T. He, C. Huang, B.M. Blum, J. A. Stankovic, and T. Abdelzaher,
“Range-free localization schemes for large scale sensor net-
works,” in Proceedings of the 9th Annual International Confer-
ence on Mobile Computing and Networking (MobiCom ’03), pp.
81–95, September 2003.

[10] A. Savvides, C.-C. Han, and M. B. Strivastava, “Dynamic fine-
grained localization in ad-hoc networks of sensors,” in Proce-
edings of the 7th Annual International Conference on Mobile
Computing and Networking, pp. 166–179, July 2001.

[11] Y. Shang and W. Ruml, “Improved MDS-based localization,”
in Proceedings of the IEEE Conference on Computer Commu-
nications 23rd Annual Joint Conference of the IEEE Computer
and Communications Societies (INFOCOM ’04), pp. 2640–2651,
March 2004.

[12] P. N. Pathirana, N. Bulusu, A. V. Savkin, and S. Jha, “Node local-
ization using mobile robots in delay-tolerant sensor networks,”
IEEE Transactions on Mobile Computing, vol. 4, no. 3, pp. 285–
296, 2005.

[13] D. Koutsonikolas, S. M. Das, and Y. C. Hu, “Path planning of
mobile landmarks for localization in wireless sensor networks,”
Computer Communications, vol. 30, no. 13, pp. 2577–2592, 2007.

[14] A. Galstyan, B. Krishnamachari, K. Lerman, and S. Pattem,
“Distributed online localization in sensor networks using a
moving target,” in Proceedings of the 3rd International Sympo-
sium on Information Processing in Sensor Networks (IPSN ’04),
pp. 61–70, April 2004.

[15] L. Liu, R. Wang, and F. Xiao, “Topology control algorithm for
underwater wireless sensor networks using GPS-free mobile
sensor nodes,” Journal of Network and Computer Applications,
vol. 35, no. 6, pp. 1953–1963, 2012.

[16] V. K. Chaurasiya, N. Jain, and G. C. Nandi, “A novel distance
estimation approach for 3D localization in wireless sensor
network using multi dimensional scaling,” Information Fusion,
vol. 15, pp. 5–18, 2014.

[17] D. F. Larios, J. Barbancho, F. J. Molina, and C. León, “LIS: loca-
lization based on an intelligent distributed fuzzy system applied
to a WSN,” Ad Hoc Networks, vol. 10, no. 3, pp. 604–622, 2012.



10 International Journal of Distributed Sensor Networks

[18] W. Ren, “A rapid acquisition algorithm of WSN-aided GPS
location,” in Proceedings of the 2nd International Symposium
on Intelligent Information Technology and Security Informatics
(IITSI ’09), pp. 42–46, Moscow, Russia, January 2009.

[19] Y. Xu, J. Heidemann, and D. Estrin, “Geography-informed ene-
rgy conservation for ad hoc routing,” in Proceedings of the
7th Annual International Conference on Mobile Computing and
Networking, pp. 70–84, July 2001.

[20] L. Z. Li, S. K. Zhang, Y. Q. Zhu, and Z. Yang, “MCNC: data
aggregation and dissemination in vehicular Ad-hoc networks
using multicast network coding,” International Journal of Dis-
tributed Sensor Networks, vol. 2013, Article ID 853014, 11 pages,
2013.

[21] I. Leontiadis, P. Costa, and C. Mascolo, “Extending access
point connectivity through opportunistic routing in vehicular
networks,” in Proceedings of the IEEE (INFOCOM ’10), San
Diego, Calif, USA, March 2010.

[22] J. Jeong, S. Guo, Y.Gu, T.He, andD.Du, “Trajectory-based stati-
stical forwarding for multihop infrastructure-to-vehicle data
delivery,” IEEE Transactions on Mobile Computing, vol. 11, no.
10, pp. 1523–1537, 2012.

[23] J. Jeong, S. Guo, Y.Gu, T.He, andD.H.C.Du, “Trajectory-based
data forwarding for light-traffic vehicular Ad Hoc networks,”
IEEE Transactions on Parallel and Distributed Systems, vol. 22,
no. 5, pp. 743–757, 2011.

[24] R. Ahlswede, N. Cai, S.-Y. R. Li, and R. W. Yeung, “Network
information flow,” IEEE Transactions on Information Theory,
vol. 46, no. 4, pp. 1204–1216, 2000.

[25] L. Shan-Shan, Z. Pei-Dong, L. Xiang-Ke, C. Wei-Fang, and P.
Shao-Liang, “Energy efficient multipath routing using network
coding in wireless sensor networks,” in Ad-Hoc, Mobile, and
Wireless Networks, vol. 4104, pp. 114–127, Springer, Berlin,
Germany, 2006.

[26] T.-G. Li, C.-C. Hsu, and C.-F. Chou, “On reliable transmission
by adaptive network coding in wireless sensor networks,” in
Proceedings of the IEEE International Conference on Communi-
cations (ICC ’09), Dresden, Germany, June 2009.

[27] I.-H.Hou, Y.-E. Tsai, T. F. Abdelzaher, and I. Gupta, “AdapCode:
adaptive network coding for code updates in wireless sensor
networks,” in Proceedings of the 27th IEEE Communications
Society Conference on Computer Communications (INFOCOM
’08), pp. 1517–1525, Phoenix, Ariz, USA, April 2008.

[28] L. Miao, K. Djouani, A. Kurien, and G. Noel, “Network coding
and competitive approach for gradient based routing in wireless
sensor networks,”AdHoc Networks, vol. 10, no. 6, pp. 990–1008,
2012.

[29] R. Chandanala, W. Zhang, R. Stoleru, andM.Won, “On combi-
ning network coding with duty-cycling in flood-based wireless
sensor networks,” Ad Hoc Networks, vol. 11, no. 1, pp. 490–507,
2013.

[30] “The ONE,” http://www.netlab.tkk.fi/tutkimus/dtn/theone/.
[31] W.Vogels, R. Renesse, andK. Birman, “The power of epidemics:

robust communication for large-scale distributed systems,”
ACMSIGCOMMComputer Communication Review, vol. 33, no.
1, pp. 131–135, 2003.

[32] A. Lindgren, A. Doria, and O. Schelen, “Probabilistic routing in
intermittently connected networks,” ACM SIGMOBILE Mobile
Computing and Communications Review, vol. 7, no. 3, pp. 19–20,
2003.



Hindawi Publishing Corporation
International Journal of Distributed Sensor Networks
Volume 2013, Article ID 505710, 8 pages
http://dx.doi.org/10.1155/2013/505710

Research Article
A Node Deployment Algorithm Based on
Van Der Waals Force in Wireless Sensor Networks

Xiangyu Yu,1 Ninghao Liu,1 Weipeng Huang,2 Xin Qian,3 and Tao Zhang4

1 School of Electronic and Information Engineering, South China University of Technology, Guangzhou 510640, China
2 China Mobile Group Corporation, Guangdong Co., Ltd., Dongguan Branch, Dongguan, Guangdong 523008, China
3Microsoft Corporation, One Microsoft Way Redmond, WA 98052, USA
4 School of Electronic and Communication Engineering, Guiyang University, Guiyang 550005, China

Correspondence should be addressed to Xin Qian; xinqian@microsoft.com

Received 7 June 2013; Accepted 4 September 2013

Academic Editor: Shukui Zhang

Copyright © 2013 Xiangyu Yu et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The effectiveness of wireless sensor networks (WSN) depends on the regional coverage provided by node deployment, which is one
of the key topics in WSN. Virtual force-based algorithms (VFA) are popular approaches for this problem. In VFA, all nodes are
seen as points subject to repulsive and attractive force exerted among them and can move according to the calculated force. In this
paper, a sensor deployment algorithm for mobile WSN based on van der Waals force is proposed. Friction force is introduced into
the equation of force, the relationship of adjacency of nodes is defined by Delaunay triangulation, and the force calculated produce
acceleration for nodes to move. An evaluation metric called pair correlation function is introduced here to evaluate the uniformity
of the node distribution. Simulation results and comparisons have showed that the proposed approach has higher coverage rate,
more uniformity in configuration, and moderate convergence time compared to some other virtual force algorithms.

1. Introduction

Wireless sensor networks (WSN), with its advanced abilities
in sensing and communication, is an emerging technology
that promises a wide range of potential application in both
civilian and military areas due to its low power consump-
tion, low cost, distributed, and selforganization property. A
wireless sensor network typically consists of a large number
of low-cost, low-power, and multifunctional sensor nodes
that are deployed in a region of interest [1, 2]. These nodes
are equipped with sensors, microprocessors, and mutual
communication devices, so that they have sensing ability
as well as data processing and communication. WSN can
be used for target tracking, temperature and environmen-
tal monitoring, security surveillance, data collection, smart
homes and offices, health care, and industrial diagnosis, and
so forth, thus it is an active research area of interest recently.

In the applications of WSN, energy saving, connectivity,
and configuration uniformity are some of the key respects of
interest, which are also relatedwith coverage rate of the whole
network. Because of this, coverage becomes an important

issue in WSN. It mainly addresses how to deploy the sensor
nodes to achieve sufficient coverage of the service area, so that
each position in the service area is monitored at least by one
sensor node.

The coverage ratio of the WSN is calculated by [3]

CR =
⋃ 𝑐
𝑖

𝐴
, 𝑖 ∈ 𝑆, (1)

where 𝑐
𝑖
is the coverage of sensor 𝑖, 𝑆 is the set of nodes,

and 𝐴 is the total size of the area of interest. The aim of the
optimization technique is to maximize the coverage rate of
the network.

A good coverage is indispensable for the effectiveness of
wireless sensor networks. An efficient deployment of sensor
nodes will reduce the configuration and communication cost
of the network and improve the resource management, thus
node deployment becomes a challenging work.

Node deployment algorithms can be divided into deter-
ministic or movement-assisted ones. In movement-assisted
deployment algorithms, each sensor knows its position; the
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mobile sensors can communicate with others and can move
to new positions accordingly. In some cases such as remote
and unmanned environments, mobile wireless sensor net-
works are initially distributed randomly, and onlymovement-
assisted deployment can be applied.

Many approaches have been proposed for movement-
assisted node deployment [4, 5], such as virtual force-based
[3, 6–12], swarm intelligence [13–17], and computational
geometry [18], and so forth, or some combination of the
above approaches [19, 20], among which, the kind of virtual
force-based strategies has emerged as one of the effective
solutions. In this paper, a virtual force-based node self-
deployment algorithm using a force model based on van der
Waals force is proposed. The relationship of adjacency of
nodes is defined by Delaunay triangulation, and the force
calculated produces acceleration for the nodes to move. A
new metric called pair correlation is introduced to evaluate
the uniformity of the node distribution. Simulation results
showed that the proposed approach is better than the original
virtual force algorithm in convergence time, coverage rate,
and more uniformity in configuration.

The rest of this paper is organized as follows. Section 2
gives a brief introduction of virtual force-based approach.
Section 3 introduces the proposed algorithm. A few simula-
tion results are given in Section 4 to verify the effectiveness of
the proposed algorithm. Finally, with several improvements
discussed for our future work, we conclude the paper in
Section 5.

2. Virtual Force Based Node
Deployment Algorithms

Virtual force-based algorithm is a popular approach for node
deployment. In this kind of algorithm, the sensor nodes, the
obstacles, and the preferential areas are modeled as points
subject to attractive or repulsive force among them. By setting
a threshold of the desired distances among sensors, each
sensor moves in accordance with the summation of the force
vectors, and eventually a uniform deployment is achieved.

Some assumptions aremade in the virtual force algorithm
[6]: first, an individual node should be able to acquire the
relative position of other nodes within its communication
range; second, all the nodes can move according to the
calculation results of the algorithm effectively; third, all the
nodes are homogeneous with omnidirectional sensors, which
means that for each node, the sensing range is identical for all
nodes and the sensing areas they sensed are circles with the
node at its center, so is the communication range.

Virtual force-based node deployment approach is
inspired by the artificial potential field-based techniques in
the field of robotic obstacle-avoidance [21, 22]. Based on disc
packing and virtual potential theory, Zou and Chakrabarty
designed a VFA algorithm [6], in which each node 𝑠

𝑖
is

subjected to three kinds of forces: (1) a repulsive force F
𝑖𝑅
,

exerted by obstacles, (2) an attractive force F
𝑖𝐴
, exerted

by areas of preferential coverage (sensitive areas where a
high degree of coverage is required), and (3) an attractive
or repulsive force F

𝑖𝑗
, by another node 𝑠

𝑗
depending on its

distance and orientation from 𝑠
𝑖
. A threshold distance 𝑑th is

defined between two nodes to control how close they can get
to each other. The net force on a sensor 𝑠

𝑖
is the vector sum

of all the above three forces:

F
𝑖
= F
𝑖𝑅
+ F
𝑖𝐴
+

𝑘

∑
𝑗=1,𝑗 ̸= 𝑖

F
𝑖𝑗
. (2)

Two-sensor detection models can be applied on VFA algo-
rithms: the binary detection model and the probabilistic
detection model [6]. Then, Heo and Varshney add some
restrictions on the function of force [3]. Kribi et al.
improved original VFA and proposed Serialized VFA,
Lmax Serialized VFA, and Dth Lmax Serialized VFA [7].
Garetto et al. proposed a distributed sensor relocation scheme
based on virtual force and made a restriction that there
are at most only six nodes that can exert force on current
node, and it has good coverage rate and can response to the
event quickly [8]. Yu et al. introduced the idea of Delaunay
triangulation to define the adjacent relation to propose
a virtual force approach of better convergence time and
coverage rate [9] and introduced van derWaals force into this
problem [10]. An expression of exponential function for the
relationship of virtual force is proposed to converge rapidly
in [11]. Li et al. proposed a sensor deployment optimization
strategy based on target-involved virtual force algorithm
(TIVFA) [12]. Kukunuru et al. proposed a virtual force-
directed particle swarm optimization algorithm, combining
particle swarm optimization algorithm with virtual force to
reach at a better coverage rate [13].

Once the vector of force is determined, there are various
attempts to map the force to moving strategies. Some made
the moving vector in the next time slot directly proportional
to the calculated force or its modification [9, 11], others use
the force to generate acceleration to guide motion just as the
physical world [23]. In this paper, we use the original physical
meaning of the force and use the force calculated to produce
acceleration on nodes.

3. The Van Der Waals Force Based Node
Deployment Model

The total virtual force received by a sensor node may be
the composition of various types of force, such as the force
resulting from interaction among the nodes themselves, the
friction force hindering the motion of sensor nodes, and the
force exerted by the event of interest. It is worth noting that
friction plays a critical role in the performance of a VFA.
In [21], potential energy and kinetic energy are mutually
convertible. In order to achieve the steady state of node
deployment, friction is essential for consuming the potential
and kinetic energy, thus stopping themotion of whole system.
In this paper, the effect of environmental events in the region
of interest is not taken into consideration, and the F

𝑖
(𝑡) used

can be defined as the sum of two different components as
follows:

F
𝑖
(𝑡) = F𝑒

𝑖
(𝑡) + F𝑓

𝑖
(𝑡) , (3)

where F𝑒
𝑖
(𝑡) is the exchange forces among sensor nodes and

F𝑓
𝑖
(𝑡) denotes the friction force. In this paper, we take van der
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Figure 1: The van der Waals force model used in this paper.

Waals force as the exchange force. In physical chemistry, the
van der Waals force is the sum of the attractive or repulsive
forces between molecules (or between parts of the same
molecule) other than those due to covalent bonds or to the
electrostatic interaction of ions with one another or with
neutral molecules [10]. The term consists of force between
two permanent dipoles (Keesom force) and force between
a permanent dipole and a corresponding induced dipole
(Debye force), force between two instantaneously induced
dipoles (London dispersion force) [24].

The van der Waals force can be modeled as

𝐹 (𝑑) =
𝐴

𝑑𝑎
−
𝐵

𝑑𝑏
, (4)

where 𝑑 is the distance between two neighboring nodes and
𝑎 > 𝑏.The force is the composition of two terms: the first term
represents the repulsive force, and the second term denotes
the attractive force. When 𝑑 < 𝐷

𝑚
, 𝐹(𝑑) appears to be

repulsive; when 𝑑 > 𝐷
𝑚
, it turns out to be attractive. In

(4), only one formula is used to describe both forces; the key
problem here is to choose appropriate values of 𝑎 and 𝑏. After
simulating with various values of 𝑎 and 𝑏, we found that with
larger 𝑎, the repulsive force plays a dominant role, and when
𝑏 is larger, the maximum value of attractive force is smaller.
After repeated simulations, we tested out that 𝐴 = 𝐵 = 160,
𝑎 = 4, and 𝑏 = 3 are satisfactory for computer simulation.
The illustration of applied force model is shown in Figure 1,
from which we know that when the mutual distance is less
than the horizontal ordinate of zero point (threshold), the
force is repulsive. When the mutual distance is larger than
the threshold value, the force turns out to be attractive.

Since van der Waals force is the interaction only between
adjacent molecules, we use Delaunay triangulation [9] here
to determine the “adjacent relationship”. A Delaunay triangu-
lation for a set 𝑃 of points in a plane is a triangulation such
that no point in 𝑃 is inside the circumcircle of any triangle
in it. Delaunay triangulations maximize the minimum angle
of all the angles of the triangles in the triangulation [25].

If two nodes form a side of triangle together in Delaunay
triangulation, then they are defined as adjacent nodes to each
other. If two close nodes are not directly connected by a
triangle side in the triangulation diagram, theremust be some
other nodes between them, so the in-between nodes will
obstruct the force between these two nodes. And if there are
many nodes in the same side of the current node, only some
nearest nodes are considered to exert force. In conclusion,
only adjacent nodes within the communication range of each
other can exert force mutually.

Friction force is indispensable for the construction equi-
librium configuration and for preventing chaotic motion of
sensor nodes. In real life, static friction and viscous friction
are two basic forms of friction forces. For a static sensor node
to move, it needs to overcome the static friction, while the
motion of a moving node will also be impeded by viscous
friction proportional to the instant velocity of it. During the
simulation of network deployment, the friction force must be
set large enough to stabilize the whole system.

Although van der Waals force has been introduced into
node deployment in [10], the vector of force results inmoving
speed directly in the next time slot, which is inconsistent
with laws of motion in the physical world. In this paper, time
is divided into slot sequence, and, in each time slot 𝑑𝑡, the
motion of sensor nodes conforms to Newton’s second law of
motion in (5)

𝑚
𝑑
2x
𝑖
(𝑡)

𝑑𝑡2
= F
𝑖
(𝑡) , (5)

where 𝑚 denotes the “virtual” mass of a sensor node, x
𝑖
(𝑡)

denotes its position in the coordinate, and F
𝑖
(𝑡) denotes the

total “virtual” force exerted to a sensor node. A second-
order leap-frog scheme [26] is applied here for the numerical
solution of differential equation.

4. Simulation Results and Analysis

In order to verify the effectiveness of the proposed appro-
aches, some simulations are proceeded. Binary detection
model is used here and the nodes are distributed random
initially. First is the simulation for a regular indoor case,
which means that there is bound at each side.

To begin with, we set the length of square room as 100 and
the total number of sensor nodes 213. By referring to [8], we
get that

𝐷𝑚
2
=
1

𝜌
𝑚
sin 60∘
=
2

√3𝜌
𝑚

. (6)

So that the theoretical equilibrium distance 𝐷
𝑚
between

two nodes is 7.4. However, due to the edge effect of walls
constraint, the actual 𝐷

𝑚
for simulation is 8.1, which is the

distance of two adjacent nodes when equilibrium state is
reached.Then, the sensing range of sensor node 𝑟 is𝐷

𝑚
/√3 =

4.67, and the communication range is 14.7. The virtual mass
does not play an important role here, and we set it to 1 to all
the nodes for convenience.Then, through repeated computer
simulation tests, we finally determine the coefficient friction
force as 0.3.
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Figure 2: The distribution of the node at some step: (a) random initial; (b) after 250 steps; (c) after 500 steps; (d) after 750 steps.

4.1. Indoor Case. Figure 2 shows the results of node distribu-
tion at initial, 250, 500, and 750 steps, respectively. The red
dots represent the positions of the nodes, and the blue circles
indicate the sensing range of each node.

Figure 3 gives the comparison of the coverage rate versus
the steps of the proposed approach, the original VFA, and
the algorithms proposed in [8, 10]. From this figure, we
can find that after the node reaches stable distribution, the
proposed algorithm has better coverage rate than the other
three approaches. This priority results from the feature of
van der Waals force model shown in Figure 1, which can be
summarized as follows.

(1) When the distance between two adjacent nodes
increases over 𝐷

𝑚
, the magnitude of attractive

force grows at first and then vanishes gradually to
zero; when the mutual distance between two nodes
decreases from 𝐷

𝑚
, the magnitude of repulsive force

grows and converges to a certain value. The magni-
tude of force is bounded. In comparison, however,

the force model of algorithm in [8] is not bounded.
The magnitude of force will be infinitely larger, when
themutual distance between two nodes equals zero or
𝑅
𝑐
, in which cases of unreasonable large forces will be

exerted on both nodes.

(2) An equilibrium point or threshold is indispensable in
a well-performed force model. The force exerted on
a sensor node at equilibrium point should be zero.
Moreover, the force function should be continuous.
The proposed model meets all these requirements
and gives rise to the desired deployment results.
However, in the original VFA, the function of force
model is discontinuous at threshold point, which
could explain the incompact and unstable resultant
network topology.

(3) The slope of the curve in Figure 1 is large, when mut-
ual distance falls near𝐷

𝑚
, which insures convergence

of the process of node deployment. Comparatively,
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the slope of force curve in algorithm [8] and original
VFA is much smaller than that in the proposed
algorithm, which serves as the reason accounting for
the better performance of the proposed algorithm,
especially in the later stage of computer simulation
(steps > 400).

4.2. Outdoor Case. For indoor case, there is a bound on each
side preventing sensor nodes from moving outside. In order
to test the effectiveness of the proposed algorithm in more
general case, another simulation for outdoor case is analyzed.
All nodes are initially random, but there is no bound at each
side. Figure 4 gives the initial and final distribution of the four
algorithmsmentioned above.The center is at (0, 0) instead to
illustrate the off-centered degree effectively.

In indoor case, coverage rate is used as the metric to
evaluate the performance of deployment, however, it is not
effective in outdoor case anymore, since there is no boundary
on any side; if we compare the coverage area under different
algorithms, we can find that the one with the highest value
must be the one in which all the blue circles in above figures
are tangent to each other, which will leave many sensing
holes and is not desired. So for outdoor case, new metric is
introduced here.

Standard deviation is widely used as a metric for evalu-
ating the uniformity of VFA. A smaller standard deviation
value corresponds to a better deployment configuration.
The average distance between two adjacent sensors and the
standard deviation of mutual distance are listed in Table 1.
From this table, we can find that the proposed algorithm is
closer to perfect distribution in both average distance and
standard deviation than others.

The deployment of sensor nodes under a well-performed
force model should give rise to a network topology with
good uniformity. Through repeated simulation, we find that
a better uniformity means more resemblance to a perfect

Table 1: Comparison of the average and standard deviation of the
distance between two adjacent nodes.

Algorithm Average distance Standard deviation
Perfect distribution 8.1 0
Proposed algorithm 9.0859 1.3448
Algorithm in [8] 9.1232 1.7287
Original VFA 9.4950 1.7102
Algorithm in [10] 9.1104 1.5629

Table 2: Time elapse comparisons.

Algorithm Time elapse
The proposed 237 s
Original VFA 174.26 s
Algorithm in [8] 325.39 s
Algorithm in [10] 116.74 s

hexagon topology. Figure 5 illustrates the perfect hexagon
deployment.

An evaluation metric called pair correlation function
[27], which compare the similarity of the configuration of
the node distribution with the perfect hexagon topology, is
also introduced here to evaluate the uniformity of the final
distribution of each algorithms, which is shown in Figure 6.
From this figure, we can find that the pair correlation of the
proposed approach is closer to the perfect hexagon than the
other algorithms, which shows that it has better uniformity
than the other three methods. The “peaks” in the curve of
the proposed algorithm is corresponding with the “impulses”
which depict the pair correlation function of perfect hexagon.
In the curves of other algorithms, the correspondences are
not that obvious. The reason for the better performance of
proposed algorithm is similar as what we have explained in
Section 4.1.

We also compare the running time of all algorithms; the
simulation environment is a PC with CPU 2.1 GHz, 8GB
RAM and all simulation are run in Matlab 2012a. The elapse
time for both indoor and outdoor is almost the same, and the
time elapse of each algorithm for 1000 steps is list in Table 2.
From this table, we can find that the proposed approach has
moderate computational complexity compared to others.The
reason why the time elapse of the algorithm in [10] is the
shortest is that the amplitude of force calculated is mapped
into moving distance directly instead of through Newton’s
formula. There are no intermediate variables of speed and
acceleration.

5. Conclusions

In this paper, a van der Waals force-based deployment algo-
rithm is proposed to provide an opinion on node deployment
in WSN.The relationship of adjacency of nodes is defined by
Delaunay triangulation, and the force considering friction is
calculated to produce acceleration for nodes to move. A new
metric called pair correlation is introduced to evaluate the
uniformity of the node distribution. Simulation results and
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Figure 5: Perfect hexagon topology.
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comparisons have verified that the proposed approach has
higher coverage rate, more uniformity in configuration, and
faster convergence time than traditional VFAs. Irregular ter-
rain, obstacles, and other associated issues will be considered
in our further work.
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This paper proposes a noncoherent spectrum sensing scheme for the cognitive coexistent heterogeneous networks with the
assistance of geolocation information of primary and secondary nodes. Different from the conventional networks with single
secondary network, the spectrum sensing scheme in the coexistence scenario should not only detect the primary signal but also
detect the secondary signals to avoid the interference with both the primary network and the operating coexistent secondary
networks. Therefore, the sensing scheme in this case should be able to differentiate the primary signal from each kind of the
secondary signals. However, in the coexistent heterogeneous scenarios, the secondary signals may exploit different PHY modes
(some of them may be the same as the primary PHY mode), which imposes difficulties in the coherent signal detection schemes.
Aiming to tackle this problem, the parallel detection of both primary signal and each kind of secondary signals is implemented
through a proposed noncoherent power decomposition scheme. In this scheme, the power decomposition is formulated into a
problem of solving a nonhomogeneous linear equationmatrix. During the signal detection, the characteristics of both primary and
secondary signals are not required. Both the analysis and the simulation results show the feasibility and efficiency of the proposed
scheme.

1. Introduction

With the rapid growth of the wireless applications, more and
more wireless spectrum bands are demanded. However, the
wireless spectrum resources have almost been allocated to
special applications. This results in the problem between the
growing demand and the limited supply of the spectrum.
On the other hand, measurements on different cities all
over the world show that most of the allocated spectra are
significantly underutilized for different locations and times [1,
2]. Cognitive radio is considered as one of themost promising
techniques to provide the dynamic spectrum access for the
unlicensed users, that is, secondary users (SUs), on the under-
utilized licensed frequency bands when the licensed users,
that is, the primary users (PUs), are not using them at a
specific location and a specific time period [3].

One can envision that multiple heterogeneous secondary
networks will try to utilize the same spectrum holes in the
licensed frequency band due to the lack of coordination. In

this case, packets collision and the interference cannot be
avoided. Therefore, in addition to the coexistence between
the primary network and the secondary networks, the coex-
istence mechanism among the secondary networks should
also be considered in order to prevent the performance
degradation due to the harmful interference. A lot of effort
has been put into the creation of such a coexistence mech-
anism. For example, the IEEE 802.19.1 Task Group (TG)
has been created to develop high level radio-technology-
independent standard for coexistence in the TV white spaces
(TVWS) [4]. The open access of TVWS has motivated
several standardization efforts such as IEEE 802.22, IEEE
802.11af, the European Computer Manufacturers Association
(ECMA) Technical Committee 48 Task Group 1 (TC48-TG1),
to develop the PHY and MAC standards to support the
operation in this band. Obviously, such coexistent different
standard-compliant devices lead to the heterogeneity. Het-
erogeneity and coexistence are the characteristics of all the
open access frequency bands not unique to the TVWS. The
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coexistence of heterogeneous secondary networks coupled
with the PUs protection poses new and subtle challenges to
the cognitive coexistent heterogeneous networks.

We can mainly classify the coexistence issues into two
categories: (1) detection of available spectrum bands to
protect the PUs and mitigate the interference among SUs and
(2) spectrum sharing among the overlapped secondary net-
works to achieve better Quality of Service (QoS). The former
one can be implemented by spectrum sensing or database
indicating the availability of each channel. The latter one
can be implemented by many coexistent mechanisms such
as the Transmission Power Control (TPC) [5], Dynamic Fre-
quency Selection (DFS) [6], Time-Division Multiple Access
(TDMA), and Code-Division Multiple Access (CDMA).

The objective of this paper is to present a spectrum
sensing scheme for the cognitive coexistent heterogeneous
networks. Different from the traditional spectrum sensing
schemes which only detect the primary signal, the proposed
sensing scheme with the assistance of geolocation infor-
mation is able to detect both the primary signal and the
coexistent secondary signals simultaneously.The detection of
primary signal refers to identifying the available spectrum to
prevent causing interference to the licensed PUs. The detec-
tion of secondary signals can be used to enable optimized
decisions for spectrum sharing, especially for TPC and DFS.
Specifically, the proposed scheme has the following features.

(1) It can differentiate the primary signal and each kind
of secondary signals individually. Therefore, such
signals can be detected simultaneously.

(2) The strength of the secondary signals operating in the
adjacent channels can be obtained so that they can
be subtracted from the total collected energy when
constructing the test statistic at each sensor. As a
result, the noise uncertainty range can be narrowed
down.

(3) The proposed scheme avoids the widely used quiet
periods in traditional energy detection schemes. This
can lower the synchronization requirement in the
coexistent networks and improve the QoS of the
secondary networks.

(4) It is a noncoherent scheme and does not require
any prior knowledge of both primary and secondary
signals.

The reminder of this paper is organized as follows. In
Section 2, we will analyze the problem of spectrum availabil-
ity detection. In Section 3, we will present the system model.
In Section 4, we will analyze the noise uncertainty problem
in the cognitive coexistent networks. In Section 5, we will
describe the proposed spectrum sensing scheme for cognitive
coexistent heterogeneous networks. The simulation-based
performance evaluation will be illustrated in Section 6. We
conclude this paper in Section 7.

2. Spectrum Availability Detection

In the cognitive coexistent heterogeneous networks (a typ-
ical coexistent scenario, considering multiple secondary
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Figure 1: A typical cognitive coexistent heterogeneous scenario.

networks, is shown in Figure 1), the spectrum availability
detection is twofold: first, the primary signals should be
detected to protect the incumbent Pus; second, the secondary
signals on the primary band should also be detected in
order to enable optimized decisions when selecting operating
channels, for example, using DFS to avoid operating in the
same channel in the interference range or using the TPC to
restrain the transmission power to decrease the interference
when operating in the same channel.

2.1. Primary Signal Detection. Since the precondition of using
dynamic spectrum access is to protect licensed PUs from
interference, the detection of primary signals should be a very
strict requirement. This can be seen from an example of the
FCC rule. According to the rule, the Advanced Television
Standard Committee (ATSC) signal higher than −114 dBm
over a 6MHz frequency band should be detected with a
probability of detection (𝑃D) higher than 90% as well as a
probability of false alarm (𝑃FA) lower than 10%, and the signal
of the part 74 devices (e.g., wireless microphone) higher
than −107 dBm over 200 kHz frequency band should be
detected with the same 𝑃D and 𝑃FA. This is a very challenging
requirement. In order to detect the primary signal under the
challenging constraint, both database approach and different
kinds of spectrum sensing schemes have been proposed in
standards and the literature.

Both of these two approaches have their pros and cons.
Compared with the geolocation-based database which is
more reliable but sometimes cannot be reachable, the spec-
trum sensing ismore flexible but faces difficulties in detecting
signals in such a low level mentioned above. Sensing tech-
niques of primary signals to date can mainly be classified
into noncoherent detection and coherent detection. Com-
pared with the former one, coherent detection, for example,
matched filter detection [7] and cyclostationarity detection
[8], requires the prior knowledge of the primary signals
such as the operating frequency, pulse shape, bandwidth,
and modulation type and order. Energy detection is a kind
of noncoherent detection. It detects a signal by collecting
the power samples in an observing period and compares it



International Journal of Distributed Sensor Networks 3

with a predefined threshold based on the noise floor. Energy
detection is widely used, especially in cooperative spectrum
sensing, because of its simplicity and no requirement of
any prior knowledge of the primary signal. However, the
performance of the energy detection is significantly compro-
mised by the noise uncertainty including the device noise
uncertainty and the environmental interference uncertainty.
As it is pointed out in [9], the environmental interference
dominates the noise uncertainty.Therefore, when performing
the energy detection, the environmental interference should
be deducted from the test statistic so as to greatly narrow
down the uncertainty range.

2.2. Secondary Signal Detection. In the scenario of multi-
ple secondary networks coexisting together (see Figure 1),
secondary signals operating in the cochannel and adja-
cent channels should also be detected. While detection of
cochannel secondary signals can be used for DFS and TPC,
detection of the signals operating in adjacent channels can be
exploited to narrow down the noise uncertainty range, which
significantly affects the sensing performance. Similar to the
case of primary signal detection, the detection of secondary
signals can also be implemented by either the database or
the spectrum sensing. However, since the white spaces of the
primary band are opened to access, it is almost impossible
to use the centralized database to control all the accesses of
the secondary networks. For example, it is difficult to control
the noncompliant networks (e.g., the peer-to-peer network)
because they do not obey a standard access mechanism. In
this case, the spectrum sensing becomes necessary no matter
whether the secondary database exists or not.

Due to the heterogeneity of the secondary networks,
the transmission power, signal characteristics, and the used
protocols may be different. For example, the transmission
Equivalent Isotropically Radiated Power (EIRP) of the fixed
and the mode II devices in the TVWS can be as high as
36 dBm, while the maximum transmission EIRP of the mode
I devices is 20 dBm. Owing to the difference of the air
interfaces and protocols, it is difficult to use the coherent
detection to differentiate the primary signals and each kind
of secondary signals. Another challenging issue in cognitive
heterogeneous networks is the synchronization. It is the
precondition of the traditional sensing schemes using quiet
periods during which all the SUs should stop data transmis-
sion to decrease the interference. Therefore, the detection of
both primary signal and secondary signals simultaneously
is much more challenging than solely detecting the primary
signal. On the other hand, failure to detect or ineffectively
detecting the secondary signals may lead to the following
problems: (1) performance degradationmay be resulted from
the interference within the overlapping regions; (2) missed
detection may lead to packet loss and impact the commu-
nication effectiveness among the secondary networks: for
example, the loss of Coexistence Beacon Protocol (CBP)
due to the packet collision will prevent the convergence of
the self-coexistent IEEE 802.22 networks [10]; (3) loss of
synchronization beacons will cause difficulties in scheduling

quiet periods, which then leads to performance degradation
of traditional sensing schemes.

Analyses above show that spectrum sensing for coexistent
heterogeneous networks has to solve two challenging tasks at
the same time: primary signal detection and secondary signal
detection. Most of proposed spectrum sensing techniques
in the literature so far focus only on the primary signal
detection exploiting the quiet period; that is, all the coexis-
tent secondary networks should stop data transmission in
this period [10–12]. In such techniques, the scheduling of
quiet period requires tight synchronization of the secondary
networks, which can be easily implemented by coordination
within the identical type of secondary network. However,
it will become much challenging when different types of
secondary networks coexist together. In addition, the previ-
ously proposed coherent spectrum sensing techniques cannot
work well when the primary network takes the same PHY
mode as one or more secondary networks. Aiming at such
challenges and characteristics of the cognitive coexistent
heterogeneous networks, this paper proposes an energy
detection scheme to detect the primary signal and each kind
of secondary signals simultaneously. In addition, we try to
narrow down the noise uncertainty range by mitigating the
environmental interference to improve the sensing perfor-
mance.

3. System Model

In this section, we will create a model to describe the
cognitive coexistent heterogeneous networks. To simplify
the description, as it is shown in Figure 1, we consider a
coexistent network that consists of a primary transmitter
and multiple secondary networks such as the IEEE 802.22
network, IEEE 802.11af network, and ECMA TC48 network.
The primary spectrum band is divided into𝑀 channels. We
assume that the primary transmitter, the fusion center (FC),
and the 𝐾 sensors (𝑆

1
, . . . , 𝑆

𝐾
) are working on channel 𝑗,

𝑗 ∈ (1, . . . , 𝑚). In channel 𝑖, 𝑖 = 1, . . . , 𝑚, there are 𝑐
𝑖
SUs,

(SU
𝑖,1
, . . . , SU

𝑖,𝑐𝑖
).The SUs operating on the adjacent channels

except channel 𝑗 are used to model the adjacent channel
interference (ACI) to the PUs, while the SUs operating on
channel 𝑗 are the source of cochannel interference (CCI) for
primary detection. Noticing the mandatory requirement of
geographical information by FCCandOfcom,we assume that
the geographical locations of all the nodes including the PUs,
SUs, and the sensors are known so that the distances among
them can be obtained. In addition, we assume that the device
noise power is varying but identical for each sensor and the
exchanging of control messages is free of error similar to
[13].

The detection of primary signal and each kind of sec-
ondary signals can be formulated into binary hypothesis
testing problems. For each kind of signal, we use 𝐻

0
and 𝐻

1

to denote the absence and presence of the signal, respectively.
The probability of false alarm 𝑃FA = prob{𝐸

𝑡
> 𝑆
𝑡
| 𝐻
0
} and

the probability of missed detection 𝑃MD = prob{𝐸
𝑡
< 𝑆
𝑡
| 𝐻
1
}

are used to evaluate the sensing performance, where𝐸
𝑡
and 𝑆
𝑡
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are the test statistic and the predefined threshold, respectively.
Under the Neyman-Pearson criterion, 𝑆

𝑡
can be obtained by

𝑆
𝑡
=

𝜎2
𝑛

√𝑁
𝑠

(1 + 𝑄
−1
(𝑃FA)) , (1)

where 𝜎2
𝑛
and 𝑁

𝑠
are the device noise power and number of

samples in the sensing period, respectively [14]. 𝑄(𝑥) can be
given by

𝑄 (𝑥) =
1

√2𝜋
∫
+∞

𝑥

exp(𝑡
2

2
)𝑑𝑡. (2)

The process of data exchanging in the proposed sensing
scheme can be described as follows.

(1) Each sensor performs local energy collection and
reports the collected energy to the FC.

(2) The FC decomposes the total received power into
the primary signal power, each kind of secondary
signal powers, and the device noise power. According
to either decision fusion or data fusion [14], the FC
exploits the decomposed primary signal power and
the secondary signal powers to make final decision
whether the primary signal and each kind of sec-
ondary signals are present or not. In addition, the
received power at each SU, produced by each of other
SUs, can also be computed by the FC for network
optimization. The detailed scheme of this step will be
described in Section 5.

(3) The FC distributes the computed secondary signal
powers and the decisions on the primary signal and
secondary signals to the related SUs.

4. Noise Uncertainty Problem

Many energy detection schemes assume the noise power is
known a priori in order to form the test statistic and/or the
decision threshold [14]. In fact, its power level varies over time
and is very difficult to be exactly measured, which yields the
noise uncertainty problem. Mathematically, if we use 𝜎2act, 𝜎

2

𝑛
,

and 𝛼 to denote the actual noise power, nominal noise power,
and the uncertainty factor in dB, respectively, the actual noise
uncertainty zone can then be given by

𝜎
2

act ∈ [
𝜎2
𝑛

𝛽
, 𝛽𝜎
2

𝑛
] , 𝛽 = 10

𝛼/10
. (3)

Energy detection employs the summation of the received
target signal and the actual noise to construct the test statistic
to compare with a given threshold. Obviously, if the target
signal is so weak that the test statistic falls into the noise
uncertainty zone, it is impossible to infer the presence or
absence of the signal.Thewider the noise uncertainty zone is,
the worse the detection performance is. Therefore, in order
to improve the performance of energy detection, we can
try to narrow down the noise uncertainty zone. Generally,
the noise consists of the device noise and the interference

including CCI and ACI. According to [9], the device noise
uncertainty is generally less than 2 dB, while the uncertainty
of ACI can be as wide as 58 dB. Obviously, the uncertainty of
CCI would be much wider than ACI when the transmission
power is the same. Therefore, it is considerably important
to differentiate the primary signal, each kind of secondary
signal in the sensing channel, the ACI from the SUs in the
adjacent channels, and the device noise from total received
energy. When constructing the test statistic for the detection
of primary and secondary signals, the interference and the
device noise should be cancelled so as to improve the energy
detection performance.

5. Parallel Detection of Primary and
Secondary Signals

In this section, we present how to detect the primary signal
and secondary signals in parallel. Then, the presence or
absence of the primary signal and secondary signals as well
as the power level of the secondary signals at each SU can
be determined. In addition, the ACI can also be mitigated in
signal detection after the power decomposition.

According to [15], when the two-ray ground propagation
model is used, the interference power with the receiver 𝑟𝑥,
operating on channel V produced by the transmitter 𝑡𝑥,
operating on channel 𝑢, can be given by

𝑃
𝐼
(𝑢, V) = 𝑑

−𝛽

𝑡𝑥,𝑟𝑥
𝑃
𝑡𝑥
𝐼 (𝑢, V) 𝜙, (4)

where 𝑑
𝑡𝑥,𝑟𝑥

is the distance between 𝑡𝑥 and 𝑟𝑥; 𝑃
𝑡𝑥

is the
transmission power of 𝑡𝑥; 𝜙 is constant and related to the
antenna gains and heights of the transmitter and receiver; 𝛽 is
the path loss exponent and is typically between 2 and 4; 𝐼(𝑢, V)
is the interference factor and can be obtained through the
power mask requirement [15, 16]. 𝐼(𝑢, V) is not required when
performing the power decomposition scheme, although it is
utilized in the derivation process. Obviously, 𝐼(𝑢, V) = 1when
𝑡𝑥 and 𝑟𝑥 are operating on the same channel.

Equation (4) illustrates that each primary and secondary
transmitter contributes a part of power to the energy collect-
ing sensor. As a result, the received power at each sensor is
a composite power consisting of several parts: the primary
signal power, the cochannel secondary signal powers, and
the adjacent channel secondary signal powers. From the
perspective of primary signal detection, both cochannel
and adjacent channel secondary power are interference and
should be removed when constructing the test statistic of
energy detection. When the primary signal is detected, all
the secondary networks should vacate the sensing channel
and switch to other backup channels or terminate the data
transmission when there are no available backup channels to
protect the PUs.When the primary signal is not detected, the
sensed channel can be utilized by the secondary networks.
In this case, the coexistence mechanism becomes greatly
important to avoid performance degradation because of the
interference. To enhance the interference management, it is
important to detect secondary signal and to determine the
power level of each kind of secondary signals.
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Obviously, the composite received power of a sensor 𝑆
𝑘

operating on channel 𝑗 can be expressed by

𝑃
𝑟
[𝑆
𝑘
] = 𝑃
𝑝𝑟,𝑟

[𝑆
𝑘
] + 𝑃
𝑠𝑒,𝑟
[𝑆
𝑘
] + 𝑃
𝑠𝑒,int[𝑆𝑘] + 𝜎

2

𝑛
, (5)

where 𝑃
𝑝𝑟,𝑟

[𝑆
𝑘
] and 𝑃

𝑠𝑒,𝑟
[𝑆
𝑘
] are the received power of 𝑆

𝑘

produced by the target primary signal and the secondary
signals operating in the channel 𝑗, respectively. 𝑃

𝑠𝑒,int[𝑆𝑘] is
the caused interference power at 𝑆

𝑘
by the SUs operating in

the adjacent channels.𝜎2
𝑛
is the device noise power. According

to (4), 𝑃
𝑝𝑟,𝑟

[𝑆
𝑘
], 𝑃
𝑠𝑒,𝑟
[𝑆
𝑘
], and 𝑃

𝑠𝑒,int[𝑆𝑘] can be expressed by
respectively,

𝑃
𝑝𝑟,𝑟

[𝑆
𝑘
] = 𝜙𝑑

−𝛽

𝑡𝑥,𝑆𝑘
𝐼 (𝑗, 𝑗) 𝑃

𝑡𝑥
, (6)

𝑃
𝑠𝑒,𝑟
[𝑆
𝑘
] =

𝑐𝑗

∑
𝑙=1

𝜙𝑑
−𝛽

SU𝑗,𝑙 ,𝑆𝑘
𝐼 (𝑗, 𝑗) 𝑃SU𝑗,𝑙 , (7)

𝑃
𝑠𝑒,int[𝑆𝑘] =

𝑀

∑
𝑖=1,𝑖 ̸=𝑗

𝜙𝐼 (𝑖, 𝑗)

𝑐𝑖

∑
𝑙=1

𝑑
−𝛽

SU𝑖,𝑙 ,𝑆𝑘
𝑃SU𝑖,𝑙 . (8)

In (6)–(8), 𝑃
𝑡𝑥
and 𝑃SU𝑖,𝑙 are the transmission power of the

primary transmitter and the 𝑙th SU operating in the channel
𝑖 (i.e., SU

𝑖,𝑙
), respectively; 𝑑

𝑡𝑥,𝑆𝑘
and 𝑑SU𝑖,𝑙,𝑆𝑘 are the distances

from the sensor 𝑆
𝑘
to the primary transmitter and the SU

𝑖,𝑙
,

respectively.
Let

𝐷(𝑆
𝑘
) = (𝑑

−𝛽

𝑡𝑥,𝑆𝑘
, 𝑑
𝑠𝑒
(1) , . . . , 𝑑

𝑠𝑒
(𝑀)) ,

𝑃 = (𝜙𝑃
𝑡𝑥
, 𝑃
𝑠𝑒
(1) , . . . , 𝑃

𝑠𝑒
(𝑀)) ,

(9)

where

𝑑
𝑠𝑒
(𝑖) = (𝑑

−𝛽

SU𝑖,1
, . . . , 𝑑

−𝛽

SU𝑖,𝑐𝑖
) ,

𝑃
𝑠𝑒
(𝑖) = 𝜙𝐼 (𝑖, 𝑗) (𝑃

𝑡𝑥
, 𝑃SU𝑖,1 , . . . , 𝑃SU𝑖,𝑐𝑖

) ,

𝑖 = 1, . . . ,𝑀;

(10)

then, (5) can be rewritten as (11) by noticing the fact that
dimensions of the vectors𝐷(𝑆

𝑘
) and 𝑃 are the same:

𝐷(𝑆
𝑘
) ⋅ 𝑃
♯
= 𝑃
𝑟
(𝑆
𝑘
) − 𝜎
2

𝑛
, (11)

where (⋅) and ( )♯ are the matrix multiplication operator and
the transpose operator, respectively.

For all the other sensors, we can obtain the same results as
the sensor 𝑆

𝑘
. By combining them together using the matrix

equation, we can obtain

𝐷 ⋅ 𝑃
♯
= 𝑃
𝑟
− 𝜎
2

𝑛
e, (12)

where

𝐷 = [𝐷 (𝑆
1
) , . . . , 𝐷 (𝑆

𝐾
)]
♯

,

𝑃
𝑟
= [𝑃
𝑟
(𝑆
1
) , . . . , 𝑃

𝑟
(𝑆
𝐾
)]
♯

,

e = (1, . . . , 1)
♯
.

(13)

Obviously,𝐷 is a𝐾×𝑇matrix, where 𝑇 = ∑
𝑀

𝑖=1
𝑐
𝑖
+ 1. e is

a column vector with a size of𝐾.
By finely adjusting the geolocations of the sensors, the

rank of coefficient matrix 𝐷 can always satisfy rank(𝐷) =

min(𝐾, 𝑇). In order to solve the vector 𝑃 and 𝜎2
𝑛
from (12),𝐾

should satisfy the condition:𝐾 ≥ 𝑇 = 𝑇+1. When𝐾 = 𝑇, if
we use𝜎2

0
to denote the solution of the device noise power, the

solution of the vector𝑃 can be obtained by𝑃♯ = 𝐷
−1
(𝑃
𝑟
−𝜎
2

0
e).

When 𝐾 > 𝑇, any 𝑇 sensors can be selected to construct a
new coefficient matrix𝐷 and a new vector of received power
𝑃


𝑟
as long as both the rows and columns of 𝐷 are linearly

independent, and the solution set can be obtained similarly
from 𝑃♯ = 𝐷−1(𝑃

𝑟
− 𝜎2
0
e).

The solved vector 𝑃 can be used to obtain the received
primary signal power, each kind of secondary signal powers
in the sensing channel, and the ACI. The received primary
signal power at the sensor 𝑆

𝑘
and the ACI can be expressed

by respectively,

𝑃
𝑝𝑟,𝑟

(𝑆
𝑘
) = 𝑑
−𝛽

𝑡𝑥,𝑆𝑘
𝑃 (1) , (14)

𝑃
𝑠𝑒,int (𝑆𝑘) =

𝑀

∑
𝑖=1,𝑖 ̸=𝑗

𝑐𝑖

∑
𝑙=1

𝑑
−𝛽

SU𝑖,𝑙 ,𝑆𝑘
𝑃 (𝑙

) , (15)

where

𝑙

=

𝑖−1

∑
𝜔=1

𝑐
𝜔
+ 𝑙 + 1, 1 < 𝑖 ≤ 𝑀, 𝑐

0
= 0. (16)

Next, we should consider the secondary signals. If we
assume there are Θ kinds of secondary heterogeneous net-
works, each of which consists of ℎ

𝜃
SUs, where 𝜃 = 1, . . . , Θ

and ∑
Θ

𝜃=1
ℎ
𝜃
= 𝑐
𝑗
, the received signal power at the sensor

𝑆
𝑘
produced by the 𝜃th kind of secondary network can be

expressed by

𝑃
𝑠𝑒,𝜃

(𝑆
𝑘
) =

ℎ𝜃

∑
𝑡=1

𝑑
−𝛽

SU
𝑗,𝑡
 ,𝑆𝑘

𝑃 (𝑡

) , (17)

where

𝑡

=

𝑗−1

∑
𝜔=1

𝑐
𝜔
+

𝜃−1

∑
𝜏=1

ℎ
𝜏
+ 𝑡 + 1, ℎ

0
= 0. (18)

Up to now, we have obtained the device noise power 𝜎2
0
,

the received primary signal power, each kind of secondary
signal powers, and the ACI. The device noise power, the
given 𝑃FA, and sample number 𝑁

𝑠
can be used to determine

the threshold for local energy detection in the coexistent
network by using (1). Then, the primary signal detection
by each local sensor can be implemented by comparing the
obtained primary signal power from (14) with the threshold.
After that, the FC can make the final decision according to
different decision fusion rules such as and, or, or majority
[17]. Similarly, the detection of each secondary signal can
also be obtained by using the same device noise power and
its designated 𝑃FA. Note that the ACI can be excluded in
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the detection of both primary signal and secondary signals
in the proposed scheme. As a result, the noise uncertainty
range can be greatly narrowed down [9]; thus, the detection
performance can be further improved.

In coexistent heterogeneous networks, the detection of
the secondary signals is not enough. In some cases, the
signal power level is also necessary in order to optimize
the spectrum sharing, for example, TPC. In the proposed
scheme, the caused CCI power to each SU by other SUs
sharing the same channel can also be achieved. For example,
the CCI power at the 𝜃∗th SU, SU

𝑗,𝜃
∗ , of the 𝜃th kind of

secondary network can be obtained by

𝑃
𝑐𝑐𝑖
(SU
𝑗,𝜃
∗) = 𝑑

−𝛽

𝑡𝑥,SU
𝑗,𝜃
∗
𝑃 (1)

+

ℎ𝜃

∑
𝑡=1,𝑡 ̸=𝜃

∗

𝑑
−𝛽

SU
𝑗,𝑡
 ,SU𝑗,𝜃∗

𝑃 (𝑡

) .

(19)

Such information is beneficial for the SUs with given
tolerant interference.When the total interference exceeds the
tolerant value, the coexistent SUs can be requested to decrease
their transmission power to achieve better coexistent perfor-
mance.

As we can see, the proposed parallel detection scheme
is actually a real-time spectrum sensing scheme. Since the
received signal power varies with the variation of the trans-
mission power of both PU and SUs, the proposed scheme
is applicable in the adaptive transmission power control.
Moreover, it can be used in the scenario with ON/OFF status
of the secondary signals, in which the OFF status is treated as
the absence of this secondary signal by noticing the fact that
the actual received power at each sensor does not contain the
resulted part from this secondary signal.

Due to the successful avoidance of the widely used quiet
periods in the conventional energy detections, the proposed
parallel sensing scheme has at least two advantages. First, it
lowers the synchronization requirement, which is difficult to
be implemented in the coexistent heterogeneous networks.
Second, it can improve the QoS (e.g., the capacity and
the packet delay) of the secondary networks because the
secondary transmissions do not need to stop during the
spectrum sensing. In addition, no prior knowledge of both
primary signal and the different kinds of secondary signals
is required, which avoids the difficulties in acquiring such
information due to the heterogeneity.

6. Performance Evaluation

6.1. Simulation Results. After the power decomposition, as
we can see from Section 5, the detection processes of pri-
mary signal and secondary signals are essentially the same
except using different 𝑃FA to determine the corresponding
decision thresholds.Therefore, when evaluating the detection
performance, we do not make differentiation between the
primary signal and the secondary signals, instead, we use
signal to stand for both of them (i.e., it can be either primary
signal or secondary signal depending on the application
scenario). Since few similar spectrum sensing techniques

with the proposed one can be found in the literature, we
evaluate our scheme by comparing its achieved performance
with the FCC requirements.

In the simulation, the primary spectrum band is divided
into 3 consecutive channels (i.e., ch1, ch2, ch3) with 6MHz
bandwidth, which is the TV channel bandwidth in US and
many other countries [18].The average power spectral density
(PSD) of the device noise is set to be −174 dBm/Hz, and no
noise figure is considered for each sensor. In each channel,
we deploy 2 SUs. The primary transmitter, the FC, and the
sensors are deployed in ch2. As it is analyzed in Section 5, the
number of deployed sensors should equal the sum of the SUs
and PU; that is, 7 sensors are deployed in ch2.The geographic
locations of all the nodes including PU, SUs, and sensors are
randomly generated so as to average the achieved results.The
path loss exponent 𝛽 is set to be 3. In order to effectively
show the role of the proposed scheme, we do not consider
the diversity gain in the simulation. The or rule is used for
decision fusion in the FC.

Figure 2 shows the achieved 𝑃MD with a given 𝑃FA =

10% for different ACI caused by the SUs operating in the
adjacent channels. We take 1200 samples (corresponding to
200𝜇𝑠) as the sensing duration. It shows that the detection
performance degrades very fast with the increase of the ACI.
By using the proposed scheme, after the ACI is decomposed
and removed from the test statistic (corresponding to the
case of ACI = 0 dB in the figure), the detection performance
becomes much better. In addition, Figure 2 illustrates the
𝑃MD can be lower than 7% when the target primary signal is
−114 dBm over the 6MHz channel and the ACI equals 3 dB;
that is, the probability of detection is higher than 93% in
this case. Therefore, the proposed scheme can achieve 3 dB
margin for adverse factors (e.g., fading) when satisfying the
sensing requirement of FCC.

Figure 3 indicates the sensing performance for different
sensing durations. The 𝑃FA is also set to be 10%, and no
ACI is used. As it is shown in this figure, the performance
of the proposed scheme can be improved by increasing the
sensing time. In other words, longer sensing time can be used
to detect weaker target signal. Obviously, it leads to higher
sensing complexity.Therefore, there exists a tradeoff between
the sensing performance and the sensing duration.

Figure 4 evaluates the detection performance with dif-
ferent device noise uncertainties. 𝑃FA and 𝑁

𝑠
are set to be

10% and 1200 (200𝜇𝑠), respectively. Although the proposed
scheme is able to mitigate the CCI and ACI, Figure 4 shows
that it still suffers from the device noise uncertainty. This
figure implies that the performance of the proposed scheme
degrades with the widening uncertainty range. Fortunately,
compared with the environmental interference, the uncer-
tainty range of device noise is much narrower and is usually
less than 2 dB [9]. In addition, such a performance degrada-
tion can be compensated by the left interference margin and
sensing time to some extent.

6.2. Sensitivity Evaluation. As it is shown in Section 5, the
performance of the proposed scheme depends on the accu-
racy of the path loss exponent and the distances among
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Figure 2: Probability of missed detection for different ACI. 𝑃FA and
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are set to be 10% and 1200 (corresponding to 200 𝜇𝑠), respectively.

The ACI values in this figure are the relative value to the average
device noise power. No device noise uncertainty is considered.
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Figure 3: Probability of missed detection for different number of
samples (sensing times). Sixty samples correspond to 10 𝜇𝑠. 𝑃FA are
set to be 10%, and no ACI is used. No device noise uncertainty is
considered.

the primary transmitter, SUs, and sensors. It also shows
that the distance errors result in the similar impact on the
performance and that the sensing performance is determined
by the accuracy of the solved transmission power of each
node. Therefore, to simplify the analysis, let us take a case
study on the geolocation error of the primary transmitter,
which leads to the distance errors between the primary trans-
mitter and other nodes. We use the inaccuracy of the solved
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Figure 4: Probability of missed detection for different device noise
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transmission power of the primary transmitter due to the distance
error and 𝛽. The actual distance between the primary transmitter
and the 𝑆

𝑘
is 500m, and the actual 𝛽 is 3.

transmission power of the primary transmitter to measure
the sensing performance and define it as |𝑃𝑡 − 𝑃𝑡|/𝑃𝑡, where
𝑃𝑡 denotes the resulted transmission power of the primary
transmitter from the error of the distance and the path loss
exponent (denoted by Δ𝛽 in Figure 5). Figure 5 illustrates
that the solved transmission power becomes inaccurate with
the increase in the error of distance and 𝛽. It also shows
that the inaccuracy becomes serious with the increase of the
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Figure 6: Impact on the performance of the proposed sensing
scheme by Rayleigh fading. No device noise uncertainty is consid-
ered.

distance error even when 𝛽 is accurate. When the distance
error is fixed, the inaccuracy becomesworse with the increase
in the error of 𝛽. Moreover, the resulted inaccuracy from
the path loss error becomes smaller with the decrease in
the distance error. This simulation shows that the sensing
performance of the proposed scheme is sensitive to the errors
of distance and 𝛽. Therefore, the accuracy of the distance and
the path loss exponent is important to assure the efficiency
of the proposed spectrum sensing scheme. Fortunately, there
are many approaches to improve the distance accuracy in
the fixed, portable, or mobile environment, for example, the
widely used round trip time of flight (RTT) approach in the
IEEE 802.11 WLAN; however, they are beyond the scope of
this paper.

In the proposed scheme and the previous simulations,
we assume the channels are additive white Gaussian noise
(AWGN) channels and consider the large scale path loss for
cochannel and interchannels by using the interferencemodel.
Next, let us evaluate the impact of Rayleigh fading channels.

Figure 6 illustrates the achieved average 𝑃MD for AWGN
and Rayleigh fading channels. It shows that Rayleigh fading
degrades the performance of the proposed sensing scheme.
That is to say, the proposed scheme is sensitive to the Rayleigh
fading. In fact, we can also expect that the proposed scheme
is sensitive to other types of small scale fading because our
scheme is essentially based on the large scale path loss.
However, Figure 6 shows that the performance in Rayleigh
fading can also be improved by using longer observation time,
which is similar to the case in AWGN channel. Note that
the performance cannot be further improved by lengthening
the observation time when the summation of the signal and
device noise falls in the uncertainty range of the device noise,
as it is analyzed in Section 4.

7. Conclusion

In this paper, we proposed a geolocation assisted spectrum
sensing scheme for cognitive coexistent heterogeneous net-
works. The proposed scheme is able to detect the primary
signals and each kind of secondary signals simultaneously.
With the assistance of the geographic locations of the PUs,
SUs, and the sensors, the detection of primary and secondary
signals is formulated into a problem of solving a homo-
geneously linear equation matrix, the coefficient matrix of
which depends only on the distances among the PUs, SUs,
and sensors.Theproposed scheme is a noncoherent spectrum
sensing scheme, which avoids the difficulties in acquiring
the characteristics of primary and secondary signals in the
heterogeneous networks. In addition, the proposed scheme
does not exploit the quiet periods, which not only greatly
relaxes the requirement on the network synchronization but
also improves theQoS of the secondary networks. Simulation
results verify the feasibility and the efficiency of the proposed
scheme and show that it can satisfy the sensing requirement
of FCC. We also pointed out that the proposed scheme is
sensitive to fading and the parameter errors of the employed
interference model.
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A new wireless sensing network paradigm is presented for face recognition applications. In addition to the flexibility the face
recognition system gains by integrating into a wireless sensor network, we take it further by introducing mobility into the network
to improve the sensing coverage area and cost efficiency. To implement these goals, a multilayered network structure and Gauss-
Markov mobility model are proposed. Furthermore, analysis of the sensing coverage area is given. Besides, some of the potential
application scenarios based on the proposed paradigm are also presented. According to the simulation, the whole system achieves
high recognition rate and energy efficiency compared to stationary network.

1. Introduction

As one of the most important biometric techniques, face
recognition (FR) has advantages of being natural and pas-
sive over other biometric techniques requiring cooperative
subjects, such as fingerprint recognition and iris recognition
[1]. A normal framework of FR system is shown in Figure 1,
including procedures of enrollment and identification. It has
beenwidely used in access control, identification systems, and
surveillance [2].

Nevertheless, in traditional FR systems, the biometric
information is stored remotely in a central database, and
the identification device communicates with the database
based on traditional wired network [3]. In recent years,
some researchers add a wireless dimension to FR systems
by combining it with wireless sensor networks (WSNs) [4],
which is another hot research topic. For example, Zaeri et
al. propose to apply face recognition for wireless surveillance
systems [5]. Kim et al. implement a wireless face recognition
system based on ZigBee protocol and principle components
analysis (PCA) method with low energy consumption [6].
Chang and Aghajan focus on recovering face orientation
for more robust face recognition in wireless image sensor

networks [7]. Muraleedharan et al. propose to use a specific
evolutionary algorithm to optimize routing in distributed
time varying network for face recognition [8]. In this work,
we take it further by introducing mobility in WSNs for
face recognition. To this end, a multilayered structure and
Gauss-Markov based mobility model for wireless sensor
network are provided. To our best knowledge, it is the
first research work proposing an integrated framework of
employing face recognition in mobile WSNs (MWSNs). The
main contributions of this paper are summarized as follows.

(i) We propose a novel prototype of FR system in the
environment of mobile WSNs. The FR system gains
flexibility and cost efficiency while being integrated
into a wireless work. Meanwhile, the face recognition
technique enhances the functionality and security of
the wireless network.

(ii) According to the functionality of different compo-
nents in the network, a multilayered network archi-
tecture is built, which introduces a Gauss-Markov
mobility model into each level to increase the cover-
ing area.



2 International Journal of Distributed Sensor Networks

Identification

Enrollment

TemplatesProcessingFace
database

IdentityComparison

Probe image

Processing

Figure 1: Framework of FR system.

(iii) Last but not least, several potential applications based
on the paradigm in this work are presented.

The remainder of this work is organized as follows. In
Section 2, background on mobile wireless sensor networks
and face recognition is summarized. The structure of pro-
posed face recognition paradigm and the mobility model
applied in the sensor network are presented in Section 3.
Potential applications based on the mechanism in this work
are also investigated in this section. Empirical results and
simulation analysis are given in Section 4, and the paper is
concluded finally in Section 5.

2. Background

2.1. Mobile Wireless Sensor Networks. Due to recent techno-
logical advancement in low power wireless communications
and low cost multifunctional sensors, a lot of research efforts
have been put in the field of wireless sensor network (WSN),
in which a large number of sensor nodes collaborate by
means of wireless transmissions for remote monitoring,
tracking, and so on [9]. As illustrated in Figure 2(a), a wireless
sensor network is usually composed of densely deployed
sensor nodes that have been spatially scattered inside the
sensing filed. These self-organized sensor nodes will collect
the information in interest and deliver it back to the sink
node for further transmission via power efficient multihop
routing protocols. In traditional static WSNs, the topologies
are generally assumed to be invariant, which will subse-
quently lead to two principal problems: firstly, the network
connectivity and coverage may not be guaranteed, in case
of sensor failure or malfunctioning (e.g., due to obstacles or
energy depletion), which will cause a disconnection between
nodes. Secondly, the nearer a sensor node lies relative to
the sink node, the faster it will deplete its energy. In fact,
the nonuniformity of energy consumption among the sensor
nodes will significantly reduce the lifetime of the whole
network [10]. To address these problems (connectivity and
lifetime), similar to the research trends in mobile ad hoc
networks (MANETs) [11] and delay tolerant networks (DTNs)
[12], mobile elements (MEs) have also been introduced to
WSNs, forming mobile wireless sensor networks (MWSNs)

Internet

Sink node
Sensor node

(a) WSN

Internet

Sink node
Sensor node

(b) Mobile WSN

Figure 2: Topology of (a) WSN and (b) mobile WSN.

[13]. MEs play the role of either sinks or sensor nodes in the
network, as shown in Figure 2(b).

Due to the fact that MEs can cope with isolated regions, a
sparse WSN architecture becomes a feasible option. Besides,
by using mobile elements, the battery lifetime of individual
sensors can be increased by shifting the energy consumption
burden for communication to MEs. Furthermore, reliability
can also be achieved owing to the single-hop transmission
betweenMEs and sensors. Finally, in contrast to conventional
static WSNs, targets that might never have been detected in a
static WSN can now be detected by MEs due to sensors’ (or
sink’s) mobility [10]. Based on these significant advantages,
this work concentrates on integrating the application of face
recognition into MWSNs.

2.2. Face Recognition. Automatic recognition of faces is
considered as one of the fundamental problems in computer
vision andpattern analysis, andmany scientists fromdifferent
areas have proposed many approaches to address it [2],
including knowledge-based methods which encode facial
features according to rules applied based on the typical face
[14]; template matching methods which match images to
those from a category of stored facial images or features [15];
appearance-based methods which develop models for com-
parison based on training images [16]; and invariant models
which use algorithms to discover facial features even though
the view and pose of the subjects and/or lighting conditions
change [17]. Among these methods, one of appearance-based
methods termed as eigenfaces [16], which is based on PCA,
has been applied most extensively. This approach transforms
the holistic face image into a small set of eigen vectors, which
are the principle components of the initial training set of face
images. Recognition is performed by projecting a new probe
face image into the subspace spanned by the eigen vectors
and then classifying the face by comparing its positions in
face space with known individuals in the face database. PCA
as well as other variant methods based on it has yielded
promising results on frontal face recognition. Hence, in this
work, PCA is applied for the task of face recognition.

3. Paradigm of Face Recognition in MWSNs

In this section, we present the architecture and design of
the MWSNs. We firstly give an overview of the network
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Task level

Sink level

Sensor level

Figure 3: Proposed multilayered structure of face recognition
network.

organization at three levels and then describe the mobility
model applied in this paradigm. Furthermore, the analysis
of coverage is presented. Lastly, we explore the possible
applications based on the paradigm.

3.1. Overview. Mobility might be involved at the different
network components, as shown in the architecture illustrated
in Figure 3.

Depending on the rules that MEs are playing in the
network, the structure of the mobile network is divided into
three layers.

(i) Sensor level nodes at this level are the sources of
information. Such nodes perform sensing as their
main responsibility. For the task of face recognition,
sensor nodes with cameras are devoted to capturing
face images. They may also forward or relay the
probe face images in this network, depending on the
adopted communication paradigm.Themobile nodes
at this level are mainly used to address the problem of
sensing coverage. These mobile sensor nodes change
their location to better characterize the sensing area
or to forward data from the source nodes to the
sink. In this case, the primary concern is avoiding
coverage holes—areas where the sparse distribution
of nodes is not dense enough to properly characterize
a phenomenon or detect a probe face.

(ii) Sink level nodes at this level are the destinations
of information. They collect face images sensed by
sensor nodes either directly (i.e., by visiting sensors
and collecting data from each of them) or indirectly
(i.e., through intermediate nodes). They can either
autonomously process collected facial image data for
their own purposes through related image processing
algorithms or make them available to remote users by
using a long range wireless Internet connection. As
a consequence of introducing mobility to this level,
the WSN topology can actively change in order to
improve both communication reliability and energy
efficiency.

(iii) Task level nodes at this level implement the related
algorithms for the task of recognition or identifi-
cation. To implement this, adequate resources of
computing, storage, and power should be assigned to
the task nodes. For example, the related nodes need
to store the eigenvectors of gallery images in the face
database. In addition, they are also responsible for
measuring the similarity between probe and galley
images in the projected eigenspaces. With mobility,
the recognition procedure can be implemented with
high efficiency.

3.2. Mobility Model in MWSNs

3.2.1. Initial Configuration. In this work, we consider a net-
work consisting of a great number of sensors placed in a vast
two-dimensional geographical sensing field 𝑅. For the initial
configuration, the locations of these sensors are uniformly
and independently distributed at random locations in the
region.According to our assumption, the sensor locations can
be modeled by a stationary two-dimensional Poisson point
process. Denote the density of the underlying Poisson point
process by 𝜆. The total number of sensors in the region 𝑅 is
𝑁(𝑅), which follows a Poisson distribution with parameter
𝜆‖𝑅‖, where ‖𝑅‖ represents the area of the region:

𝑃 (𝑁 (𝑅) = 𝑘) =
𝑒
−𝜆‖𝑅‖

(𝜆 ‖𝑅‖)
𝑘

𝑘!
. (1)

In a stationary sensor network, sensors do not move after
being deployed and network coverage remains the same as
that of the initial configuration. While for a mobile sensor
network, depending on the application scenario, sensors
can choose from a wide variety of mobility strategies, from
passive movement to highly coordinated and complicated
motion [18], for example, random walk mobility model [19]
based on random directions and speeds, boundless simula-
tion area mobility model [20] that converts a 2D rectangular
simulation area into a torus-shaped simulation area, Gauss-
Markov mobility model that uses one tuning parameter to
vary degree of randomness in the mobility pattern [21]. In
this work, the Gauss-Markov Model is used to simulate the
nodes’motion in the network.We assume sensorsmove inde-
pendently of each other and with coordination among them.
To characterize the movement model of a sensor, the speed 𝑆
and direction 𝜃 are utilized. For every constant time period,
a node calculates the speed and direction of movement based
on the speed and direction during the previous time period,
along with a certain degree of randomness incorporated
in the calculation. The node is assumed to move with the
calculated speed and in the calculated direction during the
time period. Details of the mobility model will be described
in the next section.

3.2.2.MobilityModel. TheGauss-Markovmobilitymodel has
been used for the simulation of an ad hoc network protocol
[21]. In this section, we shall describe how the model is
implemented in mobile WSNs.
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Firstly, each ME in the network is assigned an initial
speed and direction. At fixed intervals of time, 𝑛, movement
occurs by updating the speed and direction of each mobile
node. Specifically, the value of speed and direction at the
𝑛th instance is calculated based upon the value of speed and
direction at the (𝑛+1)th instance and a randomvariable using
the following equations:

𝑆
𝑛
= 𝛼𝑆
𝑛−1

+ (1 − 𝛼) 𝑆 + √(1 − 𝛼2) 𝑆𝐺
𝑛−1
,

𝜃
𝑛
= 𝛼𝜃
𝑛−1

+ (1 − 𝛼) 𝜃 + √(1 − 𝛼2) 𝜃𝐺
𝑛−1
,

(2)

where 𝑆
𝑛
and 𝜃
𝑛
are the new speed and direction of the MEs

at time interval 𝑛; 𝛼, where 𝛼 ∈ [0, 1], is the tuning parameter
used to vary the randomness; 𝑆 and 𝜃 are constants repre-
senting the mean value of speed and direction as 𝑛 → ∞;
and 𝑆𝐺
𝑛−1

and 𝜃𝐺
𝑛−1

are randomvariables chosen independently
by each node from a Gaussian distribution with mean 0 and
standard deviation 1. The parameter 𝛼 is used to incorporate
the degree of randomness while calculating the speed and
direction of movement for a time period. Totally random
values are obtained by setting 𝛼 = 0, and linear motion is
obtained by setting 𝛼 = 1. Intermediate levels of randomness
are obtained by varying the value of 𝛼 between 0 and 1.When
𝛼 is closer to 0, the degree of randomness is high, which may
result in sharper turns. When 𝛼 is closer to 1, the speed and
direction during the previous time period are given more
importance (i.e., the model is more temporally dependent),
and the node prefers to move in a speed and direction closer
to what it has been using so far. Thus, the movement of a
node gets more linear as the value of 𝛼 approaches unity.
At each time interval, the next location is calculated based
on the current location, speed, and direction of movement.
Specifically, at time interval 𝑛, an ME’s position is given by
the following equations:

𝑥
𝑛
= 𝑥
𝑛−1

+ 𝑆
𝑛−1

cos 𝜃
𝑛−1
,

𝑦
𝑛
= 𝑦
𝑛−1

+ 𝑆
𝑛−1

sin 𝜃
𝑛−1
,

(3)

where (𝑥
𝑛
, 𝑦
𝑛
) and (𝑥

𝑛−1
, 𝑦
𝑛−1
) are the 𝑥 and 𝑦 coordinates

of the ME’s position at the 𝑛th and (𝑛 − 1)th time intervals,
respectively, and 𝑆

𝑛−1
and 𝜃
𝑛−1

are the speed and direction of
the ME, respectively, at the (𝑛 − 1)th time interval.

3.3. Sensing Coverage Area Analysis. In this section, we study
and compare the area coverage of both stationary andmobile
sensor networks for face recognition.

(1) Stationary Network. We assume that each sensor node in
the network can cover a panoramic view of 360 degrees and
a disk with radius 𝑟. Consider that 𝛽 ∈ (0, 1], termed as
effective recognition factor, denotes the effective range where
the sensors can capture face images with resolution high
enough for the task of identification. Consider a bounded
region 𝑅; the vacancy 𝑉 within 𝑅 is defined to be the area
in 𝑅 not covered by sensors:

𝑉 = ∫
𝑅

𝜒 (𝜂) 𝑑𝑥, (4)

where

𝜒 (𝜂) = {
1 𝜂 is not covered
0 otherwise.

(5)

According to Tonelli’s theorem [22], we have

𝐸 (𝑉) = ∫
𝑅

𝐸 {𝜒 (𝜂)} 𝑑𝜂. (6)

Consider an arbitrary point 𝜂 in region 𝑅 and denote the
number of sensors which cover the point as 𝑁. Point 𝜂
is covered by sensors located within distance 𝑟. It follows
immediately from the Poisson point process assumption
that 𝑁 has a Poisson distribution with parameters 𝜆𝜋(𝑟𝛽)2.
Therefore, we have

𝐸 {𝜒 (𝜂)} = 𝑃 (𝑁 (𝑅) = 0) = 𝑒
−𝜆𝜋(𝑟𝛽)

2

. (7)

Note that the above derivation is independent of 𝑅. The area
coverage can thus be obtained as follows:

𝑓
𝑎
= 1 −

𝐸 (𝑉)

‖𝑅‖
= 1 − 𝑒

−𝜆𝜋(𝑟𝛽)
2

. (8)

This formula characterizes the dependence of area coverage
on the network properties, that is, the density of the nodes
and the coverage area for each node in the sensing field.

In a stationary sensor network, a location always remains
either covered or not.The area coverage does not change over
time.

(2) Mobile Network. Given the initial node placement and the
random mobility model, at any time instant 𝑡, the locations
of the sensors still form a two-dimensional Poisson point
process of the same density. Therefore, the fraction of the
area covered at time 𝑡 remains the same as in the initial
configuration, 𝑓

𝑎
= 1 − 𝑒−𝜆𝜋𝑟

2

.
During time interval [0, 𝑡], each sensor covers a shape of

a track whose expected area is

𝛼 = 𝐸 [𝜋(𝑟𝛽)
2

+ 2𝑟𝛽𝑆𝑡] = 𝜋(𝑟𝛽)
2

+ 2𝑟𝛽𝐸 [𝑆] 𝑡, (9)

where 𝐸[𝑆] = ∫
𝑆max

0
𝐺(𝑆)𝑑𝑆 represents the expected sensor

speed. The function 𝐺(𝑆) represents a Gaussian distribution,
more specifically, a normal distribution in this case.

As pointed out in [23], area coverage depends on the
distribution of the random shapes only through its expected
area. Therefore, we have

𝑓
𝑖
(𝑡) = 1 − 𝑒

−𝛼𝜆
= 1 − 𝑒

−𝜆(𝜋(𝑟𝛽)
2
+2𝑟𝛽𝐸[𝑆]𝑡)

. (10)

While an uncovered location will be covered when a
sensor moves within distance 𝑟 of the location, a covered
location becomes uncovered as sensors covering it move
away. As a result, a location is only covered part of the
time. More specifically, a location alternates between being
covered and not being covered, which can be modeled as an
alternating renewal process.We use the fraction of timewhen
a location is covered to measure this effect. The fraction of



International Journal of Distributed Sensor Networks 5

time that a location is covered equals the probability that it is
covered at any given time instant, 𝑓

𝑡
= 1 − 𝑒

−𝜆𝜋(𝑟𝛽)
2

.
At any specific time instant, the fraction of the area

being covered in a mobile sensor network model described
above is the same as in a stationary sensor network. This
is because at any time instant, the positions of the sensor
are still described by a Poisson Boolean model with the
same parameters as in the initial configuration. Unlike in
a stationary sensor network, areas initially not covered
can now be covered as sensors move around in a mobile
sensor network. Consequently, facial targets in the initially
uncovered areas can be detected by the moving sensors.
According to (10), the more sensors exist, the more expected
coverage areawill be achieved, which is the same as stationary
network. Furthermore, the fraction of the area that has ever
been covered increases as time goes by, and the growth rate
depends on the movement speed of sensors involved. The
faster the sensors move, the more quickly the area is covered.
Therefore, sensor mobility can be exploited to compensate
for the lack of sensors to improve the area coverage over an
interval of time.

3.4. Potential Applications. In this section, we have listed pos-
sible application scenarios for face recognition in MWSNs,
with the goals of achieving social interaction, remote surveil-
lance, and security.

3.4.1. Mobile Network Establishment. In this scenario, we
consider using mobile smart phones as the mobile elements
in the network. All the current smart phones have camera
sensors for shooting face images and can be connected to a
specific network through cellular network or other protocols
such as Bluetooth or ZigBee. Using such mobile devices as
sensors has a significant advantage over unattended wireless
sensor networks in deploying the sensing hardware and
providing it with network. Secondly, mobile phones can
provide coverage where static sensors are hard to deploy
and maintain. Thirdly, each mobile device is associated with
a human user, whose assistance can sometimes be used to
enhance application functionality. For instance, a human user
may help by pointing the camera appropriately at the target
face to be sensed.

In one embodiment, in connection with making compar-
isons of a captured image with those cataloged in a database,
the portable devices used to capture the images may page
or multicast signals to other devices within range, sending
a query requesting confirmation of the identification. In
connection with an affirmative response, further identifying
information may be exchanged allowing further messaging
such as SMS messages, video or email messaging, and other
wireless communication among devices. Based on this iden-
tification, one or more mobile networks may be established
or extended.

3.4.2. Social Interaction. One other possible scenario of face
recognition in WMSNs is that of social interaction. There
is a rapid increase in number of mobile subscribers all over
the world. With the efficient identification scheme, mobile

phones can act as sinks to have a “social interaction” among
peers who share the common interest. By entering into a
“session” with existing sensors or WSN in a particular area
through mobile face recognition, the mobile phone user can
get the necessary information on his mobile phone, like the
location of his friends/relatives, the time table/schedule of the
events taking place, environmental conditions, and so forth.
With the help of little initial information about the user, it
is also possible to enter into any area, shop around, and buy
digital tickets, all with electronic billing.

3.4.3. RemoteWireless Surveillance. In this scenario, our goal
is to enhance the utility of the existing surveillance system. In
case of monitoring geographically inaccessible or dangerous
areas, mobile robots equipped with camera sensors can be
deployed for effective coverage. Moreover, if the target to be
detected by the sensor network is of time-critical nature, the
coverage of the network should be sufficiently high to be able
to respond to the detected event in a timely manner, such as
monitoring in battle filed or liveliness rescue in case of an
earthquake, where the emergency personnel work against the
clock.

4. Simulation

In this section, performance comparison of stationary and
mobile network in terms of target recognition rate and energy
efficiency is provided via Monte Carlo simulations, where
each simulation setting is computed over 500 different runs.
It is assumed that the range of the mobile nodes, 𝑟, is 500m.
The simulation area is circle-shaped with a radius of 4000m.
Initially, mobile nodes are randomly distributed according to
the Poisson point process described above in the simulation
area. The speed of the mobile nodes is assumed to be 5m/s.
The mobility tuning parameter 𝛼 in Gauss-Markov is set as
0.5. For the validation of recognition, 200 subjects in FERET
dataset [24] are selected. For each subject, one frontal image
with regular expression is chosen as the gallery image and one
image with alternative expression as the probe image.

4.1. Recognition Rate. In this work, we investigate the recog-
nition of target with a linear motion model. We assume that
the target starts its motion from a randomly selected point
in one boundary of the simulation area and moves toward a
randomly selected point in the opposite boundary following a
line. This scenario could be considered an example of border
monitoring, where the target tries to cross the border without
being detected.

Figure 4 shows the recognition performance of the
mobile and stationary WSNs versus number of nodes. It is
obvious that the mobility in the network highly improves
the detection rate for recognition, which is mainly due to
the increase of the coverage area. Furthermore, it can be
concluded that the recognition rate has a positive correlation
with the number of sensors in the network. To take it
further, the impact of motion speed on the recognition rate
is examined by modifying the parameter 𝑆, as illustrated
in Figure 5 (the number of sensor nodes is 50). According
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Figure 4: The comparison of recognition rate for stationary and
mobile WSNs.
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Figure 5: The impact of nodes’ motion speed on recognition rate.

to (10), as the motion speed of components grows, the
coverage area in the network over an interval increases, thus
leading to a higher recognition rate.

4.2. Energy Efficiency. To further analyze the energy effi-
ciency, we use the following energy model [25]. To transmit
an 𝑘-bit data to a distance 𝑑, the radio expends energy:

𝐸TX (𝑘, 𝑑) = 𝐸TX-elec (𝑘) + 𝐸TX-amp (𝑘, 𝑑)

= {
𝐸elec ∗ 𝑘 + 𝑘 ∗ 𝜀fs ∗ 𝑑

2, 𝑑 < 𝑑
0

𝐸elec ∗ 𝑘 + 𝑘 ∗ 𝜀mp ∗ 𝑑
4, 𝑑 ≥ 𝑑

0

} .
(11)

The first item denotes the energy consumption of radio dis-
sipation, while the second denotes the energy consumption
for amplifying radio. Depending on the distance between the
transmitter and receiver, both the free space 𝜀fs (𝑑

2 power
loss) and the multipath fading 𝜀mp (𝑑4 power loss) channel

Table 1: Parameters for the energy model.

Parameter Value
Radius 𝑅 of the sensor field 4000m
Effective sensing range 𝑟 of a sensor 500m
Number𝑁 of Nodes in the sensor field 100
𝐸elec 50 nJ/bit
𝜀fs, 𝜀mp 100 pJ/bit/m2
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Figure 6: Comparison of the energy consumption between station-
ary and mobile networks.

models are used.When receiving this data, the radio expends
energy:

𝐸RX (𝑘) = 𝐸RX-elec (𝑘) = 𝐸elec ∗ 𝑘. (12)

In this work, the related parameters are listed in Table 1.
The comparison of the energy consumption between

stationary and mobile network is shown in Figure 6. By
introducing mobility into the network components, high
energy efficiency can be achieved, and the network lifetime
will be prolonged. The reason to explain this is that the
related network components, including senor nodes, sink
nodes and task nodes,movewithin the simulated field; energy
consumption does not concentrate on several nodes, which
means that the distribution of energy consumption is fair over
the whole network.

5. Conclusion

In this paper, we have presented a multilayer architecture for
the mobile wireless sensor network as a key element of face
recognition paradigm. Firstly, the overview of the network’s
structure is given. Then, the detailed mobility model is
presented in this paper, followed by a theoretical analysis of
impact of mobility on the sensing coverage area compared to
stationary networks. We have further discussed some of the
future potential application scenarios for this face recognition
paradigm in the environment of mobile WSNs. According to
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the simulation validation, by introducing the Gauss-Markov
mobilitymodel to different levels in the network, the coverage
area and energy efficiency can be improved at the same time.
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The congestion control algorithm based on the weighted directed graph is designed for the network congestion over the wireless
sensor network.The congestion problem is modeled as a distributed dynamic system with time-varying delay, and it can be proven
that the sent rate for all nodes converges to the available bandwidth of the sink by the proposed congestion control algorithm. Via
Lyapunov function, the validity of the proposed algorithm is shown under the varying network topologies. Ns simulation results
indicate that the proposed algorithm restrains the congestion over the wireless sensor network, maintains a high throughput and a
low delay time, and also improves the quality of service for the whole network.

1. Introduction

Over the last decades, there have been widely researches in
the area of the wireless sensor networks (WSNs) [1]. WSNs
are being deployed for several mission-critical tasks, such as
habitat monitoring [2], structural health monitoring [3, 4],
image sensing [5], and physical game [6]. Typically, a sensor
network may contain thousands of nodes, which are cheap,
and small size sensors; otherwise, in many applications, the
sensor nodes will be deployed in the remote area, such as the
high mountain area, and the satellite in the outer space, in
which case recharging is not feasible. Thus, the main focus
for WSNs is on the low energy use within the autonomous,
cooperative nodes which may be constrained in terms of a
small memory and a low computing capability.

A wireless sensor network consists of the distributed
autonomous sensors to monitor physical or environmental
conditions, such as temperature, sound, vibration, pressure,
motion, or pollutants. The physical parameters and the
information of the interactions, in conjunction with the
variable wireless network conditions, may result in unpre-
dictable behavior in terms of the traffic load variations and
the link capacity fluctuations [7]. The network condition
is worsened by link bit errors [8], medium contention [9],

or potential handoff operations in wireless networks. These
hostile factors are likely to occur inWSN environments, thus
increasing the possibility of congestion. In data networking
and queuing theory, network congestion occurs when a
link or node is carrying so much data that its quality of
service deteriorates. In the context of WSNs, data is passed
using multihop routes between sensors until they reached
the sink, so the convergent (many-to-one) nature of WSN,
especially in single-sink WSNs, increases the susceptibility
to congestion. When a network is congested, it has settled
into a stable state where the traffic demand is high, but little
useful throughput is available. The high levels of the time
delay and packet loss caused by congestion may deteriorate
the quality of service (QoS). Especially, packet loss may
activate the time-out retransmission scheme of TCP, and the
retransmitted packet may worsen the congestion and even
cause more retransmission request. The vicious circle may
consume more energy in the retransmitted packet repeatedly
and ineffectively. Consequently, congestion in WSN causes
radical decrease in the delivery ratio and an increase in per-
packet energy consumption.

The resource limited and unpredictable characteristics
of WSNs necessitate decentralized, robust, self-adaptive, and
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scalable mechanisms [7]. The novel congestion control for
WSNs should be simple to implement at an individual node
level with minimal energy usage. Queue-based congestion
control schemes and rate-based ones are the most popular
congestion control schemes to solve the congestion problem.
The drawback [10] of the queue-based schemes is that a
backlog is inherently necessitated; on the other hand, the rate-
based schemes [11] can provide early feedback for congestion.
So the rate-based scheme is chosen in this paper to solve the
congestion problem forWSNs. As the wireless nodes can self-
organize into a wireless sensor network, in this architecture,
the wireless sensor network is considered as a distributed
dynamic system. Natural designs have inherent powerful
characteristics and are often more effective and simpler than
man-made designs [12]. And the consensus analysis of the
complex network theory, such as fish swarming and bird
flocking, is used in our paper. With the help of the graph
theory, a congestion control algorithm based on consensus
analysis (CC-CA) is proposed in this paper, considering
the sink as a leader. Ns simulation results indicate that our
CC-CA could restrain the congestion over wireless sensor
network and maintain a high throughput and a low delay
time. It can also improve the QoS for the whole network. As
can be seen from the conclusion, CC-CAdesigned forWSN is
superior from throughput, drop ratio, and average delay time
of the conventional congestion control.

The rest of the paper is structured as follows: Section 2
presents the previous works on congestion control forWSNs.
Section 3 presents the congestion model based on the graph
theory for WSN. In Section 4, the theoretical results for
congestion control algorithm based on a leader are provided.
Section 5 contains a performance evaluation of the proposed
scheme and a comparisonwith TCP protocol.The conclusion
of this paper is presented in Section 6.

2. Related Works

The conventional congestion control algorithms are almost
end-to-end schemes [14], which follow the TCP’s end-to-end
mechanism. A centralized congestion control (CC) approach
cannot be generally applied since it provokes several serious
drawbacks [15]. Firstly, such approach leads to excessive
communication load in the network which rapidly depletes
the batteries [1]. Secondly, the time-varying nature of the
radio channel and the asymmetry in communication links
make it harder for even regulated traffic to reach the sink
[16]. Thirdly, hop-to-hop schemes [17, 18] could result in a
better performance and a faster reaction than the end-to-
end mechanisms. Finally, WSNs permit simple processing
and a decision making by individual nodes [19] rather than
a centralized approach.

Early studies in the area of the sensor networks were
mostly focused on fundamental networking problems, for
example, topology [20], routing [21], and energy efficiency
[22], largely ignoring network performance assurances.

As the queue length in buffer suggested the current
network condition, fusion [23] is a congestion mitigation
technique that uses queue lengths to detect the congestion.

Three different techniques have been adopted to alleviate
the congestion in fusion, which included hop-by-hop flow
control, rate limiting, and a prioritized MAC. IFRC [24] is
a distributed rate allocation scheme that uses queue sizes to
detect the congestion and further shares the congestion state
through overhearing.

Rate-based congestion control may react more rapidly
than queue-based scheme, so a large number of congestion
control based on data rate emerges in WSNs. The bandwidth
for the sensor node in ARC [25] is split proportionally
between route-through and locally generated traffic, by esti-
mating the number of upstream nodes. Congestion control
and fairness for many-to-one routing in sensor networks
[13] is another rate assignment scheme that uses a different
congestion detection mechanism from IFRC.

QoS technique is alsowidely used in congestion control of
the wireless sensor networks. In [26] a dual-path QoS routing
protocol is designed to increase the network lifetime and
reduce packet delay. MQOSR [27] is another QoS-enabled
multipath routing protocol, assuming that the base stations
are typically many orders of magnitude more powerful than
sensor nodes. Global positioning systemss (GPS) [28, 29],
which is providing the location information, is used to
discover the congestion regions, while GPS receivers are
expensive and not suitable in the construction of the small
cheap sensor nodes.

3. Congestion Model Description

The self-organization and multihop characteristic of the
WSNs indicate that the wireless sensor network is modeled
as a distributed dynamic system based on the directed graph
theory.The sink is considered as a “leader” node, in which the
mass of information is gathered and computed. We consider
that 𝐺 = (𝑉, 𝐸,A) is a weighted directed graph with 𝑛 + 1

nodes, where 𝑉 denotes the set of vertices V
𝑖
(𝑖 ∈ L =

{0, 1, 2, . . . , 𝑛}), 𝐸 denotes the set of edges 𝑒
𝑖𝑗
= (𝑖, 𝑗), 𝑖, 𝑗 ∈ L

of the graph 𝐺, and A = [𝑎
𝑖𝑗
] ∈ 𝑅𝑛×𝑛 for 1, 2, . . . , 𝑛 is a

weighted adjacency matrix.
This paper considers that the vertex indexed by 0 is

assigned as the “leader,” which is the sink in WSN. The other
vertices of the graph 𝐺 indexed by 1, 2, . . . , 𝑛 are referred to
as “follower agents,” which are the autonomous sensor nodes
in WSN. When there is data transmission between V

𝑖
and V
𝑗
,

then we consider that there is a path between the two nodes;
otherwise 𝑒

𝑖𝑗
∉ 𝐸. Define the weight matrix A for the graph

𝐺 as follows:

𝑎
𝑖𝑗
= {

0.5 𝑒
𝑖𝑗
∈ 𝐸,

0 𝑒
𝑖𝑗
∉ 𝐸,

(1)

where 𝑥
𝑖
∈ 𝑅(𝑖 ∈ L) is denoted as the data bulk sent to node

I, then the differential of 𝑥
𝑖
denotes the data sent rate. If there

is no data communication between node i and others, 𝑥
𝑖
=

0. 𝐺
𝑥
= (𝑉, 𝐸,A, 𝑥) with 𝑥 = (𝑥

1
, . . . , 𝑥

𝑛
)
𝑇 is referred to an

algebraic graph, and then we can say that the algebraic graph
𝐺
𝑥
= (𝑉, 𝐸,A, 𝑥) denotes the WMN’s topology.
To study a leader-following problem, the connection

weight between nodes 𝑖 and the leader, denoted by 𝑏
𝑖
, is shown
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as follows. The sink, as the last hop in the monitor area of
WSN, is assigned with the largest weight:

𝑏
𝑖
= {

0.75 V
𝑖
connected to the leader V

0
,

0 otherwise.
(2)

In WSN, the sensor may begin to transmit packet
suddenly or perform the backoff algorithm due to mutual
interference. Namely, for the weighted directed graph G
under consideration, the relationships between neighbors
(and the interconnection topology) change over time. Define
𝐺 = {𝐺

1
, 𝐺
2
, . . . , 𝐺

𝑁
} as a set of the graphs with all possi-

ble topologies, which includes all possible interconnection
graphs (involving n nodes and a leader), and denote by 𝑆 =

{1, 2, . . . , 𝑁} its index set. To describe the variable inter-
connection topology, we define a switching signal 𝜀(𝑡) :

[0,∞) → 𝑆, which is piecewise constant. Therefore, the
connection weights 𝑎

𝑖𝑗
and 𝑏
𝑖
are time varying, and, more-

over, Laplacian L
𝑠
(𝑠 ∈ 𝑆) associated with the switching

interconnection graph is also time varying (switched at 𝑡
𝑖
, 𝑖 =

0, 1, . . .).

Remark 1. The topology of WSN is time varying. And this
topology is considered unchanged in any interval [𝑡

𝑖
, 𝑡
𝑖+1
),

which is reasonable for the wireless sensor network in this
paper. As the network condition is not very bad, the topol-
ogy of the event-driven network should remain unchanged
during a data packet transmitting from one router to another.
In other words, if the interval [𝑡

𝑖
, 𝑡
𝑖+1
) approximates the

propagation delay in the network, the topology will remain
unchanged.

4. Congestion Control Based on
the Consensus Analysis

It is indicated in [30] that, when the offered load exceeds
the available capacity in the link, the packet will accumulate
in the router buffer, which will induce the congestion. The
congestion can be avoided, if the data bulk exchange of all
nodes for one task converges to the same equilibrium point
in the network. Then the congestion control problem can be
attributed to the consensus problem of the complex network.
Furthermore, in our simulation, all the nodes are considered
the same as each other, and they split the bandwidth fairly.

Here, the entire considered data rate accelerates in a rule:

̇𝑥
𝑖
= V
𝑖
,

̇V
𝑖
= ∑
𝑗∈𝑁𝑖(𝑡)

𝑎
𝑖𝑗
(𝑡) (𝑥
𝑖
(𝑡 − 𝑟) − 𝑥

𝑗
(𝑡 − 𝑟))

+ 𝑏
𝑖
(𝑡) (𝑥
0
(𝑡 − 𝑟) − 𝑥

𝑖
(𝑡 − 𝑟)) + 𝑘 (V

0
− V
𝑖
(𝑡)) ,

(3)

where 𝑁
𝑖
is the set of neighbors of node 𝑖 (𝑖 ∈ L), which is

denoted by 𝑁
𝑖
= {V
𝑗
∈ 𝑉 : (𝑖, 𝑗) ∈ 𝐸

𝑟
} and the time-varying

delay 𝑟(𝑡) > 0 is a stochastic function with upper bound 𝜏,
which can be determined by the retransmission timeout in
TCP.

Formula (3) can be written in a matrix form during the
interval [𝑡

𝑖
, 𝑡
𝑖+1
):

̇𝑥
𝑖
= V
𝑖
,

̇V
𝑖
= − (Ls + Bs) 𝑥 (𝑡 − 𝑟) − 𝑘 (V − 1 ⊗ V

0
)

+ Bs1 ⊗ 𝑥0 (𝑡 − 𝑟) ,

(4)

where Ls is Laplacian of 𝐺
𝑠
, Bs is the leader adjacency matrix

whose 𝑖th diagonal element is 𝑏
𝑖
(𝑡), and 1 = [1, 1, . . . , 1]𝑇.

Lemma 2. Let G be a graph on 𝑛 vertices with Laplacian L.
Denote the eigenvalues of L by 𝜆

1
(L), . . . , 𝜆

𝑛
(L); then 𝜆

1
(L) =

0, and 1 = [1, 1, . . . , 1]𝑇 is its eigenvector.

Lemma 2 was obtained in [31].
Denote 𝑥 = 𝑥 − 1 ⊗ 𝑥

0
, and Ṽ = V − 1 ⊗ V

0
. Noting that

− (𝐿 + 𝐵) 𝑥 (𝑡 − 𝑟) + 𝐵1 ⊗ 𝑥
0
(𝑡 − 𝑟) = − (𝐿 + 𝐵) 𝑥 (𝑡 − 𝑟) ,

(5)

system (4) can be rewritten as

̇𝜀 = 𝐶𝜀 (𝑡) + 𝐸𝜀 (𝑡 − 𝑟) , (6)

where

𝜀 = (
𝑥

Ṽ) , 𝐶 = [
0 𝐼
𝑛

0 −𝑘𝐼
𝑛

] ,

𝐸 = [
0 0

−𝐻 0
] , 𝐻 = 𝐿 + 𝐵.

(7)

Before the discussion of the consensus problem, we
introduce Lemma 3 for time-delay system (6). Consider the
following system:

̇𝑥 = 𝑓 (𝑥
𝑡
) , 𝑡 > 0,

𝑥 (𝜃) = 𝜑 (𝜃) , 𝜃 ∈ [−𝜏, 0] .
(8)

Lemma3 (Lyapunov-Razumikhin theorem). LetΦ
1
,Φ
2
, and

Φ
3
be continuous, nonnegative, and nondecreasing functions

with Φ
1
(𝑠) > 0, Φ

2
(𝑠) > 0, and Φ

3
(𝑠) > 0 for 𝑠 > 0, and

Φ
1
(0) = 0 and Φ

2
(0) = 0. For system (8), suppose that the

function 𝑓 : 𝐶([−𝜏, 0],R𝑛) → 𝑅 takes bounded sets of
𝐶([−𝜏, 0],R𝑛) in bounded sets of 𝑅𝑛. If there is a continuous
function 𝑉(𝑡, 𝑥) such that

Φ
1
(‖𝑥‖) ≤ 𝑉 (𝑡, 𝑥) ≤ Φ2 (‖𝑥‖) , 𝑡 ∈ 𝑅, 𝑥 ∈ 𝑅

𝑛
. (9)

In addition, there exists a continuous nondecreasing function
Φ(𝑠) > 𝑠, 𝑠 > 0, such that

𝑉 (𝑡, 𝑥) ≤ −Φ
3
(‖𝑥‖) ,

If 𝑉 (𝑡 + 𝜃, 𝑥 (𝑡 + 𝜃)) < Φ (𝑉 (𝑡, 𝑥 (𝑡))) , 𝜃 ∈ [−𝜏, 0] ,
(10)

then the solution 𝑥 = 0 is uniformly asymptotically stable.

Lemma 4. ThematrixH = L+B is positively stable if and only
if node 0 is globally reachable in G.

The proof of Lemma 4 can be looked up in [32].
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Theorem 5. For system (6), take

𝑘 >
𝜇

2𝜆
+ 1, (11)

where 𝜇 = max{eigenvalue of PHH𝑇𝑃}, 𝜆 is the smallest
eigenvalue of 𝑃, and 𝑃 is a positive definite matrix.Then, when
delay upper bound 𝜏 is sufficiently small,

lim
𝑡→∞

𝜀 (𝑡) = 0, (12)

if node 0 is globally reachable in 𝐺.

Proof. Since node 0 is globally reachable in𝐺, fromLyapunov
theorem, there exists a positive definite matrix 𝑃 satisfying

𝑃𝐻 +𝐻
𝑇
𝑃 = 𝐼
𝑛
. (13)

Take a Lyapunov-Razumikhin function 𝑉(𝜀) = 𝜀𝑇𝑃𝜀,
where

𝑃 = [
𝑘𝑃 𝑃

𝑃 𝑃
] (14)

is positive definite.
By Leibniz-Newton formula,

𝜀 (𝑡 − 𝑟) = 𝜀 (𝑡) − ∫
0

−𝑟

̇𝜀 (𝑡 + 𝑠) 𝑑𝑠

= 𝜀 (𝑡) − 𝐶∫
0

−𝑟

𝜀 (𝑡 + 𝑠) 𝑑𝑠 − 𝐸∫
−𝑟

−2𝑟

𝜀 (𝑡 + 𝑠) 𝑑𝑠.

(15)

From 𝐸2 = 0, the delayed differential equation (6) can be
rewritten as

̇𝜀 = 𝐹𝜀 − 𝐸𝐶∫
0

−𝑟

̇𝜀 (𝑡 + 𝑠) 𝑑𝑠, (16)

where 𝐹 = 𝐶 + 𝐸. As 2𝑎𝑇𝑏 ≤ 𝑎𝑇𝜓𝑎 + 𝑏𝑇𝜓−1𝑏 holds for any
appropriate positive definite matrix 𝜓, we have

𝑉 (𝜀) = 𝜀
𝑇
(𝐹
𝑇
𝑃 + 𝑃𝐹) 𝜀 − 2𝜀

𝑇
𝑃𝐸𝐶∫

0

−𝑟

𝜀 (𝑡 + 𝑠) 𝑑𝑠

≤ 𝜀
𝑇
(𝐹
𝑇
𝑃 + 𝑃𝐹) 𝜀 + 𝑟𝜀

𝑇
𝑃𝐸𝐶𝑃

−1
𝐶
𝑇
𝐸
𝑇
𝑃𝜀

+ ∫
0

−𝑟

𝜀
𝑇
(𝑡 + 𝑠) 𝑃𝜀 (𝑡 + 𝑠) 𝑑𝑠.

(17)

Take Φ(𝑠) = 𝑞𝑠 for 𝑞 > 1. In the case of

𝑉 (𝜀 (𝑡 + 𝜃)) < 𝑞𝑉 (𝜀 (𝑡)) , −𝜏 ≤ 𝜃 ≤ 0, (18)

we have

𝑉 (𝜀) ≤ 𝜀
𝑇
(𝐹
𝑇
𝑃 + 𝑃𝐹) 𝜀 + 𝑟𝜀

𝑇
(𝑃𝐸𝐶𝑃

−1
𝐶
𝑇
𝐸
𝑇
𝑃 + 𝑞𝑃) 𝜀.

(19)

The connection 
number changes?

Control 
algorithm (1) 

Bandwidth 
allocation

Statistics of the 
connection 

number 

Initialization

Start

Y N

Figure 1: Program flow chart.

If 𝑘 satisfies (11), 𝐹𝑇𝑃 + 𝑃𝐹 > 0 according to Lemma 4 and
Schur complements theorem. Let 𝜆min denote the minimum
eigenvalue of 𝐹𝑇𝑃 + 𝑃𝐹. If we take

𝑟 <
𝜆min

𝑃𝐸𝐶𝑃
−1𝐶𝑇𝐸𝑇𝑃

 + 𝑞 ‖𝑃‖
, (20)

then 𝑉(𝜀) ≤ −𝜂𝜀𝑇𝜀 for some 𝜂 > 0. Therefore, the conclusion
follows from Lemma 3.

Remark 6. There are two limiting conditions in Theorem 5.
Firstly, the delay upper bound 𝜏 is sufficiently small. The
timeout time in the retransmission timeout is small enough
with initial value 3 s. Secondly, node 0 is globally reachable
in 𝐺. The leader (node 0) is the sink of WSN, through which
all the information collected by the sensors is transmitted. So
the sink is globally reachable in WSN topology.

Theorem 5 proves that the CC-CA guarantees the con-
vergence of the system error; in other words, the data sent
rates for all nodes converge equally to the sink’s.Theproposed
algorithmmaintains an equilibrium state for the wholeWSN,
avoiding congestion. Figure 1 shows the program flow chart
of the CC-CA.

5. Simulation

This section studies the performance of the proposed CC-
CA under a general wireless sensor network configuration.
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Figure 2: Throughput in different PLRs.
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Figure 3: Average delay in different PLRs.

The simulation environment models a sensor network with
200 nodes deployed randomly over an area of 300 × 300m.
The coordinate of the sink is (144, 168). Simulations are
conduced using ns-2 network simulator, and the simulation
time is 300 sec.

Test 1. In order to verify the validity of the proposed algorithm
in variable condition, the number of the data source is set to 2,
5, 8, and 10, respectively. The throughput and the drop ratio
are shown in Table 1 for the different connection numbers.
The suitable rate for the sink is assigned to all the other
sensors, reducing the packet cumulate in the sensor buffer.
As discussed in Section 1, the energy usage is the key factor
in WSN. The lost parameter 𝜂 is used to measure the energy
efficiency of the whole network, which is defined in [33]. The
lost parameter 𝜂 at distinct rate is shown in Table 2.

Test 2. Test 2 studies the performance of CC-CA by the
channel error.The Gilbert model [34] is used to structure the
packet loss ratio (PLR) in wireless link. The PLRs involved in
Test 2 are provided in Table 3, where 𝑝means the probability

from “good” state (0% PLR) to “bad” state (100% PLR);
𝑞 is the probability from “bad” state to “good” one. The
throughput and the average delay with different PLRs are
shown in Figures 2 and 3, respectively. The performance
of CC-CA is tested in varying degrees of congestion by
changing the number of the data sources. In our test, most
of the packet drop is caused by the link error; by contrast
to the traditional wired network, most of the packet losses
(sometimes represented as duplicate acknowledgements) are
suggested as network congestion notifications, and the end
host reduces the transmit rate.

Simulation results indicate that our CC-CA is able to
utilize the network resources more efficiently with low drop
ratio and low delay time.

6. Conclusion

The congestion problem is unavoidable because of the many-
to-one characteristic in the wireless sensor network, which
causes the channel quality deterioration and the loss ratio
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Table 1: Throughput and drop ratio within different connection numbers.

Throughput (packet) Packet drop ratio (%)
No. 2 5 8 10 2 5 8 10
No congestion control 7047 6457 8860 12926 0.09 0.3 0.38 0.45
Reference [13] 7052 6621 9023 13454 0.08 0.25 0.33 0.39
CC-CA 6932 6655 9707 16598 0.08 0.26 0.27 0.32

Table 2: Loss parameter 𝜂 at distinct rate.

Time interval(s) 0.02 0.05 0.08 0.1
No Congestion control 1.857 0.923 0.667 0.235
CC-CA 1.101 0.614 0.558 0.222

Table 3: Different PLRs in simulation.

𝑃 𝑞 Packet loss rate (PLR)
0.001 0.5 0.199%
0.01 0.6 1.64%
0.05 0.5 9.09%
0.1 0.4 20%

rise. It leads to packets drops at the buffers, increased
delays, wasted energy and requires retransmissions. Based
on the consensus problem of the complex network, a novel
congestion control algorithm (CC-CA) is introduced in this
paper, which provides a better performance.At the same time,
only the single-sink topology is discussed in the paper, so the
multisink sensor network is the further research.On the other
hand, all nodes are considered to be sharing the link capacity
fairly in the simulation, so an efficient bandwidth allocation
protocol is needed which will improve our algorithm.

Acknowledgments

The authors are indebted to the National Natural Science
Foundation of China (61070169, 61203048, and 61201212), the
Natural Science Foundation of Jiangsu Province of China
(BK2011376), theApplication FoundationResearch of Suzhou
of China (SYG201118, SYG201239), and Specialized Research
Foundation for the Doctoral Program of Higher Education of
China (no. 20103201110018) for financial support.

References

[1] I. F. Akyildiz, W. Su, Y. Sankarasubramaniam, and E. Cayirci,
“Wireless sensor networks: a survey,” Computer Networks, vol.
38, no. 4, pp. 393–422, 2002.

[2] R. Szewczyk, A. Mainwaring, J. Polastre, J. Anderson, and
D. Culler, “An analysis of a large scale habitat monitoring
application,” in Proceedings of the 2nd International Conference
on Embedded Networked Sensor Systems (SenSys ’04), pp. 214–
226, November 2004.

[3] K. Mechitov, W. Y. Kim, G. Agha, and T. Nagayama, “High-
frequency distributed sensing for structure monitoring,” in
Proceedings of the 1st International Workshop on Networked
Sensing Systems (INSS ’04), 2004.

[4] J. Paek, K. Chintalapudi, R. Govindan, J. Caffrey, and S. Masri,
“A wireless sensor network for structural health monitoring:
performance and experience,” in Proceedings of the 2nd IEEE
Workshop on Embedded Networked Sensors (EmNetS ’05), pp.
1–10, May 2005.

[5] M. Rahimi, D. Estrin, R. Baer, H. Uyeno, and J. Warrior,
“Cyclops, image sensing and interpretation in wireless net-
works,” in Proceedings of the 2nd International Conference
on Embedded Networked Sensor Systems (SenSys ’04), p. 311,
November 2004.

[6] W.H. Tan,W. J. Li, Y. Z. Zheng, and X. C. Zhou, “ePet: a physical
game based on wireless sensor nerworks,” International Journal
of Distributed Sensor Networks, vol. 5, no. 1, p. 68, 2009.

[7] P. Antoniou, A. Pitsillides, T. Blackwell, A. Engelbrecht, and
L. Michael, “Congestion control in wireless sensor networks
based on bird flockong behavior,” Computer Networks, vol. 57,
pp. 1167–1191, 2013.

[8] C.-H. Lim and J.-W. Jang, “Robust end-to-end loss differentia-
tion scheme for transport control protocol over wired/wireless
networks,” IETCommunications, vol. 2, no. 2, pp. 284–291, 2008.

[9] Z. Fu, P. Zerfos, H. Luo, S. Lu, L. Zhang, and M. Gerla, “The
impact of multihop wireless channel on TCP throughput and
loss,” in Proceedings of the 22nd Annual Joint Conference on the
IEEEComputer and Communications Societies (INFOCOM ’03),
pp. 1744–1753, San Francisco, Calif, USA, April 2003.

[10] T. Nakashima, “Properties of the correlation between queue
length and congestion window size under self-similar traffics,”
International Journal of Innovative Computing, Information and
Control, vol. 5, no. 11, pp. 4373–4381, 2009.

[11] S. S. Kunniyur and R. Srikant, “An Adaptive Virtual Queue
(AVQ) algorithm for Active Queue Management,” IEEE/ACM
Transactions on Networking, vol. 12, no. 2, pp. 286–299, 2004.

[12] E. Bonabeau, M. Dorigo, and G. Theraulaz, Swarm Intelligence,
From Natural to Artificial Systems, Oxford, UK, 1999.

[13] C. T. Ee and R. Bajcsy, “Congestion control and fairness for
many-to-one routing in sensor networks,” in Proceedings of the
2nd International Conference on Embedded Networked Sensor
Systems (SenSys ’04), pp. 148–161, November 2004.

[14] A. Moarefianpour and V. J. Majd, “Input-to-state stability
in congestion control problem of computer networks with
nonlinear links,” International Journal of Innovative Computing,
Information and Control, vol. 5, no. 8, pp. 2091–2105, 2009.

[15] H. Karl and A. Willig, Protocols and Architectures for Wireless
Sensor Networks, John Wiley & Sons, 2005.

[16] S. Brahma, M. Chatterjee, K. Kwiat, and P. K. Varshney,
“Traffic management in wireless sensor networks: decoupling
congestion control and fairness,” Computer Communications,
vol. 35, no. 6, pp. 670–681, 2012.

[17] S. Sarkar and L. Tassiulas, “Back pressure based multicast
scheduling for fair bandwidth allocation,” IEEE Transactions on
Neural Networks, vol. 16, no. 5, pp. 1279–1290, 2005.



International Journal of Distributed Sensor Networks 7

[18] Y. Yi and S. Shakkottai, “Hop-by-hop congestion control over
a wireless multi-hop network,” IEEE/ACM Transactions on
Networking, vol. 15, no. 1, pp. 133–144, 2007.

[19] T. E. Daniel, R. M. Newman, E. I. Gaura, and S. N. Mount,
“Complex query processing in wireless sensor networks,” in
Proceedings of the 2nd ACM Workshop on Performance Moni-
toring and Measurement of Heterogeneous Wireless and Wired
Networks (PMHWN ’07), pp. 53–60, Chania, Greece, 2007.

[20] S. Jardosh and P. Ranjan, “A survey: topology control for
wireless sensor networks,” in Proceedings of the International
Conference on Signal Processing Communications and Network-
ing (ICSCN ’08), pp. 422–427, January 2008.

[21] J. N. Al-Karaki andA. E. Kamal, “Routing techniques inwireless
sensor networks: a survey,” IEEEWireless Communications, vol.
11, no. 6, pp. 6–27, 2004.

[22] G. Anastasi, M. Conti, M. Di Francesco, and A. Passarella,
“Energy conservation in wireless sensor networks: a survey,”Ad
Hoc Networks, vol. 7, no. 3, pp. 537–568, 2009.

[23] B. Hull, K. Jamieson, and H. Balakrishnan, “Mitigating con-
gestion in wireless sensor networks,” in Proceedings of the
2nd International Conference on Embedded Networked Sensor
Systems (SenSys ’04), pp. 134–147, November 2004.

[24] S. Rangwala, R. Gummadi, R. Govindan, and K. Psounis,
“Interference-aware fair rate control in wireless sensor net-
works,” in Proceedings of the ACM SIGCOMM Symposium on
Network Architecture and Protocols, 2006.

[25] A. Woo and D. E. Culler, “A transmission control scheme
for media access in sensor networks,” in Proceedings of the
7th Annual International Conference on Mobile Computing and
Networking, pp. 221–235, July 2001.

[26] A. Mahapatra, K. Anand, and D. P. Agrawal, “QoS and energy
aware routing for real-time traffic in wireless sensor networks,”
Computer Communications, vol. 29, no. 4, pp. 437–445, 2006.

[27] Y. Chen, N. Nasser, T. El Salti, and H. Zhang, “A multipath
QoS routing protocol inwireless sensor networks,” International
Journal of Sensor Networks, vol. 7, no. 4, pp. 207–216, 2010.

[28] L. Popa, C. Raiciu, I. Stoica, and D. S. Rosenblum, “Reducing
congestion effects in wireless networks by multipath routing,”
in Proceedings of the 14th IEEE International Conference on
Network Protocols (ICNP ’06), pp. 96–105, November 2006.

[29] R. Kumar, H. Rowaihy, G. Cao, F. Anjum, A. Yener, and T. L.
Porta, “Congestion aware routing in sensor networks,” Tech.
Rep. 0036, Department of Computer Science and Engineering,
Pennsylvania State University, 2006.

[30] S. Li, X. Liao, P. Zhu, and N. Xiao, “Congestion avoidance,
detection and mitigation in wireless sensor networks,” Journal
of Computer Research and Development, vol. 44, no. 8, pp. 1347–
1356, 2007.

[31] Z. Lin, B. Francis, and M. Maggiore, “Necessary and sufficient
graphical conditions for formation control of unicycles,” IEEE
Transactions on Automatic Control, vol. 50, no. 1, pp. 121–127,
2005.

[32] J. Hu and Y. Hong, “Leader-following coordination of multi-
agent systems with coupling time delays,” Physica A, vol. 374,
no. 2, pp. 853–863, 2007.

[33] O. Ying, L. Chuang, R. Fengyuan, Y. Hongkun, H. Xiaomeng,
and L. Ting, “Design and analysis of a backpressure congestion
control algorithm in wireless sensor network,” in Proceedings
of the 18th International Conference on Parallel and Distributed
Computing, Applications and Technologies (PDCAT ’07), pp.
413–420, December 2007.

[34] C. Prawit, “An example of wireless error simulation,” http://
blog.chinaunix.net/u2/76263/showart 1768145.html.



Hindawi Publishing Corporation
International Journal of Distributed Sensor Networks
Volume 2013, Article ID 404568, 10 pages
http://dx.doi.org/10.1155/2013/404568

Research Article
A Type of Localization Method Using Mobile Beacons Based on
Spiral-Like Moving Path for Wireless Sensor Networks

Chao Sha1 and Ru-chuan Wang1,2,3

1 College of Computer, Nanjing University of Posts and Telecommunications, Nanjing, Jiangsu 210003, China
2 Jiangsu High Technology Research Key Laboratory for Wireless Sensor Networks, Nanjing, Jiangsu 210003, China
3 Key Lab of Broadband Wireless Communication and Sensor Network Technology (Nanjing University of Posts and
Telecommunications), Ministry of Education, Nanjing, Jiangsu 210003, China

Correspondence should be addressed to Chao Sha; shac@njupt.edu.cn

Received 7 June 2013; Accepted 25 July 2013

Academic Editor: Hongli Xu

Copyright © 2013 C. Sha and R.-c. Wang. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

A type of energy optimization localization method with mobile beacon is proposed in this paper. Traverse point of the mobile
beacon is marked with the help of the optimum deployment model and the clockwise spiral-like moving path with fixed step size is
also established. According to the moving path and the localization time, energy consumption of the network could be estimated
and we could also give the sleep scheduling strategy for the node to be localized. Simulation results show that this method could
not only promote the accuracy and success rate of localization, but also reduce the energy consumption.

1. Introduction

In Wireless Sensor Networks, sensed data with location
information is valuable [1–3]. Several schemes, broadly clas-
sified into two categories, have been proposed for dealing
with the localization [4, 5]. First, the range-based schemes
need either node-to-node distances or angles for estimating
locations. The information can be obtained using time of
arrival (TOA) [6], time difference of arrival (TDOA) [7],
angle of arrival (AOA) [8], and received signal strength
indicator (RSSI) technologies [1]. As we know, the range-
based schemes typically have higher location accuracy but
require additional hardware to measure distances or angles.
Second, the range-free schemes do not need the distance or
angle information for localization. Although these schemes
cannot accomplish as high accuracy as the range-based
ones, they provide an economic approach.The representative
range-free localization schemes include centroid algorithm
[1], DV HOP algorithm [1], Amorphous localization method
[4], APIT algorithm [5] as well as HOP-TERRAIN method
[5].

However, the accuracy of current algorithms is mostly
environmentally sensitive which leads to low reliability and

low success rate about the location results [7, 9]. Meanwhile,
locating with the help of fixed beacons will cause the follow-
ing problems.

First, the network overhead will be increased since the
unknown nodes should be directly adjacent to the beacons
in order to acquire their location information which leads to
high density of nodes.

Second, the communication overhead in localization is
larger. The unknown nodes are often in listening mode
during the localization process which increase the energy
consumption.

Third, to enhance the accuracy of localization, it is
necessary to deploy more beacons in the network. However,
themore beacon nodes it uses, the greater the overhead layout
of the entire network is.

2. Related Works

Therefore,more andmore algorithms are proposed to acquire
the position information of unknown nodes in wireless
sensor networks with the help of mobile beacon, which
becomes available with the rapid development of various
related research area such as automation and aviation [10–13].
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The mobile beacon could be equipped with powerful com-
putational ability to find a result in a very short time which
is close to real-time and it could move flexibly according to
the motivation it depends on to place human cannot reach.
Therefore, diverse algorithms are designed to drive mobile
beacon to work on field of Wireless Sensor Networks, but as
a primary prerequisite, localization is the first step.

A framework ofmobile beaconbased localizationmethod
is proposed in [11]. Three mobile beacons traverse the field as
a group in the shape of isosceles right triangle which enables
all the unknown nodes inside the triangle to be localized by
receiving three beacon messages. However, it is difficult for
these mobile beacons to work synchronously.

Tilak et al. [14] study the time interval for broadcasting
of the mobile beacon and propose an adaptive and predictive
protocols that control the frequency of localization based on
sensor mobility behavior.

Bergamo and Mazzini [15] propose a scheme to perform
localization, based on the estimation of the power received by
only two beacons placed in known positions. By starting from
the received powers, eventually averaged on a given window
to counteract interference and fading, the distance between
the sensor and the beacons is derived. However, the accuracy
of this method is not high.

A type of node localization based on mean shift and joint
particle filter is proposed in [16] which improves the accuracy
of particle state estimation and reduces the necessary number
of samples by using the current observations in sampling
procedure to obtain a sample distribution. In addition, Juan
et al. propose another mobile beacon localization algorithm
based on the Gaussian Markov model [17]. This algorithm
combines weighted centroid method and Extended Kalman
Filter to ensure that sufficient localization information could
be obtained for each unknown node. Nevertheless, the
modeling methods of the two aforementioned algorithms are
too complicated.

A rectangular trajectory based moving model for the
mobile beacon is described in [18]. Although it reduces the
energy consumption in communication, the computing cost
of localization is higher because the step size of the beacon is
not fixed.

As for the moving path, Li et al. propose a method to cal-
culate the coordinates of the sending positions in rectangular
ROI (region of interest) [19]. This method is also advanced
based on virtual force to arrange the positions in arbitrary
ROI. When mobile beacon moves according to the optimal
path and emits RF signals at every position, the sensors in
ROI could work out their position with multilateration. Yet,
Li did not consider the energy consumption of the mobile
node.

On the basis of the above research, a type of localization
method using mobile beacon based on spiral-like moving
path (SHP) for Wireless Sensor Networks is proposed in
this paper to further reduce energy consumption as well as
improve localization precision.

The next section of this paper provides a detailed real-
ization process of SMP method, and the simulation results
are shown in the fourth section. Finally, the conclusion is
provided in the last section.

3. Method Description

3.1. Optimal Density of the Beacons in Static Network. The two
main factors affecting the quality and cost about localization
in wireless sensor networks are the number of the beacons as
well as the distribution about them [20].

The density of the beacons is set to 𝜌(𝐵) and the value of
it should neither too large nor too small.

A larger value of 𝜌(𝐵) could increase the overhead about
computation as well as the cost of energy during the local-
ization process. On the contrary, when 𝜌(𝐵) is too small, the
successful rate and the accuracy for the localization algorithm
could be unsatisfactory. For this purpose, we should firstly
find out the optimal density of the beacons deployed in the
network.

As we know, in an omnidirectional wireless sensor
networks, when nodes are uniformly distributed and the
distance between any two adjacent nodes is√3𝑟, the network
could be completely covered [21, 22]. 𝑟 is defined as the
communication range of the node, as shown in Figure 1.

On the basis of the model above, we put forward a type
of triple coverage model as shown in Figure 2. The size of the
network is defined as 𝐿 × 𝐿. Thus, most of the nodes in the
network could communicate with at least three noncollinear
beacon nodes in this case, which ensures the success rate of
localization. 𝑁(𝐵) is defined as the number of the beacon
nodes deployed in the static network and its value could be
calculated by formula (1). 𝑘 is an arbitrary positive integer
constant:

𝑁 (𝐵) =

{{{{{{{{{{{{

{{{{{{{{{{{{

{

⌊
𝐿

𝑟
⌋ × (⌊

𝐿

𝑟
⌋ + 1) + ⌊

𝐿

4𝑟
⌋ × 2 + 1

(⌊
𝐿

𝑟
⌋ = 2𝑘) ,

⌊
𝐿

𝑟
⌋ × (⌊

𝐿

𝑟
⌋ + 2) + ⌊

𝐿

4𝑟
⌋ × 2 + 2

(⌊
𝐿

𝑟
⌋ = 2𝑘 + 1) .

(1)

Thus, the optimumdensity of the beacons deployed in the
network could be calculated by formula (2) and the network
size is defined as 𝑆:

𝜌 (𝐵) =
𝑁 (𝐵)

𝑆
=

𝑁 (𝐵)

𝐿2
. (2)

3.2. Moving Track of the Beacon. In order to show themoving
track of themobile beaconnode in detail, we expand the triple
coverage model to a more general case as shown in Figure 3.

The gray rectangular area in Figure 3 is assumed as the
sensing region whose length and width are defined as 𝐿 and
𝑀, respectively, and 𝐿 is no small than 𝑀 in this case. Then,
if the beacon nodes are deployed at all these gray points,
unknown nodes at any position in the network will acquire
their location in theory.
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Figure 1: Full coverage model.

Therefore, the minimum and maximum number of bea-
con nodes, 𝑁min and 𝑁max, deployed in each line could be
calculated as follows:

𝑁min = ⌈
𝐿

𝑟
⌉ + 1,

𝑁max = ⌈
𝐿

𝑟
⌉ + 2.

(3)

The number of rows about the beacon nodes needs to be
deployed in the network is defined as 𝐻:

𝐻 = 2 ⌈
𝑀

√3𝑟
⌉ + 1. (4)

Thus, we could get the total number of the beacon nodes,
Num, with the help of

Num = (⌈
𝐿

𝑟
⌉ + 1) × (⌈

𝑀

√3𝑟
⌉ + 1) + ([

𝐿

𝑟
] + 2)

× (⌈
𝑀

√3𝑟
⌉) .

(5)

As a result, if one beacon could move to these gray points
one by one, each of unknown nodes anywhere could also
calculate out their coordinates.

One of the feasible tracks for the beacon is moving from
the first gray point in the upper left corner of the network
to the center clockwise along the spiral-like path as shown in
Figure 3. It is easy to know that the length of eachmoving step
is 𝑟.

3.3. Network Coordinate System. In order to ensure that each
of the unknown nodes could acquire the specific running
track of the mobile beacon, a type of cartesian coordinates
is established as Figure 4 shows and the origin of which is the
network center.

L

L
r

Figure 2: Triple Coverage Model.

Starting point Terminal point

L

M

r

Figure 3: Clockwise spiral-like moving path.

In this paper, the gray points in Figure 3 is called as Broad-
ing Points (BPs) because when moving to these points, the
beacon node should broadcast their current coordinates to
the unknown nodes nearby. Thus, according to the different
constraint relationships between 𝐿, 𝑀, and 𝑟, there exist four
different cases as follows.

Case 1. The values of ⌈𝐿/𝑟⌉ and ⌈𝑀/√3𝑟⌉ are all odd
numbers. In this case, there must be a BP at the network
center whose coordinate is (0,0), as shown in Figure 4. It is
easy to prove that the coordinates of the gray BPs could be
calculated by formula (6) and (7) and the white BPs could
acquire their position by formulas (8) and (9). The values of
𝑖,𝑗, 𝑘, and 𝑙 are all integers:

(𝑥, 𝑦) = (𝑖 × 𝑟, 𝑗 × √3𝑟) (6)
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Figure 4: The values of ⌈𝐿/𝑟⌉ and ⌈𝑀/√3𝑟⌉ are all odd numbers.
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Figure 5: ⌈𝐿/𝑟⌉ is an even number and ⌈𝑀/√3𝑟⌉ is an odd number.
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or

(𝑥, 𝑦) = ((𝑘 +
1

2
) × 𝑟, (√3𝑙 +

√3

2
) × 𝑟) (8)

as well as
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2
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(9)

Case 2. ⌈𝐿/𝑟⌉ is an even number while ⌈𝑀/√3𝑟⌉ is an odd
one.There is no BP at the network center in this case as shown
in Figure 5. Similar to Case 1, the coordinates of the grey BPs
in Figure 5 could be calculated by formulas (10) and (11) and

M

y

x

L

Figure 6: ⌈𝐿/𝑟⌉ is an odd number and ⌈𝑀/√3𝑟⌉ is an even number.

the white BPs could acquire their position by formulas by (12)
and (13) as follows:

(𝑥, 𝑦) = ((𝑖 +
1

2
) × 𝑟, 𝑗 × √3𝑟) (10)

while

𝑖 ∈ [− (
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2
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2
] ,

𝑗 ∈ [− (⌊
𝑀
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𝑀
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(11)

or

(𝑥, 𝑦) = (𝑘 × 𝑟, (√3𝑙 +
√3

2
) × 𝑟) (12)

while
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2
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⌈𝐿/𝑟⌉

2
)] ,
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2
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2
)] .

(13)

Case 3. ⌈𝐿/𝑟⌉ is an odd number while ⌈𝑀/√3𝑟⌉ is an even
one. There is also no BP at the network center as shown in
Figure 6 and the coordinates of the grey and white BPs could
then be calculated by, respectively,

(𝑥, 𝑦) = ((𝑖 +
1

2
) × 𝑟, 𝑗 × √3𝑟) (14)

as well as

𝑖 ∈ [− (
⌈𝐿/𝑟⌉ + 1

2
) ,

⌈𝐿/𝑟⌉ − 1

2
] ,

𝑗 ∈ [− (⌊
𝑀

(2√3𝑟)
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𝑀
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(15)
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Figure 7: The values of ⌈𝐿/𝑟⌉ and ⌈𝑀/√3𝑟⌉ are all even numbers.
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Case 4. The values of ⌈𝐿/𝑟⌉ and ⌈𝑀/√3𝑟⌉ are all even
numbers. Similar to Case 1, there must be a BP at the network
center in this case (Figure 7). So the grey BPs could be
calculated by formulas (18) and (19) and the white BPs could
acquire their position by formulas (20) and (21):

(𝑥, 𝑦) = (𝑖 × 𝑟, 𝑗 × √3𝑟) (18)
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Figure 8: Localization process for unknown nodes.

3.4. Node Localization Based on Mobile Beacon

3.4.1. Moving and Broadcasting Strategy. The behavior of the
beacon for localization could be described as follows.

Step 1. The beacon moves from the left corner to the network
center clockwise along with the spiral-like path. Its step size
and moving speed are 𝑟 and V, respectively.

Step 2. The beacon stays at each BP for a period of time,
defined as 𝑡. During this period, it broadcasts its coordinate
continuously. The unknown nodes in the beacon’s commu-
nicate range could receive the data packet when they are in
listening mode.

Step 3. The localization algorithm terminates when the bea-
con moves to the end of the spiral-like path.

3.4.2. Localization Process and Sleeping Scheduling Strategy
for Unknown Nodes. According to the track of the mobile
beacon, it is easy to see that when one of the unknown nodes
received the coordinate information about themobile beacon
for the first time, the following situations may occur.

Case 1. This unknown node could no longer receive any
information from the beacon when it moves to the next BP
and broadcasts its coordinate at that point. For example, the
unknown node 𝑛

1
in Figure 8 could not communicate with

the beacon when it moves from 𝑆
1
to 𝑆
2
. Furthermore, the

next time 𝑛
2
receives the coordinate information again is the

moment when the beacon just arrives at 𝑆
4
.

Case 2. The unknown node is still in the beacon’s broadcast-
ing range when it moves to the next BP. As shown in Figure 8,
𝑛
2
could receive the broadcasting information no matter the

beacon is at 𝑆
1
or 𝑆
2
. However, in this case, it could not receive

the beacon’s coordinate again when the beacon moves to 𝑆
3
.

Case 3. After receiving the coordinate information for the
first time, the unknown node could continuously communi-
cate with the mobile beacon when the beacon moves to the
next two BPs. As shown in Figure 8, 𝑛

3
could successively
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receive the coordinate information of the beacon which stays
in 𝑆
5
, 𝑆
6
, and 𝑆

7
.

In addition, it is easy to know that, after communicating
with the beacon for the first time, any one of the unknown
nodes would at least receive the beacon’s real-time coordinate
information again when it rotates a circle according to the
spiral-like moving path. The length of the time interval
between these two information exchanges depends on the
moving speed and step size of the beacon. Hence, the sleep
scheduling algorithm for localization is described as follows.

Step 1. Theunknown nodes in the network are all in listening
mode at the beginning of the localization.

Step 2. When any one of the unknown nodes, named as
𝑛
𝑖
for simplicity, receives the data packets broadcasted by

the mobile beacon for the first time, it will further analyse the
beacon’s coordinate info, (𝑋

𝑚
(𝑗), 𝑌
𝑚

(𝑗)), as follows.
If |𝑌
𝑚

(𝑗)/𝑋
𝑚

(𝑗)| ≥ |𝑀/𝐿|, we define an auxiliary
parameter Δ𝑃, as follows:

Δ𝑃 = 2 × ⌈
𝑀

(√3𝑟)
⌉ −

(2 ×
𝑌𝑚 (𝑗)

)

(√3𝑟/2)
. (22)

Furthermore, PTIE is defined as a consecutive period
of time for information exchange between the beacon and
𝑛
𝑖
. Therefore, the length of PTIE is from the time when

𝑛
𝑖
just acquires the real-time coordinate of the beacon to

the time when the beacon leaves form the last BP in 𝑛
𝑖
’s

communication range. Then the length of time interval
between two PTIEs could be approximatively calculated by

Δ𝑇 (𝑆
𝑖
) = (

𝑟

V
+ 𝑡) × {2 × [𝑓 (2 ⌈

𝑀

(√3𝑟)
⌉ − Δ𝑃 − 1)

+𝑓 (⌈
𝐿

𝑟
⌉ − Δ𝑃 − 1)] − 2} .

(23)

In which, the value of 𝑓(𝑥) could be defined as follows:

𝑓 (𝑥) = {
𝑥 if 𝑥 ≥ 0,

0 if 𝑥 < 0.
(24)

If |𝑌
𝑚

(𝑗)/𝑋
𝑚

(𝑗)| < |𝑀/𝐿|, the length of time interval between
two PTIEs, Δ𝑇(𝑆

𝑖
), could then be expressed as formula (26)

in which the value of Δ𝑄 could be calculated by

Δ𝑄 = ⌈
𝐿

𝑟
⌉ − 2 × (

𝑋𝑚 (𝑗)


𝑟
) (25)

Δ𝑇 (𝑆
𝑖
) = (

𝑟

V
+ 𝑡) × {2 [𝑓 × (2 ⌈

𝑀

(√3𝑟)
⌉ − Δ𝑄 − 1)

+𝑓 (2 (

𝑋𝑚 (𝑗)


𝑟
) − 1)] − 2} .

(26)

Step 3. In our model, it is easy to know that the unknown
nodes could not receive sufficient coordinate information
of the beacon for localization in one PTIE. As shown in
Figure 8, the unknown node 𝑛

2
could only acquire two

different coordinates when the beacon moves to 𝑆
1
and 𝑆

2

in the first PTIE. Therefore, to accomplish localization, any
one of the unknown nodes needs to communicate with the
beacon in two PTIEs. Consequently, if they could stay in
sleeping mode during Δ𝑇(𝑆

𝑖
), the time interval between the

two PTIEs, the energy consumption in localization might be
reduced.

However, the energy consumption during node’s mode
switching could not be ignored. Thus, the following formula
is proposed:

Δ𝑇 (𝑆
𝑖
) × 𝑃sleep + 2 × 𝐸switch < Δ𝑇 (𝑆

𝑖
) × 𝑃listen. (27)

It would save energy when the unknown node be is the sleep-
ing mode during Δ𝑇(𝑆

𝑖
) if and only if formula (27) holds up.

𝑃sleep and 𝑃listen are defined as the power consumption of the
unknown node in sleeping and listening mode, respectively,
and 𝐸switch is the energy consumption in mode switching.
Thus, the energy consumption reduced for an unknown node
in its localization process could be calculated by

Δ𝐸 = Δ𝑇 (𝑆
𝑖
) × (𝑃listen − 𝑃sleep) + 2 × 𝐸switch. (28)

Step 4. After acquiring three or more coordinates in two
PTIEs, the unknown node could calculate out its location
with the help of the LQI based localization method men-
tioned in Section 3.4.3.

3.4.3. Localization Based on theValue of LQI. Aswe know, the
free-space model, two-ray ground reflection model, and the
shadowing model are the typical signal propagation models
in Wireless Sensor Networks. Without losing of generality,
we use the free-space propagation model [23] to calculate the
distance between the beacon and unknown node in

𝐿 (dB) = 𝑃𝐿 (𝑑
0
) + 10 × 𝜂 × lg[

𝑑 (𝑆
𝑖
, 𝑆
𝑗
)

𝑑
0

] + 𝑋
𝜎
,

RSSI (𝑆
𝑖
, 𝑆
𝑗
) = 𝑃
𝑇

− 𝐿 (dB) .

(29)

𝑆
𝑖
and 𝑆

𝑗
are the sender and receiver, respectively, and

the distance between them is 𝑑(𝑆
𝑖
, 𝑆
𝑗
). RSSI (𝑆

𝑖
, 𝑆
𝑗
) is the

signal strength received by 𝑆
𝑗
and 𝜂 denotes the path loss

factor whose default value is 4. 𝑃
𝑇
and 𝑃𝐿 (𝑑

0
) are regarded

as the transmission power and the reference received power,
respectively, and the values of them are −5 dBm and 55 dB
[24]. 𝑋

𝜎
is defined as a random variable and its mean and

variance are 0 and 5.
Therefore,

RSSI (𝑆
𝑖
, 𝑆
𝑗
) = 𝑃
𝑇

− 𝑃𝐿 (𝑑
0
) − 10 × 𝜂 × lg(

𝑑

𝑑
0

) + 𝑋
𝜎
.

(30)

In most range-based localization algorithm, the distance
between the sender and receiver could be calculated with
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Table 1: Values of parameters.

Parameter Symbol Value Unit
Network size 𝐿 × 𝑀 200 × 100 M2

Communication radius of node 𝑟 20 M
Number of beacons in static
localization method 𝑁(𝐵) 80

Length of time for the mobile
beacon staying at each BP 𝑡 10 S

the help of the Received Signal Strength Indication (RSSI).
However, the value of RSSI could not be directly obtained
from the data packet and we use the link quality indicator
(LQI for short) [25] for distance computation. The value of
LQI varies from 0 to 255 with high accuracy and it could
be obtained from the MAC layer directly. The relationship
between RSSI and LQI is shown in formula (31) [26] and the
values of 𝛼 and 𝛽 are affected by the environment. Thus, the
unknown node would finish its localization with the help of
a series of LQIs that it acquires

LQI (𝑆
𝑖
, 𝑆
𝑗
) = 𝛼 + 𝛽 × RSSI (𝑆

𝑖
, 𝑆
𝑗
) . (31)

4. Simulation Results

To testify the effect of localizationwith themobile beacon, the
simulation is operated under Omnet++3.2 andMatlab7.0.We
compare our SMP method to the static localization method
by RSSI and maximum likelihood estimation as well as the
DV-HOP method. Moreover, we also simulate the localiza-
tion process about the virtual force based method with the
help of a TSP based beaconmovingmodel mentioned in [19].

4.1. Localization Error. Mean values of error about these
four types of localization methods are shown in Figure 9
and values of the parameters during this experiment are
set in Table 1. It can be seen from the figure that the SMP
localization method has the best performance. The mean
value of error about it is smaller than 12% and is relatively
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Figure 10: Standard deviation about localization.

steady. This is because the mobile beacon moves along the
spiral-like path expanded by the triple coverage model which
ensures that all of the unknown nodes could acquire three or
four beacon nodes’ location-specific information nearby and
could calculate out their coordinates accurately. Moreover,
during the localization process, themobile beacon broadcasts
its coordinate if and only if it arrives at one of the BPs and
the unknown nodes only need to be in listening state which
avoids the interference of signals.While In TSP basedmoving
model, beacon affected by the virtual repulsive force could
hardly move to the network boundary which reduces the
accuracy of localization [19].

The standard deviation of these localization algorithms is
shown in Figure 10. In SMP method, most of the unknown
nodes in the network could receive relatively accurate value
of each LQI because the beacon could move along the spiral-
like path and broadcast its coordinate at each BP. Therefore,
the localization error of each unknown node is close to each
other. Moreover, it is easy to know that the accuracy of
localization in SMP has nothing to do with the number of
the unknown nodes as well as their distribution, which keeps
the standard deviation stable. However, in TSP basedmoving
mode, the localization error of the unknown nodes near the
boundary of the network is largerwhich increase the standard
deviation.

4.2. Success Rate about Localization. Figures 11 and 12 show
the success rate about localization of the four methods under
different network sizes. The success rate is defined as the
ratio about the number of nodes whose localization error is
smaller than the threshold (set as 30%) and the total number
of the unknown nodes in the network. As we see, the SMP
localization method also has the best performance regardless
of the network size as well as the number of the unknown
nodes.This is because the BPs are uniformly distributed in the
network in our model, so each of the unknown nodes could
receive sufficient coordinates to enhance the success rate.

In particular, when the parameter 𝑡 is larger, the beacon
will stay at each BP for a long time which ensures that the
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unknown nodes nearby could receive the accurate coordinate
information of the beacon that will further increase the
success rate about localization.

4.3. Percentage of Nodes in Sleeping Mode. Table 2 shows the
percentage of unknown nodes in sleeping mode during the
time interval between the two PTIEs. In this experiment,
V = 10m/s, 𝑡 = 5 s, and 𝑟 = 20m. It is easy to see that this
percentage is stable and high when the network size is fixed.
Whether or not the unknownnode could be in sleepingmode
is related to the value ofΔ𝑇(𝑆

𝑖
), which is subjected to the value

of 𝐿,𝑀, V, 𝑡, and 𝑟, according to formulas (27) and (28).While
in our model, the above parameters are all fixed, so the values
of the percentage of unknown nodes in sleeping mode keep
stable.

On the other hand, with the expansion of the network, the
value ofΔ𝑇(𝑆

𝑖
)will increase. And because𝑃sleep is far less than

Table 2: Percentage of unknown nodes in sleeping mode.

Network size 𝐿 × 𝑀 = 200 × 100, Unit: M
𝑁
𝑙

50 100 150 200 250 300
𝑁
𝑠

37 72 111 159 189 239
𝐾 74% 72% 74% 79.5% 75.6% 79.7%

Network size 𝐿 × 𝑀 = 300 × 200, Unit: M
𝑁
𝑙

50 100 150 200 250 300
𝑁
𝑠

41 81 133 169 220 258
𝐾 82% 81% 88.7% 84.5% 88% 86%
(𝑁𝑙: number of the unknown nodes; 𝑁𝑠: number of the sleeping nodes; 𝐾:
percentage).
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Figure 13: Energy consumption in localization (network size is
200M × 100M).

𝑃listen, there must be more nodes in sleeping mode. Thus, the
percentage of unknown nodes in sleeping mode will increase
when the network size is larger.

4.4. Energy Consumption in Localization. Figures 13 and 14
show the energy consumption of the network during the
localization process. For the sake of simplicity, we ignore
the mobile beacon’s energy consumption in SMP method.
As we see, in SMP, most of the unknown nodes could go
into sleeping mode most of the time during the localization
process and the unknown nodes do not need to send any
message to the beacon which greatly reduces the energy
consumption in localization.

Although the triple coverage model is also used in the
TSP based beacon moving model, this localization method
could only apply to the network with a circular shape and
the redundancy of coverage is also high. Furthermore, the
number of BPs of this algorithm is more than the SMP
method which leads to high energy consumption.

From Figures 13 and 14, it is also known that the average
energy consumption in SMP is unrelated to the number of the
unknown nodes, because the distributed computing method
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is used in SMP and nodes do not need to communicate with
its neighbors during the localization process.

5. Conclusion

A type of energy efficient localization method based on
mobile beacon is proposed in this paper. Each of the
unknownnodes could not only acquire sufficient information
of the beacon, but also go into sleeping mode to save energy.
Simulation results show that the SMP method increases the
accuracy of localization for Wireless Sensor Networks and
reduces energy consumption of the unknown nodes.
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Wireless sensor nodes are usually powered by batteries and deployed in unmanned outdoors or dangerous regions. So, constrained
energy is a prominent feature for wireless sensor networks. Since the radio transceiver typically consumes more energies than any
other hardware component on a sensor node, it is of great importance to design energy optimized routing algorithm to prolong
network lifetime. In this work, based on analysis of energy consumption for data transceiver, single-hop forwarding scheme is
proved to consume less energy thanmultihop forwarding schemewithin the communication range of the source sensor or a current
forwarder, using free space energy consumptionmodel.We adopt the social welfare function to predict inequality of residual energy
of neighbors after selecting different next hop nodes. Based on energy inequality, the method is designed to compute the degree of
energy balance. Parameters such as degree of closeness of node to the shortest path, degree of closeness of node to Sink, and degree
of energy balance are put into fuzzy logic system. Fuzzy-logic-based energy optimized routing algorithm is proposed to achieve
multiparameter, fuzzy routing decision. Simulation results show that the algorithm effectively extends the network lifetime and has
achieved energy efficiency and energy balance together, compared with similar algorithms.

1. Introduction

Wireless sensor networks (WSNs) have emerged as an
attractive technology for their wide range of applications in
civil and military areas. In contrast to traditional wireless
networks, wireless sensor nodes are usually powered by
batteries and deployed in unmanned outdoors or dangerous
regions [1, 2]. So, energy-constraint is a prominent feature for
wireless sensor networks. Since the radio transceiver typically
consumesmore energy than any other hardware components
onboard a sensor node, designing energy optimized routing
algorithm is of great importance to prolong network lifetime
[3].

Due to limited power on each sensor node, the routing
algorithm should seek for energy efficiency and find less
energy-consuming paths to transmit data. Intuitively, the
network lifetime should be extended. However, most energy-
efficient routing algorithms tend to route data via sensors
on energy-efficient paths and thereby drain their energy

quickly. For the ultimate goal of wireless sensor networks is
to maximize network lifetime, significant efforts have been
done to improve energy-efficient routing for the perspective
of energy balance. In [4], single-hop or multihop forwarding
scheme is selected to transmit data to Sink, according to
the ability of sensor nodes. The direct transmission mode
can save energy of the nodes closer to the Sink since their
relaying burden can be relieved in this mode. EBDG [5] takes
full advantage of corona-based network partition, mixed
routing, and data aggregation to balance energy consump-
tion. In [6], multipath mechanism is used to achieve energy
balance. In [7], a proactive multipath routing algorithm is
provided to achieve spatial energy balance, but it is actually
a load balancing mechanism because of the assumption
that “energy burden” and “traffic load” can be assimilated.
However, it is not an optimal solution because spreading
traffic unaware of residual energy distribution is somewhat
blindfold. To balance the energy consumption in WSNs,
residual energy scheming based energy equilibrium routing



2 International Journal of Distributed Sensor Networks

protocol (RESEE) is proposed in [8]. In RESEE, a fuzzy
gradient classification based next hop strategy has been
designed to balance the energy consumption as a whole. In
[9], using the variance of residual energy of sensors to mea-
sure the energy balance, predicting based distributed energy-
balancing routing algorithm has been proposed. In [10],
maximizing network lifetime by energy-aware routing has
been formulated as integer programming problem, achieved
energy efficiency as well as energy balance. But this algorithm
has the central control architecture, and Sink needs to collect
information of nodes and broadcast data transmissionmatrix
to determine routes periodically, leading to heavy overhead of
communication.

To prolong the lifetime of wireless sensor networks, the
routing algorithm must be designed to achieve both energy
efficiency and energy balance together. It should not only
reduce the energy consumption for data transmission to
extent the lifetime of a single node but also balance the
energy consumption for the whole network. However, it is
hard to optimize energy efficiency and energy balance simul-
taneously, which is difficult to be accurately described by
mathematicalmodel. How to realize the optimal combination
of energy efficiency and energy balance is the key issue
to extend the network lifetime. Fuzzy logic, on the other
hand, has potential for dealing with conflicting situations
and imprecision in data using heuristic human reasoning
without needing complex mathematical model [11]. It is very
well suited for implementing routing and clustering heuristics
and optimizations, like link or cluster head (CH) quality
classification [12, 13]. Judicious cluster head election can
reduce the energy consumption and extend the network life-
time. A fuzzy logic approach based on energy, concentration,
and centrality is proposed for cluster head election in [14].
This mechanism has some demerits that are caused by the
centralized election mechanism. The Sink has to collect the
energy and distance information from all sensor nodes. In
[15], based on the improvement of the mechanism in [14],
CHEF algorithm is proposed,which is a localized cluster head
election mechanism using fuzzy logic. In [16], an energy-
aware distributed dynamic clustering protocol (ECPF) is
proposed, in which fuzzy logic is employed to assess the
fitness (cost) of a node to become a CH. Both node degree
and node centrality are taken into account to compute fuzzy
cost. Simulation results show that ECPF provides superior
network lifetime and energy savings than CHEF. In [17], a
fuzzy-logic-based clustering approach with an extension to
the energy predication has been proposed to prolong the
lifetime of WSNs. In addition to the residual energy, the
expected residual energy has been introduced to act as a fuzzy
descriptor during the online CH selection process.

Although there are some researches using fuzzy logic
to optimize cluster head election, but in the field of using
fuzzy logic approach for flat routing has not been studied
enough. In [11], the gateway is responsible for setting up
of routes for sensor nodes and for the maintenance of
centralized routing table that indicates the next hop for each
sensor node. Gateway uses fuzzy logic to determine the
cost of link between any two sensor nodes by input fuzzy
variables, such as transmission energy, remaining energy,

and queue size. Once the costs of all possible links to the
gateway are computed, the route will be determined using
the shortest path algorithm. But this approach is centralized,
which is not suitable for the widely distributed WSNs. In
[18], angle of placement and number of packets forwarded
to the neighboring node are used as fuzzy system input
parameters, and the node with greater chance is selected as
next hop. In this method, the number of packets forwarded
to neighboring nodes takes the place of the residual energy of
nodes. But there are many packets sent from other nodes, so
this replacement is not accurate.

The rest of this paper is organized as follows. Section 2
introduces the system model and defines data generation
patterns. In Section 3, three energy optimized parameters are
defined. A detailed description of fuzzy-logic-based energy
optimized routing is given in Section 4.The simulationmodel
and the comparative performance evaluation of the proposed
routing algorithm are presented in Section 5. Section 6 con-
cludes this paper.

2. System Model and Problem Specification

There are 𝑛 homogenous sensor nodes randomly and uni-
formly distributed over a target area, and a Sink node collects
events or sensed data from the sensors in each round. The
primary design objective of the routing algorithm is to
maximize the network lifetime. We clarify the problem by
detailing energy consumption model and data generation
patterns.

2.1. Energy Consumption Model. The energy consumption
of each sensor node consists of three components: sensing
energy, communication energy, and data processing energy.
Sensing and data processing require much less energy than
communication, so we consider only communication energy
consumption. We use the same energy consumption model
as Heinzelman used it for wireless communication hardware
[19]. If the node transmits an 𝑙-bit packet over distance 𝑑, the
consumed energy is

𝐸Tx (𝑙, 𝑑) = 𝑙𝐸elec + 𝑙𝜀amp𝑑
𝛼
, (1)

where 𝐸elec denotes the energy/bit consumed by the trans-
mitter electronics. 𝜀amp denotes the energy dissipated in
the transmission amplifier and 𝛼 represents the path loss
exponent. The value of 𝛼 is 2 for free space channel model
and 4 for multipath fading channel model.

When receiving an 𝑙-bit packet, the energy consumption
is

𝐸Rx (𝑙) = 𝑙𝐸elec. (2)

2.2. DataGeneration Patterns. Manyprevious studies assume
that each sensor has to send data to Sink in each round. That
is, all sensors have a uniform data generation rate. However,
in many applications, this assumption becomes unrealistic.
In the case of forest fire detection, events can occur rarely and
randomly over the target area.Therefore, the consideration of
diverse potential data generation patterns is more reasonable.
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For our work, three data generation patterns are considered
as follows.

(i) Uniform data generation: every sensor transmits a
data packet to the Sink in each round.

(ii) Random data generation: every sensor reports a data
packet to the Sink with probability 𝑝 in each round.

(iii) Data generation from a local area: only sensors in a
local area have data to be transmitted to the Sink in
each round. The shape of the area can be a circle, a
square, or any other.

3. Energy Optimized Parameters

3.1. Degree of Closeness of Node to the Shortest Path. Accord-
ing to the energy consumption model of sensor nodes, the
energy consumption for data transmission is proportional
to the square of the distance between the source node and
the destination for the free space model. If all relay nodes
are on the line from data source node to the Sink, the
whole energy consumption for data transmission would be
minimized. So, the degree of closeness of node to the shortest
path (DCSP) should be used as one of energy optimized
parameters. Consider

DCSP (𝑘) = 𝑑 (𝑖, Sink)
𝑑 (𝑖, 𝑘) + 𝑑 (𝑘, Sink)

, (3)

where 𝑖 denotes source node and 𝑘 denotes its forwarding
node, whose distance to Sink is less than 𝑖. Note that DCSP(𝑘)
attains its maximum (DCSP(𝑘) = 1) when 𝑘 lies on the line
from 𝑖 to Sink. The intuition behind the concept of DCSP is
to make the data forwarding path not to deviate much from
the shortest path between the current sender (i.e., the source
of the data or any current forwarder) and the Sink.

3.2. Degree of Closeness of Node to Sink. In the process of
data transmission, two data forwarding schemes: single-hop
or multihop can be used within the communication range
of the current sender. A forwarding scheme is said to be
single-hop if each sensor in a data forwarding path can use
at most one of its one-hop neighbors to forward a data packet
toward its ultimate destination. A forwarding scheme is said
to bemultihop if the same data is forwarded throughmultiple
neighbors of each sensor until the data reaches its destination.
As can be seen from Figure 1, sensor 𝑖 can send data to sensor
𝑗 directly (single-hop) or through a relay node 𝑘 (multihop).
These two forwarding schemes consume different amounts of
energy, which will be analyzed as follows.

Let us compute the energy consumption for sending
data from sensor 𝑖 to 𝑗 using the previously mentioned two
forwarding schemes for the free space model. Let

𝐸single-hop = 2𝑙𝐸elec + 𝑙𝜀amp𝑑
2
(𝑖, 𝑗) ,

𝐸multihop = 4𝑙𝐸elec + 𝑙𝜀amp (𝑑
2
(𝑖, 𝑘) + 𝑑

2
(𝑘, 𝑗))

(4)

be the energy consumption required to forward data from
sensor 𝑖 to 𝑗 through single-hop and multihop forwarding
schemes, respectively.

Sink
R

i jk

Sensor node

Figure 1: Data transmission in one-hop region.

Assume that sensor 𝑘 lies on the line segment (𝑖, 𝑗); that is,
𝑑(𝑖, 𝑗) = 𝑑(𝑖, 𝑘) + 𝑑(𝑘, 𝑗). If multihop short-range forwarding
scheme is more energy efficient than single-hop, it implies
𝐸single-hop > 𝐸multihop. From (4), we can drive

𝑑 (𝑖, 𝑘) × 𝑑 (𝑘, 𝑗) >
𝐸elec
𝜀amp

. (5)

If sensor 𝑘 is not on the line segment (𝑖, 𝑗), we can drive

𝑑
2
(𝑖, 𝑗) − 𝑑

2
(𝑖, 𝑘) − 𝑑

2
(𝑘, 𝑗) >

2𝐸elec
𝜀amp

. (6)

In this paper, we use the same parameter values for wireless
communication hardware as Heinzelman used them in [19].
The numerical values of some parameters are as follows: 𝑅 =

30m, 𝐸elec = 50 nJ/bit, and 𝜀amp = 10 pJ/bit/m2. It is easy
to check that (5) and (6) are not established. So, single-hop
forwarding scheme is more energy efficient within the one-
hop communication range of the source sensor or a current
forwarder. In order to save energy, the neighbor node which
is more close to Sink should be selected as next hop. The
definition of degree of closeness of node to Sink (DCS) is

DCS (𝑘) = 1/𝑑 (𝑘, Sink)
∑
𝑗∈FN(𝑖) 1/𝑑 (𝑗, Sink)

, (7)

where 𝑑(𝑘, Sink) represents distance from node 𝑘 to Sink and
FN(𝑖) denotes the forwarding neighbor set of source node 𝑖.

3.3. Degree of Energy Balance. The existing energy-balancing
routing algorithms are generally based on the residual energy
of sensors to transform the selection of next hop, which
is a kind of passive method of routing decision. When the
data forwarding path is updated, the inequality of residual
energy of sensors has already emerged. In our study, we adopt
initiative routing adjustment strategy to predict the inequality
of residual energy when selecting different forwarding neigh-
bors as next hop and selecting the one with the highest degree
of energy balance as next hop. In social sciences, there have
been considerable efforts to define the so-called social welfare
function to compare income welfare between space and time.
In general, social welfare is a function of average and equality
of an income population. In this paper, the energy unbalance
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(EUB) of s set of sensors is computed using Atkinson welfare
function according to [20]

EUB = 1 − [
1

𝑛
∑
𝑖∈𝐴

(
𝐸(𝑖)

𝐸
)

1−𝜀

]

1/(1−𝜀)

(8)

EUB denotes energy unbalance of sensors in one-hop com-
munication region 𝐴 and 𝑛 is the number of sensors in this
region. 𝐸(𝑖) denotes the residual energy of sensor 𝑖 and 𝐸

the average residual energy. 𝜀 denotes the inequality aversion
index, which takes values ranging from zero to infinity. The
values of 𝜀 that are typically used include 1.5, 2.0, and 2.5.

To evaluate the alternative next hop, the sensor 𝑖 calculates
expected EUB of its local society consisting of its forwarding
neighbors and itself according to the estimated residual
energy of these sensors. After computing EUB for each
alternative next hop, the forwarding neighbor is selected if
the node gives the minimum EUB.

On the assumption that forwarding node 𝑘 is selected as
the next hop and the data is transmitted to it, the expected
residual energy of sensor 𝑖 is

𝐸
𝑖𝑘
(𝑖) = 𝐸 (𝑖) − 𝐸Tx (𝑙, 𝑑 (𝑖, 𝑘)) . (9)

The expected residual energy of sensor 𝑘 after receiving and
transmitting the same data (transmission distance approxi-
mates to 𝑅) is

𝐸
𝑖𝑘
(𝑘) = 𝐸 (𝑘) − 𝐸Rx (𝑙) − 𝐸Tx (𝑙, 𝑅) . (10)

There is no change on residual energy of other neighbors not
involved in data transmission, which is shown as

𝐸
𝑖𝑘
(𝑗) = 𝐸 (𝑗) . (11)

Using the expected residual energy from (9), (10), and (11),
sensor 𝑖 can calculate the expected EUB for each decision 𝑘
by (12), which is based on the Atkinson welfare function

EUB𝑖𝑘 = 1 − [

[

1

𝑛
∑
𝑗∈𝑁(𝑖)+{𝑖}

(
𝐸𝑖𝑘 (𝑗)

𝐸𝑖𝑘
)

1−𝜀

]

]

1/(1−𝜀)

, (12)

where

𝐸𝑖𝑘 =
1

𝑛
∑
𝑗∈𝑁(𝑖)+{𝑖}

𝐸
𝑖𝑘
(𝑗) . (13)

After sensor 𝑖 has calculated EUB for each forwarding
neighbor, the degree of energy balance (DEB) for selecting
node 𝑘 as next hop is calculated by

DEB (𝑘) = 1/EUB𝑖𝑘

∑
𝑗∈FN(𝑖) 1/EUB𝑖𝑗

. (14)

4. Fuzzy-Logic-Based Routing

Fuzzy logic is used in this work as main implementation of
perceptive reasoning. A fuzzy system basically consists of

DCSP (3)

DCS (3)

DEB (3)

WSN

(mamdani)

27 rules

Chance (7)

Figure 2: Model of fuzzy system.

three parts: fuzzifier, fuzzy inference engine, and defuzzifier.
The fuzzifier maps each crisp input value to the correspond-
ing fuzzy sets and thus assigns it a truth value or degree
of membership for each fuzzy set. The fuzzified values are
processed by the inference engine, which consists of a rule
base and various methods for inferring the rules. The rule
base is simply a series of IF-THEN rules that relate the input
fuzzy variableswith the output fuzzy variables using linguistic
variables, each of which is described by a fuzzy set. The
defuzzifier performs defuzzification on the fuzzy solution
space. That is, it finds a single crisp output value from the
solution fuzzy space.

The objective of our fuzzy-logic-based routing is to
determine the energy optimized routing based on the param-
eters defined previously, such that the network lifetime is
maximized.The fuzzy rule base has been tuned so as not only
to minimize energy consumption but also to balance data
traffic among sensor nodes effectively.

Figure 2 gives our fuzzy system model. Mamdani algo-
rithm is used to realize fuzzy logic inference. The input fuzzy
variables are degree of closeness of node to the shortest path
(DCSP), degree of closeness of node to Sink (DCS), and
degree of energy balance (DEB).The first two variables reflect
the measure of energy efficiency for selecting one node as
next hop, and the last variable shows the measure of energy
balance for routing decision. The rule base consists of 27 (33)
rules. There is a single output fuzzy variable, namely, chance,
the defuzzified value of which determines the chance for one
forwarding neighbor which has been selected as next hop.

Figure 3 displays details of the input and output fuzzy
variables. The linguistic variables, used to represent DCSP
andDCS, are divided into three levels: far,medium, and close,
respectively, and there are three levels to represent DEB: poor,
medium, and good, respectively. The output fuzzy variable
to represent the node next hop election chance is divided
into seven levels, which are very small, small, rather small,
medium, rather large, large, and very large. The fuzzy rule
base currently includes rules like the following: if DEB is
good, DCSP is close, and DCS is close, the chance of the
node to be selected as next hop is very large. The forwarding
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Figure 3: Fuzzy membership functions of input and output variables.

neighbors of the source sensor or a current forwarder are
compared on the basis of chances, and the node with the
maximum chance is then selected as the next forwarder.
Mathematically, the crisp output domain value chance, from
solution fuzzy region A, is given by

Chance =
∑
27

𝑖=1
𝑊
𝑖
𝜇
𝐴
(𝑊
𝑖
)

∑
27

𝑖=1
𝜇
𝐴
(𝑊
𝑖
)
, (15)

where 𝑊
𝑖
is the domain value corresponding to rule 𝑖 and

𝜇
𝐴
(𝑊
𝑖
) is the predicate truth for that domain value.

5. Results and Discussion

In this section, we evaluate the performance of our pro-
posed fuzzy-logic-based energy optimized routing (FLEOR)
algorithm via MATLAB. We calculate the energy consump-
tion for data transmission and reception. We define the
network lifetime as the time when the residual energy of
the first sensor node becomes zero, which is counted by
round. We compare the performance of FLEOR algorithm
with a predicting based distributed energy-balancing routing

(PDEBR) [9], minimum transmission energy (MTE) routing
[21], greedy perimeter stateless routing (GPSR) [22], and
energy accounted minimum hop routing (EAMHR) [23] on
the network lifetime, energy balance, and energy efficiency.
In our simulations, sensor nodes are randomly and uniformly
deployed over the square monitoring area.The Sink is placed
at the outside of the monitoring area. Other simulation
parameters are given in Table 1.

5.1. Network Lifetime. Figures 4, 5, and 6 give the network
lifetime under different data generation patterns: uniform,
random, and specific local area, respectively, when the num-
ber of sensors increases from 50 to 200. In our simulations,
the data generation rate is set to be 0.25 for the random data
generation pattern, which means that sensors generate data
with probability of 0.25 in each round, while, for pattern of
data generation from a local area, sensors located in a square
area from (0, 0) to (50, 50) send data repeatedly.

As shown in Figure 4, FLEOR algorithm has extended
the network lifetime under uniform data generation pattern,
compared with PDEBR, EAMHR, GPSR, and MTE algo-
rithms. GPSR and MTE algorithms make routing decisions
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Table 1: Simulation parameters.

Parameter Value
Network coverage/m2 100 × 100
Number of sensors 50∼200
Sink coordinates (50, 110)
Initial energy/J 0.5
𝐸elec/(nJ⋅bit

−1) 50
𝜀amp/(pJ⋅bit

−1⋅m−2) 10
Data packet size/B 500
Control packet size/B 12
𝜀 2.5
Maximum transmission range/m 30
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Figure 4: Network lifetime under uniform data generation pattern.

based on the location of neighbors and have no attempt on
energy balance, resulting in short network lifetime.The node
closest to Sink especially in MTE will relay the data of the
whole network, resulting in quick energy consumption and
the shortest network lifetime. EAMHR selects the node with
the most residual energy as next hop from forwarding neigh-
bors, which has achieved combination of energy efficiency
and energy balance to a certain extent and prolonged network
lifetime compared with GPSR and MTE. PDEBR predicts
mean square deviation of residual energy of neighbors and
selects the node with the minimum value as next hop
from front neighbors. It has achieved the distributed local
energy balance and has longer network lifetime compared
with EAMHR, GPSR, and MTE. FLEOR combines energy
efficiency and energy balance together through fuzzy logic.
Compared with PDEBR and EAMHR, FLEOR has extended
network lifetime further, which means that FLEOR can
achieve a better combination of energy efficiency and energy
balance.
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Figure 5: Network lifetime under random data generation pattern.

0

100

200

300

400

500

600

50 100 150 200
Number of nodes

N
et

w
or

k 
lif

et
im

e (
ro

un
d)

GPSR
MTE
EAMHR

PDEBR
FLEOR

Figure 6: Network lifetime under data generation pattern from a
local area.

Figures 5 and 6 show that FLEOR has significant advan-
tages on network lifetime under random data generation
pattern and local area data generation pattern, comparedwith
other algorithms. With these results, we can say that FLEOR
is adaptable to different data generation patterns and is more
suitable for real network design requirements.

5.2. Energy Balance and Energy Efficiency. Figure 7 gives the
average residual energy of nodes under uniform data gener-
ation pattern when the first node becomes incapacitated. In
GPSR and MTE, there is no consideration on energy balance
for routing decision. So, there are many nodes with more
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Figure 7: Average residual energy of sensor nodes.

residual energy when the first node becomes incapacitated,
compared with FLEOR, PDEBR, and EAMHR.

Figure 8 gives the average energy consumption of end to
end for different algorithms under uniform data generation
pattern. From this figure, we can see that the average energy
consumption of end to end inGPSR and EAMHR is close and
maintained at a low level, which shows a good performance
on energy efficiency. In PDEBR, the node with the minimum
predictedmean square deviation of residual energy is selected
as next hop, although it is near the sending node and far from
the Sink. So, the average energy consumption of end to end in
PDEBR is larger than GPSR, MTE, and FLEOR. In MTE, the
multihop short-range forwarding scheme is used to transmit
data, which has been proved to be less energy efficient within
the communication range of the current forwarder. So, the
average energy consumption of end to end inMTE is themost
and shows the upward trend with the increase of network
size. In FLEOR, the energy balance of nodes is considered
preferentially when making routing decisions. As a result,
the average energy consumption of end to end in FLEOR is
higher than GPSR and EAMHR. At the same time, FLEOR
has achieved energy efficiency, leading to less average energy
consumption of end to end and restraint of its rising trend
with the increase of the number of nodes, compared with
MTE and PDEBR.

6. Conclusions

In this paper, we have designed three energy optimized
parameters, such as the degree of closeness of node to the
shortest path, degree of closeness of node to Sink, and
degree of energy balance, and put these parameters into
fuzzy logic system. The fuzzy-logic-based routing algorithm
is proposed to realize energy optimized, multiparameter,
and fuzzy routing decision. Simulation results show that the
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Figure 8: Average energy consumption of end to end.

algorithm extends the network lifetime effectively compared
with similar algorithms for different dada generation patterns
and has a good performance in terms of energy balance and
energy efficiency.

Our future work will focus on the applications for mul-
timedia. While achieving optimized energy consumption of
the whole network, the Qos, such as bandwidth, latency, and
packet loss rate will be considered to meet the requirements
of specific applications.
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The intelligent vehicle is a complex system equippedwith advanced technologies such as the artificial intelligence, automatic control,
and computer, communication. It is a combination of multiple academic subjects and the latest technologies representing the
developing tendency of future automobile technology and attracts more and more attention. In this paper, we made some useful
explorations in the fields of intelligent vehicle control technology and obstacle avoidance, and a deep research is carried out about
the distance of vehicle, vehicle tracking, vehicle lane changing and intersections obstacle avoidance and communication protocols,
and some innovative ideas are proposed during the research. By using VANET, some predictable status of tracing and tracking of
intelligent vehicle technology was researched, and the communication protocols between two vehicles, the safe spacing algorithm,
themethod of computing the actual distance at corners and straights, and the trajectory of lane change were designed. In addition, a
series of vehicle tracing and tracking technologies, such as without knowing the road conditions, homeostatic mechanism, keeping
a safe spacing to the target vehicle, and adjusting its own speed to track the target vehicle smoothly to the destination by comparing
the actual distance and safe spacing between vehicles, were discussed here.

1. Introduction

The number of vehicles owned by people is rapidly growing
with the development of economy and society. The safety
problem in transportation is increasingly outstanding. It
brings a serious threat to humans’ life and property. As we all
known, safe-driving is always one of the most important top-
ics in vehicle engineering. In order to reduce traffic accidents,
the intelligent vehicle emerges as the times require. It is a
complex system equipped with advanced technologies such
as the artificial intelligence, automatic control, computer, and
communication. It is a combination of multiple academic
subjects and latest technologies, representing the develop-
ing tendency of future automobile technology. Therefore,
it attracts more and more attention. With the fast devel-
opment in ad hoc wireless communications and vehicular
technology, it is foreseeable that, in the near future, traffic
information will be collected and disseminated in real time

by mobile sensors instead of fixed sensors used in the current
infrastructure-based traffic information systems. A distrib-
uted network of vehicles such as a vehicular ad hoc network
(VANET) can easily turn into an infrastructure-less self-
organizing traffic information system, where any vehicle can
participate in collecting and reporting useful traffic informa-
tion such as section travel time, flow rate, and density. Dis-
seminating traffic information relies on broadcasting proto-
cols [1]. In-network data aggregation is a useful technique
to reduce redundant data and to improve communication
efficiency. Traditional data aggregation schemes for wireless
sensor networks usually rely on a fixed routing structure to
ensure that data can be aggregated at certain sensor nodes
[2].

Recent years have witnessed the growing popularity of
sensor and sensor-network technologies, supporting impor-
tant practical applications. One of the fundamental issues
is how to accurately locate a user with few labeled data in
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awireless sensor network,where amajor difficulty arises from
the need to label large quantities of user location data, which
in turn requires knowledge about the locations of signal trans
mitters or access points [3]. Donghyun et al. considers the
problem of computing the optimal trajectories of multiple
mobile elements (e.g., robots, vehicles, etc.) to minimize data
collection latency in WSNs [4].

A new category of intelligent sensor network applications
emerges where motion is a fundamental characteristic of the
system under consideration. In such applications, sensors are
attached to vehicles or people that move around large geo-
graphic areas. For instance, in mission critical applications
of WSNs, sinks can be associated to first responders. In such
scenarios, reliable data dissemination of events is very impor-
tant, as well as the efficiency in handling the mobility of both
sinks and event sources. For this kind of applications, relia-
bility means real-time data delivery with a high data delivery
ratio. In their article, Erman et al. proposes a virtual infras-
tructure and a data dissemination protocol exploiting this
infrastructure, which considers dynamic conditions of multi-
ple sinks and sources [5]. WSNs have been increasingly avail-
able for critical applications such as security surveillance and
environmental monitoring. An important performance mea-
sure of such applications is sensing coverage that character-
izes how well a sensing field is monitored by a network [6].
Wireless has become one of the most pervasive core technol-
ogy enablers for a diverse variety of computing and commu-
nications applications ranging from 3G/4G cellular devices,
broadband access, indoor Wi-Fi networks, and vehicle-to-
vehicle (V2V) systems to embedded sensor and RFID appli-
cations [7].

A large class of WSN applications involve a set of isolated
urban areas covered by sensor nodes monitoring environ-
mental parameters. Mobile sinks mounted upon urban vehi-
cles with fixed trajectories (e.g., buses) provide the ideal
infrastructure to effectively retrieve sensory data from such
isolated WSN fields [8]. Jorge et al. [9] presents control and
coordination algorithms for groups of vehicles. The focus
is on autonomous vehicle networks performing distributed
sensing tasks where each vehicle plays the role of a mobile
tunable sensor. The author propose gradient descent algo-
rithms for a class of utility functions which encode optimal
coverage and sensing policies. Kwok andMart́ınez’s work [10]
includes incorporating nonholonomic vehicle dynamics into
the convergence analysis in order to provide a more practical
coverage scenario for implementation in a physical testbed.
Since the convergence of the algorithms is only guaranteed to
local optima, we are also working on extensions that help us
find more optimal coverage configurations.

In this paper, we have made some positive and useful
explorations in the fields of intelligent vehicle control tech-
nology and obstacle avoidance. On the basis of the current
situation and the vital supporting techniques of these fields,
a deep research is carried out about the distance of vehicle,
vehicle tracking, vehicle lane changing, and intersection
obstacle avoidance and communication protocols. Moreover,
some innovative ideas are proposed during the research.
Finally, a brief summary and an outlook are made about this
paper.

C0C1

Figure 1: The longitudinal vehicle.

2. The Design of Vehicle Tracing Algorithm

Many related control strategies are needed to intervene with
the vehicles when they are tracked. The algorithm of control
is discussed as follows.

2.1. Vehicle-to-Vehicle Safe Spacing andMinimumSafe Spacing.
To avoid collision, the spacing between two vehicles must be
greater than the safe spacing. Safe spacing, the distance of
two vehicles for driving safely, means vehicles running in the
same direction must keep the distance between one and
another for the safety of traffic. Minimum safe spacing or
critical safe spacing indicates the minimum intervehicle dis-
tance for safety. The capacity of roads is proportional to the
velocity and is inverse proportional to the spacing of vehicles
which reveals the fact that increasing the safe spacing blindly
will conversely lower the traffic capacity. To keep the capacity
of roads in accordance with road safety, people pay much
attention to the minimum safe spacing.

The vehicle, in the motion, travels in the longitudinal
direction most of time; that is, there is no transverse velocity
and acceleration. So it is totally useful to study the longitudi-
nal inter-vehicle safe spacing. As shown in Figure 1, vehicle𝐶

0

and vehicle𝐶
1
are running on the same lane and vehicle𝐶

0
is

ahead of vehicle𝐶
1
. Computing the inter-vehicle safe spacing

needs knowing the velocity and acceleration of both vehicles
first. As it is difficult to capture both velocity and acceleration
precisely, the problem demands simplification. Supposing
that both of the vehicles are in condition of uniform and
linear motion, the safe spacing during time 0 and 𝑡

𝑚
can be

computed by

MSS = max ((V
1
− V
0
) 𝑡, 0) , 𝑡 ∈ [0, 𝑡

𝑚
] . (1)

V
0
and V

1
are the longitudinal velocity of vehicle 𝐶

0
and

vehicle 𝐶
1
.

As both vehiclesmake uniform and linearmotion, the rel-
ative velocity is always a constant, V = V

0
− V
1
= const, which

deduces MSS as the following rules:

MSS = {(V1 − V
0
) 𝑡
𝑚

V
1
− V
0
≥ 0

0 V
1
− V
0
< 0.

(2)

In this way, there are time and minimum safe spacing. As
we set different values to these parameters, series of situations
and solutions are acquired as follows.

(1) When relative velocity V > 0, inter-vehicle safe spac-
ing will linearly increase by time. As time increases,
the distance between two vehicles is getting shorter.
To compensate the distance that vehicle 𝐶

1
travels
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more than vehicle 𝐶
0
before they collide, the MSS

must be increased, so MSS = V ∗ 𝑡
𝑚
.

(2) When relative velocity V < 0, inter-vehicle distance is
increasing by time, so MSS = 0.

(3) When relative velocity V = 0, the MSS can be set to
any value approximating to 0 in theory.

The conclusions above are based on the analysis merely
considering the longitudinal minimum safe spacing pre-
served in advance; however, the actual distance between vehi-
cles can not be 0. Besides the factors as relative velocity, rela-
tive acceleration and time before collision during driving, the
initial velocity deserves consideration as well. The safe spac-
ing (SS) is given by

SS = 𝑓 (V
1
) +MSS. (3)

According to (3), inter-vehicle safe spacing is a sum of
critical safe spacing and a revised value. Researchers from
home and abroad have put forward several models; one of
them is a safe spacing model based on time interval between
vehicles. The time interval (𝑇) is defined as

𝑇 =
𝑅

𝑉
. (4)

𝑅 means the relative distance between two vehicles and 𝑉
means the velocity of the vehicle behind. The time interval
contains the information of velocity and distance so it can
demonstrate the danger level of collision. As regulations in
China specify “Motor vehicles traveling on the highway must
keep enough distance from the one ahead at the same lane.
Under normal circumstances, when driving at 100 kilometers
per hour, the safe distance is over 100 meters, when driving
at 70 kilometers per hour, the safe distance is over 70 meters”.
So it can be inferred that the time interval is about 3 seconds
on the highway. Equation (3) can be modified as follows:

SS = 3V
1
+MSS. (5)

2.2. Queue and Dequeue of Vehicles. The capacity of roads is
proportional to the velocity of vehicles. Obviously, vehicles
with great disparity of velocity driving at the same lane will
lower the traffic capacity. Therefore, classifying vehicles with
different velocities into different queues and putting these
queues on distinctive lanes can reduce the incidence of traffic
accidents to some extent. As the road sign on the highway
indicates, under normal circumstances, the maximum speed
is 120 kilometers per hour and theminimum speed is 60 kilo-
meters per hour. Small passenger cars traveling on the high-
way shall not exceed 120 kilometers per hour, other motor
vehicles shall not exceed 100 kilometers per hour, and the
motorcycle shall not exceed 80 kilometers per hour. Accord-
ing to the regulation, there are two plans of grouping; one
is based on the type of vehicles and another is based on the
velocity.

Classifying vehicles with types can avoid the situation of
mixing up cars and trucks andmake vehicles in the same class
run at the right lane. This method secures road safety as it

separates motor vehicles from nonmotor vehicles. However,
it is unnecessary to subdivide the vehicular road owing to the
uncertain quantity of vehicles in various kinds. On the con-
trary, if we do so, the road capacity will probably descend. So
we place emphasis on the queue of vehicles by velocities.
According to the discussion above, the velocity of motor
vehicles ranges from 60 kilometers per hour to 120 kilometers
per hour. Supposing that the road contains at least 3 lanes, we
can divide vehicles into 3 kinds of queues by velocities.

Vehicle queue 1 (C Queue[0]), the velocity is lower
than 80 kilometers per hour (km/h);
Vehicle queue 2 (C Queue[1]), the velocity is between
80 km/h and 100 km/h;
Vehicle queue 3 (C Queue[2]), the velocity is higher
than 100 km/h.

Vehicles in specific queues run at different lanes and vehi-
cles in the same lane are put in descending order by velocities.
There are some exceptional cases in the traffic requesting
disposal, such as a certain vehicle that needs changing
lane or overtaking; then it comes up with the problem
of regrouping the queue. During the course of regrouping,
some vehicles need to leave the old queue and join a new
queue. When a certain vehicle is leaving the queue, its
position must be detected. When it is the head of the queue,
its next vehicle is obligated to be the leader; when it is in the
middle of the queue, its next one must follow the front of the
leaving one; when it is the tail, it can leave the queue without
any trouble. We can define a variable of Boolean type to trace
the vehicle whether it is in a certain queue or not.

2.3. Vehicle Tracking. Vehicle tracking involves the mutual
interaction ofmultiple vehicles, so the vehicle trackingmodel
is among the interaction model. Nowadays, the interaction
between intelligent vehicles is in high frequency and the
complexity varies from system to system. However, the
vehicle tracking model is the one much simple and deep-
going. Several conditions that can track vehicles are discussed
as follows.

(1) The destination of the front vehicle is the same as the
destination of the current vehicle.

(2) The velocity of the front vehicle approximates the
velocity of the current vehicle.

(3) Traffic gets blocked or the lane is unchangeable and
nonovertaking.

There are 3 kinds of road sections on the highway, which
are straights, corners, and 𝑆-corners. As the 𝑆-corner consists
of multiple corners, we simply regard the 𝑆-corner as corners.
We merely take straights and corners into consideration and
suppose that changing lanes is forbidden while tracking. All
the vehicles are at the same lane when they are tracked, so we
need to control the longitudinal direction of the vehicle rather
than the transverse one to keep the velocity and safe spacing.

Most currently used vehicle tracking algorithms are safe
spacing algorithms which adjust the velocity of the current
vehicle to track the front vehicle by capturing images based
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Figure 2: The flow diagram of the vehicle tracking algorithm.

on the visual perception technologies that record the relative
position to the front vehicle. However, the complexity of the
vehicle tracking algorithm on the basis of vehicle-to-vehicle
and vehicle-to-roadside communications sharply diminishes
comparedwith the visual tracking algorithm (Figure 2). After
obtaining the positioning information of the front vehicle
by communication, the current vehicle computes the vector
difference which equals the distance between them to hold
the safe spacing. It is relatively simple to apply vehicle
tracking on the straight. Vehicles exchange information about
positioning; velocities and so forth by communicating with
each other and computing the distance 𝐿 between them to
keep the safe spacing. By comparing the distance with the safe
spacing and regulating the velocity, vehicle tracking can be
easily completed.

In the situation of corners, computing the distance of two
vehicles by positioning is not suitable for use because the
result computed now is not the actual length of the spacing
but the linear distance between them. When vehicles are at
the corner (the time that a deflection emerges), the spacing
can be computed by knowing the velocities of both vehicles.
In other words, the current vehicle captures the velocity of
the front vehicle and deducts it with its own velocity, then
multiplies the difference by the time during the corner. The
distance 𝐿 is given by

𝐿

= 𝐿 + (

V2
 −

V1
) Δ𝑡, (6)

where 𝐿 is actual distance between two vehicles, V
1
is velocity

of the front vehicle, V
2
is velocity of the front vehicle, and Δ𝑡

is the time during the corner.When vehicles are at the corner,
they regulate their own speed close to the velocities of other
vehicles obtained by interaction to keep the safe spacing and
tracking.

2.4. Lane Change of Vehicles. When a vehicle runs slower
than its rear one all the time, overtaking occurs definitely

x
0

y

L

W

P1

P2

P3

P4

C1

C0

𝜃

Figure 3: The sketch map of lane change.

t0 tp tlc T

Figure 4: Time points of lane change.

with the case of lane change. Drivers need proficient skills
and adequate experience when changing the lane; otherwise
accidents will happen. At the very beginning of lane change,
rear-end collisions are highly possible. When the distance
between two vehicles is not enough, angle collisions take
place likely. Figure 3 shows the sketch map of lane change.
All the parameters are marked as shown in Figure 3, where
𝐶
0
and 𝐶

1
is Vehicle, 𝐿 is length of the vehicle,𝑊 is width of

the vehicle, 𝜃 is angle between the symmetry axis and 𝑥-axis,
and 𝑃
1
∼ 𝑃
4
is 4 angles of the vehicle. Establishing coordinate

system as Figure 3 shows, the longitudinal acceleration,
longitudinal velocity, longitudinal position, transverse accel-
eration, transverse velocity, and transverse position of vehicle
𝐶
𝑖
are defined as 𝑎

𝑖𝑥
, V
𝑖𝑥
, 𝑥
𝑖
, 𝑎
𝑖𝑦
, V
𝑖𝑦
, 𝑦
𝑖
, 𝑖 ∈ {0, 1} and 𝑥

𝑖
, 𝑦
𝑖

means the left and front angle, such as 𝑃
1
.

Lane change can be divided into several time periods.
Time points of lane change are marked on the Figure 4,
specifically described as shown in Figure 4, where 𝑡

0
is

moment of starting lane change, 𝑡
𝑝
is moment of collision, 𝑡

𝑙𝑐

is moment of finishing lane change, and 𝑇 is a random time
period after changing lane. Traffic in real life can be much
complex, so we simplify the problem, supposing that vehicle
𝐶
0
does not have transverse velocity and acceleration; that is,

𝑎
𝑜𝑦
= 0, V
𝑜𝑦
= 0. Analyzing the relationship between the posi-

tions of two vehicles, the conditions of collision avoidance are
given as follows:

𝑥
0
(𝑡) > 𝑥

1
(𝑡) + 𝐿

0
+𝑊
1
sin (𝜃 (𝑡)) 𝑡 ∈ [0, 𝑡

𝑝
] . (7)

𝐿
0
means the length of vehicle 𝐶

0
, 𝜃(𝑡) means the angle

between vehicle 𝐶
0
and 𝑥-axis at time 𝑡, and 𝑊

1
means the

width of vehicle 𝐶
0

𝜃 (𝑡) = 𝑡𝑔
−1 𝜕𝑦1 (𝑡)

𝜕𝑥
1
(𝑡)

= 𝑡𝑔
−1 𝜕𝑦1 (𝑡) /𝜕𝑡

𝜕𝑥
1
(𝑡) /𝜕𝑡

= 𝑡𝑔
−1
V
𝑦1
(𝑡)

V
𝑥1
(𝑡)

(8)

and setting

𝑆 (𝑡) = 𝑥
0
(𝑡) − [𝑥

1
(𝑡) + 𝐿

0
+𝑊
1
sin (𝜃 (𝑡))] . (9)
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Figure 5: The initial segment and the final segment of the lane
change trajectory.

To avoid the collision, the result of (9) is greater than 0;
that is,

𝑆 (𝑦) = (𝑆
∗
(0) + ∫

𝑡

0

∫
𝜎

0

(𝑎
0𝑥
(𝑡) − 𝑎

1𝑥
(𝑡)) 𝑑𝑡 𝑑𝜎

+ (V
0𝑥
(0) − V

1𝑥
(0)) 𝑡) > 0, 𝑡 ∈ [0, 𝑡

𝑝
] ,

(10)

𝑆
∗
(0) = 𝑥

0
(0) − 𝐿

0
− 𝑥
1
(0) . (11)

In order to find the minimum initial distance to avoid
collisions of vehicle𝐶

0
and𝐶

1
, we set (11) to 0 and that means

the two vehicles are end to end at the early time of lane change
which can be

MSS = min(∫
𝑡

0

∫
𝜎

0

(𝑎
0𝑥
(𝑡) − 𝑎

1𝑥
(𝑡)) 𝑑𝑡 𝑑𝜎

+ (V
0𝑥
(0) − V

1𝑥
(0)) 𝑡) 𝑡 ∈ [0, 𝑡

𝑝
] .

(12)

Minimum safe spacing (MSS) between the two vehicles
is determined by relative longitudinal acceleration and initial
velocities of the two vehicles and the time duration before
collision. Lane change can have a variety of trajectories. This
paper introduces the one based on the trajectory of the arc.
Assuming that the vehicle lane change is divided into three
stages: the initial stage of the vehicle to generate a transverse
acceleration, the intermediate stage of the vehicle running
straight at a constant speed, and the final stage of the vehicle
to generate a transverse deceleration (the value is the same
as the one in the initial stage of acceleration), as shown in
Figure 5, the initial segment and the final segment of the lane
change trajectory constitutes by the arc of a circle when the
middle part uses straight line.The curvature of the arc radius
is 𝜌

𝜌 =
V2
𝑥

𝑎
𝑦

. (13)

V2
𝑥
is the longitudinal velocity of the vehicle and 𝑎

𝑦
is the

transverse acceleration of the vehicle.
Analyzing Figure 5 can get the following:

𝑦
𝑑
= 2𝜌(1 − cos(

V
𝑥
𝑡
𝑐

𝜌
)) + V

𝑥
𝑡
𝑙
sin(

V
𝑥
𝑡
𝑐

𝜌
) . (14)

Figure 6: A branch of a road.

The time of lane change is the sum of the time passing the
both of the arc and the straight line; that is, 𝑡

𝑙𝑐
= 2𝑡
𝑐
+ 𝑡
𝑙

𝑡
𝑙𝑐
= 2𝑡
𝑐
+
(𝑦
𝑑
− 2𝜌 + 2𝜌 cos (V

𝑥
𝑡
𝑐
/𝜌))

V
𝑥
sin (V
𝑥
𝑡
𝑐
/𝜌)

. (15)

Thus it can be calculated as follows:

𝑑𝑡
𝑙𝑐

𝑑𝑡
𝑐

= −
[𝑦
𝑑
− 2𝜌 + 2𝜌 cos (V

𝑥
𝑡
𝑐
/𝜌)] cos (V

𝑥
𝑡
𝑐
/𝜌)

𝜌sin2 (V
𝑥
𝑡
𝑐
/𝜌)

. (16)

Setting 𝑑𝑡
𝑙𝑐
/𝑑𝑡
𝑐
= 0, 𝑡
𝑐
can be given as

𝑡
𝑐
=
𝜌

V
𝑥

cos−1 (1 −
𝑦
𝑑

2𝜌
) . (17)

The analysis shows that 𝑡
𝑙𝑐
is the function of 𝑡

𝑐
. To calcu-

late the minimum lane change time, we take the derivative of
(15).

On analysis of the above equations, to make the lane
change requires the least time, we can set 𝑡

1
= 0; that is, the

time on the straight line is 0. The trajectory now consists of
two sections of the same curvature arc, so

𝑦
𝑑
(𝑡)

=

{{{

{{{

{

𝜌(1 − cos(
V
𝑥
𝑡

𝜌
)) 0 ≤ 𝑡 ≤ 𝑡

𝑐

𝜌 [1 + cos(
V
𝑥
(𝑡
𝑙𝑐
− 𝑡)

𝜌
) − 2 cos(

V
𝑥
𝑡

𝜌
)] 𝑡

𝑐
≤ 𝑡 ≤ 𝑡

𝑙𝑐
.

(18)

The lane change time can be calculated by

𝑡
𝑙𝑐
=
2𝜌

V
𝑥

cos−1 (1 −
𝑦
𝑑

2𝜌
) . (19)

2.5. Selection of the Road. When driving on the highway,
drivers always meet the situation of vehicle shunt as shown
in Figure 6. Drivers need to know the information provided
by the road signs to select the road and determine the next
direction of the vehicle. In this case, driverswho are not famil-
iar with the roads often spend much time considering the
problem, which inevitably reduces the traffic capacity of the
road. So we assume that the road signs and driving vehicles
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can communicate with each other. When the distance bet-
ween road signs and vehicles falls to 𝑆, they automatically
establish communication. Vehicles automatically select the
road according to the transmitted information to reach their
destination. When there are 𝑁(𝑁 > 1) roads to reach their
destinations, we can use the satellite sensors and high-preci-
sion digital map to choose the shortest one from the routes.

The greater the distance 𝑆 when the road sign and the
vehicle establish communication is, the longer time to choose
the road will be. However, 𝑆 cannot be infinitely large, so we
limit 𝑆 with a minimum distance to meet all the velocities of
vehicles. Assuming that themaximum time from establishing
to finishing communication is 𝑡

𝑚
. After learning the route,

some vehicles need to change the lane to enter the right road.
Vehicles shall be undermaximum speed of 120 kilometers

per hour (33.3 meters per second). To let all the vehicles
successfully choose the right road, the minimum distance 𝑆
is 𝑆min

𝑆min = 33.3𝑡𝑚 + V
𝑥
𝑡
𝑙𝑐
. (20)

𝑡
𝑙𝑐
is the time of lane change and V

𝑥
is the longitudinal velocity

of the vehicle. 𝑡
𝑙𝑐
can be computed by the following:

𝑡
𝑙𝑐
=
2𝜌

V
𝑥

cos−1 (1 −
𝑦
𝑑

2𝜌
) . (21)

So (20) can be replaced by

𝑆min = 33.3𝑡𝑚 + 2𝜌 cos
−1
(1 −

𝑦
𝑑

2𝜌
) . (22)

Nowadays, there are a variety of communication tools
such as WIFI, Zigbee, Bluetooth, and infrared. After acquir-
ing the minimum communication distance, we can choose
themost suitable tool for inter-vehicle communication by the
comprehensive analysis of the performance and price of those
tools.

2.6. The Traffic Junction’s Obstacle Avoidance Algorithm.
Model cars, under the two-dimensional traffic environment,
mainly need to care about the problem of the traffic junction’s
obstacle avoidance.The intersection can be generally divided
into “𝑇” type intersection and Cross-type intersection. “𝑇”
type intersection can be seen as part of the Cross-type
intersection, so we can solve the “𝑇” type intersection cor-
responding to the Cross-type intersection.

As in Figure 7, “I” signs are the highly possible positions
in which two vehicles traveling along two different directions
may collide. In order to prevent collisions between vehicles,
the velocity of the vehicle needs control so that the vehicle can
pass the road crossing point in an order which can effectively
solve the problem of the traffic junction’s obstacle avoidance.

Establish a certain area as the intersection point man-
agement control region (region III and within the region
shown in Figure 8) around the road crossing point (i.e., the
“I” symbols). Form a queue of sequent vehicles driving into
the region and control the vehicles at low speed. When the

Figure 7: “𝑇” type and Cross-type intersection.

Figure 8: The disjunctive security regions.

vehicle is in the most forward position in the queue, it can be
permitted to travel through the crossing point at full speed.
Arrange a security area in the region (region I in Figure 8)
which allows only one vehicle at the same time. Outside the
security area is a parking area (region II in Figure 8) in which
vehicles driving through can immediately stop when there is
a vehicle in region I.

When a vehicle enters the region I, the vehicle sends
instructions to inform other vehicles that the intersection
resource is occupied. Other vehicles receive this instruction
and immediately reduce their speed to ensure they can stop
outside region I.When the vehicle passes the crossing point, it
needs to send instructions to inform other vehicles that there
is no vehicle in region I and other vehicles take actions based
on the positioning information. If the distance between the
region and the certain vehicle is the shortest, then it starts
to move, enters region I and sends instructions. This cycle is
repeat. When the vehicle in motion does not receive any
instructions, indicating that the road is clear, it can go
through the road crossing point directly.

This intersection avoidance algorithm provides an effec-
tive method of traffic junction’s management. It not only can
let vehicles pass through the junction safely, but also change
the traditional thought of controlling vehicles to run or wait
by traffic lights.
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3. The Communication Protocols between
Two Vehicles

There must be a communication between two vehicles to
complete the tracing and tracking. This section introduces
the methods of the communication protocols, the provisions
of transmission protocols, and feedback protocols. Finally,
dynamic simulation of sending and receiving messages is
carried out to verify the function of the protocols.

3.1. Pulse Width Modulator (PWM). At present, many com-
munication tools can be put into use, but none of them
meet the requirements of the intelligent vehicle as lack of
communication protocols [11].

PWM is an abbreviation of the “Pulse Width Modula-
tion.” Its principle is using the digital output of the micro-
processor to control the analog circuits by changing the pulse
width to control the output voltage and changing the cycle
of the pulse modulation to control the output frequency. It is
frequently used in the field of measurement, communication,
control, and power transform. PWM is different with some
other technologies. It uses the high-resolution counters to
modulate the duty cycle of the square wave and encodes
the analog signals with numeric characters. Because at any
moment, the DC power supply of the full amplitude only can
be placed in one of the two cases on (ON) and off (OFF), the
property of the PWM signal is digital, remaining unchanged.
Current source or voltage is applied to the analog load in an
on (ON) or off (OFF) repetitive pulse sequence.When it is on
(ON), DC power supply is operating. When it is off (OFF),
DC power supply is cut off.

PWM can be used to control the coding of the command
word. Sending pulses of varying width represents different
meanings. The receiver can use a timer to measure the pulse
width. The timer is activated by the beginning of the pulse
anddeactivatedwhen the pulse ends; thereby the elapsed time
and the certain command can be determined. Therefore, we
can use this function of PWM to specify the communica-
tion protocols to help the vehicle system establish effective
communication and complete the tracing and tracking of the
model car.

PWM generates a repeated alternately output signal
between high level and low level, that is, the PWM wave,
which specify the required clock period and duty cycle to
control the duration of the high and low. Duty cycle refers the
percentage of the time that the signal is at high level to the
whole signal cycle and the time is determined by the pulse
width. Therefore, we can set a fixed signal cycle to the PWM
wave and specify the vehicle interactive communication pro-
tocol using different pulse width setting by different duty
cycle.

Figure 9 describes three different PWMsignals. (a) shows
a 10% duty cycle PWMoutput, that is; 10% of the entire signal
cycle is on and the remaining 90%of the time is off. (b) and (c)
show, respectively, the duty cycle of the PWM output of 50%
and 90%. These three PWM output encodes represent three
different analog signal values at the strengths of 10%, 50%, and
90% to the full scale. For example, assuming that the power

Figure 9: The three different PWM signals.

supply is 9V and the duty cycle is 10%, the corresponding
analog signal is 0.9 V.

(1) Signals from the processor to the system are in digital
form which means DA/AD converter is no longer
needed and the impact of noise can be reduced to a
minimum. Signal stored in digital form is particularly
strong to resist the noise. Only when the noise is big
enough to change logic 1 to logic 0 or change logic 0
to logic 1, the digital signal can be interfered.

(2) It can greatly extend the communication distance.
Based on this advantage, the PWM sometimes can be
used for communication between two vehicles.

3.2.The Definition of the Transmission Protocol. The commu-
nication between two vehicles must be controlled by mes-
sages. Messages shall not be disorganized but shall obey some
kinds of rules. Since these rules have not been defined yet in
the field of vehicle research, we need to specify them.

Considering that there are many protocols used for the
communication between vehicles, we define the length of the
message transmission protocol as 4 bytes, totally 32 bits, to
ensure that each protocol can be defined and newly found
protocols can be added as well.

Errorsmay occur during the process ofmessage transmis-
sion, so receiversmay get wrongmessages as a result. In order
to make the receiver distinguish which messages are wrong,
the bit at the end of the last byte is used for error checking.
The check method is “XOR”; that is, xor the first 31 bits. If the
result is the same as the last one, it means no error occurs in
the message transmission process and the received message
is correct; otherwise error occurs during the transmission,
the received message is wrong, and the sender is required to
retransmit the message. The last bit of the message from the
sender is the result of xor’ing its first 31 bits.

3.2.1. The Types of the Message Transmission. Many actions
may occur when the vehicle is traveling on the road such
as the ascent or descent, left turning or right turning. These
actions are the message that we need to formulate. To make
these message more specific, we classify them into the fol-
lowing types.

(1) Velocity Transmission.When a vehicle is tracking another
one, the distance between them shall bemonitored from time
to time in order to prevent end-to-end collisions. To compute
the safe spacing, the velocities of the two vehicles are needed.
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Table 1: The turning message.

00000000 00000000 00010000 00000001 Turn left and the angle is less than or equal to 1∘

00000000 00000000 00010000 00000010 Turn left and the angle is between 1∘ and 2∘

00000000 00000000 00010000 00000100 Turn left and the angle is between 2∘ and 3∘
...

...
...

...
...

00000000 00000000 00010000 00001000 Turn right and the angle is less than or equal to 1∘

00000000 00000000 00010000 00001011 Turn right and the angle is between 1∘ and 2∘

00000000 00000000 00010000 00001101 Turn right and the angle is between 2∘ and 3∘
...

...
...

...
...

Some details such as checkouts and security were leaved out here.

One of the vehicles can get its own velocity by the sensor
and get the other one’s velocity by transmission.Therefore the
transmission rate protocol is obviously necessary.

(2) Left or Right Turning. Vehicles may face the situations of
turning a corner or turning round when they are traveling on
the road. They need to turn left or right to continue moving
forward on these occasions. In order to track the vehicle
ahead successfully, the following one needs to be informed
of the detailed messages including the degree of turning. So
it is important to specify the left or right turning protocol.

(3) Acceleration and Deceleration.Vehicles will certainly be in
the process of acceleration or deceleration, so the acceleration
and deceleration protocol is needed to be established. When
a driver starts a vehicle, he generally shifts into first gear and
steps the throttle to accelerate. When the vehicle reaches a
speed of 15 kilometers per hour, it is upshifted into second
gear. If the driver needs acceleration, he simply inputs some
gas by pressing the accelerator. When the vehicle reaches a
speed of 30 kilometers per hour, it is upshifted into third gear.
If the driver still needs acceleration, he speeds the vehicle up
by the accelerator. When the vehicle reaches a speed of 40
kilometers per hour, it is upshifted into fourth gear. After
that if acceleration is still needed, the drive keeps pressing
the accelerator until the vehicle reaches the desired speed.
Deceleration is implemented by downshifting and braking to
be introduced next.

(4) Braking. Vehicles have to brake in case of emergency.
Depending on the degree of emergency cases, the levels of
brake are also different. In this paper, brake can be divided
into four levels. Level 1 is sudden brake; the brake pedal is
pushed to the floor with the fastest speed. Level 2 is interme-
diate brake; the brake pedal is pushed to two-thirds. Level 3 is
light brake; the brake pedal can be pushed to one third. Level
4 is the lightest brake; use the first half of the brake pedal that
is designed to be soft and push it slightly with the clutch.

(5) Overtaking. There are more than two vehicles in road
traffic and there may be other vehicles inserted between
them; of course they will also overtake other vehicles. When
the distance between the two vehicles is large enough and

the front vehicle is slower than the rear vehicle for a long time,
the driver in the rear one can consider overtaking.The vehicle
being tracked shall send messages to the following vehicle
when it successfully finishes overtaking so as to indicate the
following vehicle to overtake successfully as well.

(6) Front Road Status.Owing to the tracer which is following
the front vehicle, the tracer will be blind to the road traffic
if the front vehicle does not inform it. The road traffic ahead
can be described as “Road Construction Ahead,” “Traffic Jam
Ahead,” and “Rest Area Ahead.”

(7) Emergency. Vehicle will encounter all sorts of unexpected
situations, such as the front vehicle getting a flat tire, traffic
accidents ahead, keeping intervehicle spacing and the front
vehicle getting flameout, and so forth.

(8) Ascent or Descent. When the driving road is not flat, it
always comes with ascents or descents.The front vehicle tran-
smits messages to the tracer during ascents or descents and
tells the tracer about the probable angle of the slope so that
the tracer can track the front vehicle without any trouble.

(9) Road Condition.The vehicle being tracked needs to trans-
mit messages to its tracer whether it is at the corner or the
straight. This protocol is used to transmit messages like this.

(10) Other. In addition to the previous protocols, other pro-
tocols also exist; for example, the vehicle being tracked has
arrived in destination, the target being tracked and the tracer
switch roles, and so forth.

3.2.2. The Codes and Regulations of the Message Transmission

(1) Velocity Transmission. The current 2 bytes and the first
4 bits of the third byte are all 0 which represent sending
the velocity of the vehicle; the unit of the velocity is km/h;
the last 4 bits of the third byte and the first 7 bits of the
fourth byte describe the velocity in binary representation, for
example: 00000000000000000000000100000111 on behalf of
the vehicle at a speed of 67 kilometers per hour.

(2) Left or Right Turning. The codes of left or right turning
message are shown in Table 1.
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Table 2: The codes of feedback protocol and its significations.

00000000 00000000 00000000 00000000 Transmit successfully
00000000 00000000 00000000 00000001 Transmit failed, please resend
00000000 00000000 00000000 00000010 The protocol does not belong to the certain type, please resend
00000000 00000000 00000000 00000011 Please switch the role
00000000 00000000 00000000 00000100 A tracer leaves
00000000 00000000 00000000 00000101 Request the velocity of the tracked vehicle
00000000 00000000 00000000 00000110 Request the road condition
...

...
...

...
...

3.2.3. The Codes and Regulations of the Error Message Trans-
mission

(1) Errors Occur in the Process of Transmission. The vehicle
being tracked transmits the correct message, but an error
occurs in the process of transmission; that is, one bit or several
bits of themessage change from0 to 1 or from 1 to 0, so that the
tracer figures out that the message is incorrect after receiving
and checking it.Then, the tracer shall respond to the message
as “Transmission error, please resend!”

The vehicle being tracked transmits an error message
itself, that is, the result of xor’ing the first 31 bits is not equal
to the last bit.Then, the tracer shall respond with themessage
as “Transmission error, please resend!”

(2) The Message Does Not Belong to a Certain Type. As there
are various kinds of messages, we classify these message into
different types to make them easy to remember, such as left
or right turning message and ascent or descent protocol. We
design a page for each type, when transmitting the message
that is uncorrelated with the certain page; the page cannot
receive it. The tracer shall respond to the message as “The
message does not belong to this type, please resend!”

(3) The Message Has Not Been Defined. As the length of the
message is defined as 4 bytes, totally 32 bits, the code space
still has much room to use. When the vehicle being tracked
sends the code that is not corresponding with any actions, the
tracer shall respond to the message as “The message has not
been defined, please resend!”

3.2.4. The Definition of Feedback. The tracer replies to the
vehicle being tracked after receiving the message to tell if the
message is received correctly or if it is necessary to resend
the message. The message sent back by the tracer is called
feedback. The length of feedback is 4 bytes, 32 bits. The feed-
back protocol ismore simpler than the transmission protocol;
it is mainly divided into the following types.

(1) Transmit Successfully. If the tracer receives messages from
the vehicle being tracked correctly, the feedback is “Transmit
successfully!”

(2) Transmit Failed, Please Resend.The vehicle being tracked
transmits an error message itself; that is, the result of xor’ing

the first 31 bits is not equal to the last bit. The feedback is
“Transmission failed, please resend!”

(3) The Message Does Not Belong to a Certain Type, Please
Resend.When the tracer receives the message that is not cor-
responding to the certain type, the feedback is “The message
does not belong to the certain type, please resend!”

(4) Please Switch the Role. When the vehicle being tracked
transmits the message of switching the role, the tracer replies
with the feedback “Please switch the role of tracer!” and
informs the vehicle to slow down.

(5) A Tracer Leaves.When a tracer is about to leave the queue,
the tracer shall send the message “A tracer leaves!” to let the
vehicle being tracked know the situation.

(6) Request the Velocity of the Tracked Vehicle.When it comes
to the case of computing the safe spacing between two
vehicles at a certain time, the velocity of the tracked vehicle is
needed and the tracer can send the message “Request the
velocity of the tracked vehicle!” to get the information.

(7) Request the Road Condition. The vehicle being tracked
needs to transmit messages to its tracer whether it is at the
corner or the straight so as to compute the safe spacing bet-
ween them. The tracer needs to send the message; that is,
“Request the road condition!”

3.2.5. The Codes and Regulations of the Feedback. The codes
of feedback message are shown in Table 2.

The security and validation of the protocol can refer to the
relevant sections of the existingmobile network protocols and
are no longer discussed in this paper [12].

4. Conclusion

This papermainly talks about the vehicle tracing and tracking
mechanism automatically. By learning the vital supporting
techniques of intelligent vehicles, we discuss how to smooth
the situations that the intelligent vehicle meets and design
algorithms to solve part of the problems on the combination
of these techniques and the traffic conditions.This paper con-
centrates not only on a single vehicle, but also on the mutual
interaction of multiple vehicles concerning vehicle tracking
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and intersection obstacle avoidance. As it refers to intersec-
tion obstacle avoidance, the tradition of controlling vehicles
to run orwait by traffic lights at crossroads has been altered by
a new thought that vehicles contact each other and exchange
the messages of the “occupied” or “released” state of the road
resource at junctions. Furthermore, the research on vehicle
communication protocols is a huge breakthrough. Although
applying wireless communication technologies to intelligent
vehicles has been mentioned by domestic researchers many
times, none of them make a detailed definition of the vehicle
communication protocols.
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Neighbor discovery is one of the first steps to establish communication links between sensor nodes; thus it becomes a fundamental
building block for wireless sensor networks (WSNs). Traditional neighbor discovery protocols mainly focus on static wireless
networks or networkswhere all nodes operate on the same frequency.However, the proliferation ofmobile devices andmultichannel
communications post new challenges to neighbor discovery problem. In this paper, we present a neighbor discovery protocol named
EasiND for asynchronous duty-cycledmultichannelmobileWSNs. First, we propose a neighbor discovery system based on quorum
system, which can bound the discovery latency in multichannel scenarios with low power consumptions. Second, we design an
optimal asynchronous neighbor discovery system for multichannel mobile WSNs based on cyclic difference set. It is optimal in the
sense that it minimizes the power consumption with bounded discovery latency under desired duty cycles. Finally, we validate the
performance of EasiND through both theoretical analysis and test-bed evaluations. EasiND provides a 33.3% reduction in power-
latency product in theory compared to U-Connect. Meanwhile, test-bed evaluation results show that EasiND decreases average
discovery latency by up to 86% compared to U-Connect and achieves at least 93.5% average fraction of discoveries in a predefined
time limitation under various network conditions.

1. Introduction

Neighbor discovery, namely, the ability for each node to
find the neighboring nodes in the physical proximity, is
one of the first steps and a fundamental building block
in configuring and managing wireless networks, since a
node first has to find at least one potential target node
within its communication range before initializing any data
communications. For example, the information obtained
from neighbor discovery, namely, the set of nodes that a node
can directly communicate with, is needed to support basic
functionalities such as medium access control and routing.
Furthermore, this information is also needed by topology
control and clustering protocols to enhance the performance
and efficiency of the networks. Due to its critical importance,
neighbor discovery has received a lot of attention, and a
number of approaches have been proposed in the literature
[1–9].Most existing neighbor discovery schemes are designed
for static wireless networks [2, 4, 10–13] or networks where

all nodes operate on the same frequency (single-channel
communication networks) [1, 3, 5].Therefore, those neighbor
discovery methods cannot be directly applied to multichan-
nel mobile WSNs.

The rapid proliferation ofmillions ofmobile sensor nodes
and smart phones has resulted in a wide variety of mobile
applications, such as mobile social networks and mobile
sensing applications [14–17]. Meanwhile, the multichannel
communications which allow radios tune their operating
frequency over different channels provide new opportunities
for improving the performance of wireless networks; thus
they have been widely adopted by current WSN systems [18–
20]. The mobility of sensor nodes and multichannel com-
munication make neighbor discovery in such multichannel
andmobileWSNsmore challenging, especially to implement
neighbor discovery schemes with high energy efficiency and
low discovery latency without requiring clock synchroniza-
tion between sensor nodes. So far, only several related meth-
ods have been proposed for multichannel WSNs [21–23].
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These neighbor discovery schemes designed for personal area
networks focus on reducing discovery latency but put less
effort on energy conservation. However, discovery latency,
energy consumption, and fraction of discoveries are all
critical performance metrics for neighbor discovery scheme
in asynchronous duty-cycledmultichannelmobileWSNs.On
the one hand,mostmobile devices or sensor nodes are battery
powered and require low energy consumption to prolong
the network life as long as possible. On the other hand,
in time-sensitive and data-intensive mobile applications, in
order to enable full potential contact opportunities, it is very
important for sensor nodes to discover as many as possible
neighbors in a short time period.

To cope with the previous problems, we design a
novel neighbor discovery scheme, named EasiND, for asyn-
chronous duty-cycled multichannel mobile WSNs. The key
goal for EasiND is to reduce power consumption, while still
enabling effective neighbor discovery, where effectiveness can
be determined by both the ability to discover more neighbors
in a reasonable time constraint and the latency to discovery
these neighbors.

The main contributions of this paper are summarized as
follows.

(i) We first formulate the neighbor discovery problem in
multichannel WSNs by connecting it with quorum
system. Also, we introduce an algorithm using the
intersection property of quorum system to construct a
neighbor discovery system, which enables successful
discoveries over multiple channels between any two
neighbor discovery sequence.

(ii) Without requiring global clock synchronization, we
propose an algorithm to construct asynchronous
neighbor discovery system for duty-cycled multi-
channelmobileWSNs by utilizing the rotation closure
property of cyclic quorum systems. Our algorithm
can bound the worse-case discovery latency and
achieve minimum discovery latency in theory at
desired duty cycle. Meanwhile, our scheme yields
better performance in trade-off between power con-
sumption and discovery latency.

(iii) We evaluate our method through both theoretical
analysis and test-bed experiments. Evaluation results
show that our method consistently outperforms U-
Connect in terms of power-latency product and frac-
tion of discoveries under various network conditions.

The rest of the paper is organized as follows. We discuss
related work on neighbor discovery in Section 2. In Section 3,
we review some definitions and concepts about cyclic quo-
rum system. Section 4 describes design details of EasiND. In
Section 5, we present a detailed evaluation of EasiND. Finally,
Section 6 concludes the paper.

2. Related Work

Neighbor discovery protocols for duty-cycled asynchronous
wireless networks mostly operate on a time-slot basis, where
they divide the time into slots and all nodes use the same size

of the time slot. Based on the protocol used, nodes wake up
during some specific active time slots to run the neighbor
discovery process, and keep asleep during the remaining
time slots. Once they are active in overlapping time slots, a
successful discovery would happen between two neighbors.
To be energy efficient, a neighbor discovery scheme must
use as few active time slots as possible to discover as many
neighbors as possible within a reasonable time limitation.

Current neighbor discovery methods fall broadly into the
following two categories.

2.1. Single-Channel Based Methods. The neighbor discovery
protocols where all nodes operate on the same operation
frequency belong to this category. These neighbor discovery
protocols can be further divided into two classes, probabilistic
and deterministic.

The schemes proposed in [2, 4, 10, 24] are probabilistic,
where each node chooses operating in transmit, listening or
sleep states with certain predefined probability. In birthday
protocol [10], nodes listen, transmit, or sleep in a probabilistic
round-robin fashion, which provides a concrete way to
trade off between discovery energy efficiency, success in
discovering neighbors and discovery latency. The methods
in [2, 24] are based on additional feedback mechanism. If a
node cannot receive a beacon due to collisions, it transmits
a feedback message. If a node does not receive any feedback
message after transmitting a beacon, it goes into a passive
state on the assumption that the beacon was successfully
received. The paper [4] studies neighbor discovery in mul-
tipacket reception networks where packets from multiple
transmitters can be received successfully at a receiver.

Deterministic neighbor discovery protocols let nodes
wake up at specific time slots according to a deterministically
designed schedule. The approaches presented in [1, 3, 11–
13] belong to this category. The methods presented in [11,
13] are quorum based. In [11], the time is divided into a
sequence of slots which are grouped into a 𝑚 × 𝑚 row major
grid matrix within contiguous slots, where 𝑚 is a global
parameter which depends on the required duty cycle. Each
node randomly picks a row and a column, in which the
node keeps awake and the discovery between these two nodes
will occur at two intersections. The paper [12] formulates
wakeup schedule as a block design problem in combinatorics
and gives an optimal solution which achieves minimum idle
state energy consumption with bounded neighbor discovery
latency. The Disco proposed in [1] is based on Chinese
Remainder Theorem, where each node selects two prime
numbers independently and begins to transmit and receive
whenever the local counter of node is divisible by either
of two primes. The sum of two primes’ reciprocal is equal
to node’s duty cycle. To improve Disco’s performance, U-
Connect proposed in [3] presents an activation pattern using
one prime 𝑝. Instead of just waking up only one time slot
every 𝑝 time slots, U-Connect also wakes up (𝑝 + 1)/2 time
slots every 𝑝

2 time slots. U-Connect achieves lower discovery
latency when compared to Disco. The paper [9] presents
a group-based discovery protocol as a performance add-on
to existing pairwise mobile discovery designs. It designs a
schedule reference mechanism among nodes to accelerate
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the discovery process. The paper [7] proposes an on-demand
generic discovery accelerating middleware for many existing
neighbor discovery protocols.

2.2. Multichannel Based Methods. In the literature, a lot of
research work has been done for single-channel wireless net-
works. However, there are little work on neighbor discovery
problem for multichannel wireless networks. Only several
recent approaches are proposed for personal area networks
or wireless mesh networks [21–23]. The SWEEP strategies in
[22] are designed for IEEE 802.15.4-based networks operating
in the beacon-enabled mode. SWEEP determines the listen-
ing schedule of discovering node to detect a foreign personal
area network. Such a schedule decides when to listen on
which channel and for how long.The paper [23] improves the
performance of SWEEP by aggressively changing the channel
after short, specifically selected time periods of observation
with reusage of observations made on a given channel. The
approach proposed in [21] is designed for multichannel
wirelessmesh networks.The focus of all the previous schemes
is to minimize the discovery latency and they are inefficient
in energy consumption.

In contrast to existing work, we study the neighbor
discovery problem in asynchronous duty-cycled multichan-
nel mobile WSNs. Our paper is motivated by the QCH
introduced in [25], which establishes control channel formul-
tichannel and dynamic spectrum access networks. Because
QCHdoes not consider energy consumption problem, it can-
not be directly applied to duty-cycled multichannel mobile
WSNs. We extend QCH and propose a novel neighbor dis-
covery protocol named EasiND for duty-cycledmultichannel
mobile WSNs. The main goal of EasiND is to reduce energy
consumption, while still enabling effective neighbor discov-
ery for multichannel communications, where effectiveness
can be determined by both the ability to discover more
neighbors in a reasonable time constraint and the latency to
discovery these neighbors.

3. Preliminaries for Quorum System

In this section, we introduce some background knowledge
related to the cyclic quorum system that will be used through-
out this paper.

Definition 1. Given a cycle length 𝑛, let𝑈 = {0, 1, . . . , 𝑛−1} be
a finite universal set of 𝑛 elements. A quorum system𝐺 under
𝑈 is a collection of nonempty subsets of𝑈, which satisfies the
following intersection property:

∀𝑔, ℎ ∈ 𝐺 : 𝑔 ∩ ℎ ̸= 0. (1)

Each 𝑔 ∈ 𝐺 is a subset of 𝑈 and is called a quorum.

Definition 2. A set 𝐷 = {𝑎
1
, 𝑎
2
, . . . , 𝑎

𝑘
} modulo 𝑛, 𝑎

𝑖
∈

{0, 1, . . . , 𝑛 − 1}, is called a cyclic (𝑛, 𝑘, 𝜆)-difference set if for
every 𝑑 ̸≡ 0 (mod 𝑛) there are exactly 𝜆 ordered pairs (𝑎

𝑖
, 𝑎
𝑗
),

𝑎
𝑖
, 𝑎
𝑗
∈ 𝐷 such that 𝑎

𝑖
− 𝑎
𝑗
≡ 𝑑 (mod 𝑛).

Definition 3. A set 𝐷 = {𝑎
1
, 𝑎
2
, . . . , 𝑎

𝑘
} modulo 𝑛, 𝑎

𝑖
∈

{0, 1, . . . , 𝑛 − 1}, is called a relaxed cyclic (𝑛, 𝑘)-difference set

if for every 𝑑 ̸≡ 0 (mod 𝑛) there exists at least one ordered
pair (𝑎

𝑖
, 𝑎
𝑗
), 𝑎
𝑖
, 𝑎
𝑗
∈ 𝐷 such that 𝑎

𝑖
− 𝑎
𝑗
≡ 𝑑 (mod 𝑛).

Theorem4. Agroup of sets𝑔
𝑖
= {𝑎
1
+𝑖, 𝑎
2
+𝑖, . . . , 𝑎

𝑘
+𝑖}modulo

𝑛, 𝑖 ∈ {0, 1, . . . , 𝑛 − 1}, is a group of cyclic quorum sets if and
only if 𝐷 = {𝑎

1
, 𝑎
2
, . . . , 𝑎

𝑘
} is a relaxed cyclic (𝑛, 𝑘)-difference

set.

Theorem 4 has been proved in [26], which demonstrates
that we can construct cyclic quorum system using cyclic
difference sets. For example, 𝐷 = {0, 1, 2} modulo 4 is a re-
laxed cyclic (4,3)-difference set. The sets 𝐺 = {{0, 1, 2}, {1, 2,
3}, {2, 3, 0}, {3, 0, 1}} are a cyclic quorum system constructed
by relaxed cyclic (4,3)-difference set 𝐷 = {0, 1, 2} (mod 4).
The paper [13] has proved that any quorum 𝑔 in a cyclic
quorum system under 𝑈 = {0, 1, . . . , 𝑛 − 1} must have a car-
dinality |𝑔| ≥ √𝑛. That is to say, given 𝑛, the minimum size 𝑘

of the quorums in cyclic quorum system is the√𝑛. In fact, we
can achieve this theoretical lower bound by constructing the
Singer difference sets [27]. Next, we give the Singer difference
sets theorem which is introduced and proved in [28].

Theorem 5. Let 𝑞 be a prime power; then there exists a
(𝑛, 𝑘, 1)-difference set under 𝑍

𝑛
. Such a difference set is called

a Singer difference set. Here, 𝑛 = 𝑞2 + 𝑞 + 1, 𝑘 = 𝑞 + 1, and 𝑍
𝑛

denotes the set of nonnegative integers less than 𝑛.
Because 𝑛 = 𝑞2 + 𝑞 + 1 and 𝑘 = 𝑞 + 1, so 𝑘 approximates

the lower bound √𝑛.

Definition 6. Given an integer 𝑖 ≥ 0 and a quorum 𝑔 in a
quorum system 𝐺 under𝑈, we define 𝑔+ 𝑖 = {(𝑥+ 𝑖) mod 𝑛 :

𝑥 ∈ 𝑔}.

Definition 7. A quorum system 𝐺 under 𝑈 is said to have the
rotation closure property if ∀𝑔, ℎ ∈ 𝐺, 𝑖 ∈ {0, . . . , 𝑛 − 1}, (𝑔 +

𝑖) ∩ ℎ ̸= 0.
For instance, the quorum system 𝐺 = {{0, 1, 2}, {1, 2, 3},

{2, 3, 0}, {3, 0, 1}} under {0, 1, 2, 4} has the rotation closure
property.

The following theorem has been proved in [13].

Theorem 8. The cyclic quorum system satisfies the rotation
closure property.

4. Design of EasiND

In this section, we present the design of EasiND neighbor
discovery protocol in detail. EasiND allows some nodes with
no prior clock synchronization information to discover other
networks or devices which would dynamically adapt their
operating frequency over different channels. The discovery
is completed in bounded time when nodes are within the
transmission range of each other in ideal communication
environment. For the ease of presentation, we first provide
the problem formulation and introduce the synchronous
neighbor discovery problem in duty-cycled multichannel
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mobile WSNs and then describe the asynchronous neighbor
discovery system.

4.1. Problem Statement. We consider the following network
scenarios. There are one or more mobile nodes which move
around some existed networks or devices with unpredictable
mobility patterns to collect data from or want to join in the
existed networks. The existed networks adapt their operat-
ing frequency over different channels according to current
communication conditions, and they periodically transmit
beacons to let mobile nodes to discover them. Therefore,
our neighbor discovery protocol EasiND consists of two
key components, beacon scheduling sequence (BSS) and
channel scanning sequence (CSS). Suppose there are𝑁 chan-
nels in our duty-cycled multichannel networks, labeled as
0, 1, . . . , 𝑁 − 1. For example, in IEEE 802.15.4-based 2.4GHz
WSN, there are 16 channels numbered from 11 to 26 that
can be used in our implementation of EasiND. We assume
that time is divided into neighbor discovery periods (NDPs),
where each NDP is composed of 𝑇 time slots. For the sake of
expression, we assume that each time slot is of unit duration
so that each NDP is also 𝑇. We assume that all nodes use the
same duty cycle; namely, we consider symmetric duty-cycled
systems and leave the neighbor discovery in asymmetric
duty-cycled multichannel WSNs to future study. Moreover,
we assume that all nodes in network are synchronized with
each other for the time being. We will present the design
of asynchronous neighbor discovery system which does not
require global clock synchronization in Section 4.3.

Next, for the sake of clarification, we present the design
of BSS and CSS, respectively.The uniform formulation of BSS
and CSS is reasonable, as we will see.

A BSS determines the intervals of time at which each
network or device transmits beacons on its current operating
channel. We represent a BSS 𝑠 of period 𝑇 as a set of triples:

𝑠 = {(0, 𝑥 (0) , 𝑐) , (1, 𝑥 (1) , 𝑐) , . . . , (𝑖, 𝑥 (𝑖) , 𝑐) , . . . ,

(𝑇 − 1, 𝑥 (𝑇 − 1) , 𝑐)} ,
(2)

where 𝑐 ∈ {0, 1, . . . , 𝑁 − 1} and 𝑥(𝑖) is a binary value function
which is defined by the following formulation:

𝑥 (𝑖) = {
0, if node goes to sleep in the 𝑖th time slot,
1, if node becomes awake in the 𝑖th time slot.

(3)

The triple (𝑖, 𝑥(𝑖), 𝑐) indicates that network transmits beacons
in the 𝑖th time slot of a BSS period 𝑇 on channel 𝑐 if 𝑥(𝑖) is
equal to 1.

A CSS determines the schedule with which each mobile
node scans all available channels.We denote a CSS 𝑟 of period
𝑇 as a set of triples:

𝑟 = {(0, 𝑥 (0) , 𝑐
0
) , (1, 𝑥 (1) , 𝑐

1
) , . . . , (𝑖, 𝑥 (𝑖) , 𝑐

𝑖
) , . . . ,

(𝑇 − 1, 𝑥 (𝑇 − 1) , 𝑐
𝑇−1

)} ,
(4)

where 𝑐
𝑖
∈ {0, 1, . . . , 𝑁 − 1} represents the channel index of

sequence 𝑟 in the 𝑖th time slot of a CSS period and 𝑖 is the

slot index. The triple (𝑖, 𝑥(𝑖), 𝑐
𝑖
) indicates that mobile node

becomes awake and goes to operate on channel 𝑐
𝑖
at the 𝑖th

time slot when 𝑥(𝑖) equals 1.
Given two sequences 𝑠 and 𝑟, if (𝑥, 𝑦, 𝑧) ∈ 𝑠 ∩ 𝑟 and

𝑦 = 1, the triple (𝑥, 𝑦, 𝑧) is called an overlap between 𝑠 and
𝑟. In this case, the 𝑥th time slot is called rendezvous time
slot and channel 𝑧 is called rendezvous channel between 𝑠

and 𝑟. If network selects 𝑠 and mobile node selects 𝑟, respec-
tively, as their neighbor discovery scheduling sequence, then
successful discovery occurs in the rendezvous time slots on
rendezvous channels.

Let 𝐼(𝑠, 𝑟) denotes a binary value function that indicates
whether the triple (𝑥, 𝑦, 𝑧) is an overlap between 𝑠 and 𝑟, for
example,

𝐼
𝑥,𝑧

(𝑠, 𝑟) = {
1, if ∃𝑦 = 1, s.t. (𝑥, 𝑦, 𝑧) ∈ 𝑠 ∩ 𝑟,

0, otherwise.
(5)

Let𝑂(𝑠, 𝑟) denotes the number of overlaps between 𝑠 and
𝑟. Then, we have

𝑂 (𝑠, 𝑟) =

𝑇−1

∑
𝑥=0

𝑁−1

∑
𝑧=0

𝐼
𝑥,𝑧

(𝑠, 𝑟) . (6)

Let 𝑃
𝑥
(𝑠) denotes a binary value function which indicates

whether node keeps awake in the time slot 𝑥 in the sequence
of 𝑠 of period 𝑇. Specifically, 𝑃

𝑥
(𝑠) is defined as follows:

𝑃
𝑥
(𝑠) = {

1, if 𝑦 = 1,

0, otherwise.
(7)

Let 𝐷BSS(𝑠) and 𝐷CSS(𝑟) denote the number of time slots
onwhich nodes keep awake in the sequences 𝑠 and 𝑟 of period
of 𝑇, respectively. Then, we have

𝐷BSS (𝑠) =

𝑇−1

∑
𝑥=0

𝑃
𝑥
(𝑠) ,

𝐷CSS (𝑟) =

𝑇−1

∑
𝑥=0

𝑃
𝑥
(𝑟) .

(8)

Based on our assumption of symmetric duty-cycled
system, we have 𝐷BSS(𝑠) = 𝐷CSS(𝑟).

Thereby, we have the following neighbor discovering
system design problem.

Problem 9. Give 𝑇 and 𝐶, where 𝐶 denotes the duty-cycle
used by nodes in our system, the neighbor discovery system
in duty-cycled multichannel mobile WSNs is to devise a set
of BSS of period 𝑇 denoted as 𝑆, and a set of CSS of period 𝑇

denoted as 𝑅, which satisfy the following three properties:

(1) ∀𝑠 ∈ 𝑆 and ∀𝑟 ∈ 𝑅, |𝑠| = 𝑇 and |𝑟| = 𝑇;
(2) 𝑘 ≥ 1, where 𝑘 = min

∀𝑠∈𝑆,∀𝑟∈𝑅
{𝑂(𝑠, 𝑟)};

(3) 𝐷BSS(𝑠) = 𝐷CSS(𝑟) ≤ 𝐶 × 𝑇.

From (2) and (4), we know that the only difference
between the constructions of 𝑠 and 𝑟 is that the BSS 𝑠 uses
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Input:
m, N, a channel set 𝐶 = {0, 1, . . . , 𝑁 − 1}, 𝑈 =

{0, 1, . . . , 𝑚 − 1}, a quorum system G under U and a
binary variable 𝑏, 𝑏 = 0 demonstrates that we need to
construct BSS s, otherwise, to construct CSS r;

Output:
Q;

(1) 𝑄 = 0;
(2) for 𝑗 = 0 to (|𝐺| − 1) do
(3) for 𝑓 = 0 to (𝑁 − 1) do
(4) for 𝑖 = 0 to (𝑚 − 1) do
(5) if 𝑖 ∈ 𝑔

𝑗
then

(6) if 𝑏 = 0 then
(7) 𝑥(𝑖 + 𝑓 ⋅ 𝑁) = 1;
(8) 𝑐 = 𝑐bss;
(9) else
(10) 𝑥(𝑖 + 𝑓 ⋅ 𝑁) = 1;
(11) 𝑐 = 𝑐css = 𝑓;
(12) end if
(13) end if
(14) if 𝑧 ∉ 𝑔

𝑗
then

(15) 𝑥(𝑖 + 𝑓 ⋅ 𝑁) = 0;
(16) 𝑐 = 𝑐

𝑟
, randomly selected from the set

{0, 1, . . . , 𝑁 − 1};
(17) end if
(18) end for
(19) end for
(20) 𝑆 = 𝑆 ∪ 𝑠, 𝑅 = 𝑅 ∪ 𝑟, 𝑄 = 𝑆 ∪ 𝑅;
(21) end for

Algorithm 1: Quorum-based neighbor discovery system construction algorithm.

the same channel during the whole period of 𝑇; however, the
CSS 𝑟 should visit all the channels available in the system.
Therefore, we can design a uniform set of neighbor discovery
sequences of period of 𝑇 for BSS and CSS using (4), denoted
as𝑄. So, we have 𝑆 ⊂ 𝑄 and𝑅 ⊂ 𝑄.The set𝑄 is called a neigh-
bor discovery system of period of 𝑇. The 𝑘 and 𝐷BSS(𝑠)/𝑇=
𝐷CSS(𝑟)/𝑇 are the overlapping degree and duty cycle of the
neighbor discovery system 𝑄, respectively.

It is already clear that a neighbor discovery system 𝑄 is a
quorum system under the universal set 𝑈 = {(𝑥, 𝑦, 𝑧) | 𝑥 ∈

[0, 𝑇 − 1], 𝑦 ∈ {0, 1}, 𝑧 ∈ {0, 1, . . . , 𝑁 − 1}}, because it satis-
fies the intersection property: any two sequences in𝑄 have at
least one overlap. Each neighbor discovery sequence in𝑄 is a
quorum.

4.2. Construction of Quorum-Based Neighbor Discovery Sys-
tem in Duty-Cycled Multichannel Mobile WSNs. In this sec-
tion, we present an algorithm which uses a quorum system
to construct a neighbor discovery system 𝑄 for duty-cycled
multichannel mobile WSNs; namely, we need to construct a
set of BSS 𝑆 andCSS𝑅 of period𝑇, such that they satisfy three
properties defined in Problem 9. We refer to such algorithm
as Algorithm 1.

4.2.1. Construction of BSS. First, we introduce the algorithm
to construct BSS set 𝑆, which is easily to be modified to
construct CSS set 𝑅 as we will see. Without loss of generality,

we assume that each BSS 𝑠 is composed of𝑁 segments, where
each segment is composed of 𝑚 time slots. Therefore, the
period of each BSS is 𝑇 = 𝑚 × 𝑁. Specifically, suppose𝑚 = 7

and𝑁 = 3; then, we have the following construction process.

(1) First, we construct a universal set 𝑈 = {0, 1, 2, 3, 4, 5,
6} and a quorum system 𝐺 under 𝑈. Let 𝐺 = {𝑔

0
, 𝑔
1
,

𝑔
2
, 𝑔
3
}; then we can construct the following quorums:

𝑔
0
= {0, 1, 2} ,

𝑔
1
= {0, 2, 3} ,

𝑔
2
= {1, 2, 3} ,

𝑔
3
= {1, 2, 4} .

(9)

(2) Using the quorum𝑔
0
∈ 𝐺, we construct a BSS 𝑠

0
using

the following procedures.

(i) We make the beacon transmission schedule for
the first segment of 𝑚 time slots using the
following two equations:

𝑥 (𝑖) = {
1, if 𝑖 ∈ 𝑔

0
,

0, if 𝑖 ∉ 𝑔
0
,

𝑐 = {
𝑐bss, if 𝑖 ∈ 𝑔

0
,

𝑐
𝑟
, if 𝑖 ∉ 𝑔

0
,

(10)
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Figure 1: An illustration of BSS set 𝑆 with 𝑚 = 3, 𝑁 = 3, 𝑐bss = 1. The pair in the grey box indicates that the network becomes awake on
channel 𝑐bss, and the pair in the white box indicates that the network goes into sleep to save energy. The variable 𝑐 in white box is randomly
selected from the set {0, 1, . . . , 𝑁 − 1}.

where 𝑐bss is the channelwhich network operates
on and 𝑐

𝑟
is a randomly selected channel from

{0, 1, . . . , 𝑁 − 1}. 𝑥(𝑖) indicates in which time
slots the network should keep awake. For the
sake of uniformity, we schedule the network
to work on channel 𝑐

𝑟
when the node turns

off its radio. In the practical implementation of
EasiND, we make no difference between these
two cases because it makes no sense to schedule
an operating channel for a node when its radio
is turned off.

(ii) Repeat the previous procedure to make beacon
transmission schedule for each of other two
segments. It is should be noted that in the
remaining segment, the time slot index 𝑖 should
be the modulo over 𝑚 for constructing the
previous two equations 𝑥(𝑖) and 𝑐.

(3) Repeat step (2) for each of the other quorums in 𝐺,
for example, 𝑔

1
= {0, 2, 3}, 𝑔

2
= {1, 2, 3}, and 𝑔

3
=

{1, 2, 4}, to construct other three BSSs 𝑠
1
to 𝑠
3
.The four

BSSs, namely, 𝑠
0
, 𝑠
1
, 𝑠
2
, 𝑠
3
, are the elements of the set

𝑆, where each sequence has a period of 𝑇.

The beacon transmission schedules in BSS set 𝑆 are
illustrated in Figure 1. One quorum in 𝐺 is used to construct
a beacon transmission schedule in 𝑆. Thus, we have |𝐺| = |𝑆|.
Note that ∀𝑠

0
, 𝑠
1
∈ 𝑆, there are two corresponding quorums

𝑔
0
, 𝑔
1

∈ 𝐺 used to construct 𝑠
0
and 𝑠
1
, respectively. Every

beacon transmission schedule in 𝑆 has the same period of 𝑇,
where 𝑇 = 𝑚 × 𝑁. Because of the intersection property of 𝐺,
𝑔
0
and 𝑔

1
overlap at least𝑁 times on a specific channel 𝑐bss in

period of 𝑇.

4.2.2. Construction of CSS. We employ the same algorithm
to construct CSS set 𝑅, except that in step (2) we use the fol-
lowing different equation to design channel scanning scheme.
Here, 𝑐css is setted to different value in three segments, which
indicates the channel that a node should scan. As shown in
Figure 2, which illustrates the channel scanning schedules in
𝑅, the 𝑐css is set to 0 in the first seven time slots (first segment),
and 1 in the second seven time slots (second segment), and 2
in the third seven time slots (third segment). Therefore, the
node should have scanned each channel at least once in the

period of 𝑇 time slots. That is why we divide the period of 𝑇
into 𝑁 segments:

𝑐 (𝑖) = {
𝑐css, if 𝑖 ∈ 𝑔

0
,

𝑐
𝑟
, if 𝑖 ∉ 𝑔

0
.

(11)

Note that ∀𝑠 ∈ 𝑆, 𝑟 ∈ 𝑅; we have 𝑠 ∩ 𝑟 ̸= 0 because we
use the same procedures and quorum system 𝐺 to construct
𝑆 and𝑅.Therefore, the𝑄which includes 𝑆 and𝑅 is a neighbor
discovery system that satisfies the requirements of Problem 9.
We refer to the neighbor discovery system constructed using
Algorithm 1 as a quorum-based neighbor discovery system.

4.3. Quorum-Based Asynchronous Neighbor Discovery System
in Duty-Cycled Multichannel Mobile WSNs. In this section,
we present an asynchronous neighbor discovery system
which does not require global clock synchronization based
on the rotation closure property of cyclic quorum system.The
objective is to design an asynchronous BSS set 𝑆 and CSS set
𝑅, so that ∀𝑠 ∈ 𝑆 and ∀𝑟 ∈ 𝑅 overlap by at least half of a time
slot for every NDP of period 𝑇; even the time slot boundaries
are misaligned by an arbitrary amount.

We extend the concept of the rotation closure property
in Definition 7 to enable its application to our asynchronous
neighbor discovery system. We will demonstrate that a
neighbor discovery systemwith the rotation closure property
is an asynchronous neighbor discovery systemwhich requires
no global clock synchronization.

Definition 10. Given an integer 𝑖 ≥ 0, a BSS sequence 𝑠 and a
CSS sequence 𝑟 in a neighbor discovery system 𝑄 of period
𝑇, we define

𝑠 + 𝑖 = {(𝑗, 𝑥 (𝑗) , 𝑐 (𝑗)) | 𝑥 (𝑗) = 𝑥
𝑠
((𝑗 + 𝑖) mod 𝑇) ,

𝑐 (𝑗) = 𝑐
𝑠
((𝑗 + 𝑖) mod 𝑇) ,

𝑗 ∈ [0, 𝑇 − 1] } ,

𝑟 + 𝑖 = {(𝑗, 𝑥 (𝑗) , 𝑐 (𝑗)) | 𝑥 (𝑗) = 𝑥
𝑟
((𝑗 + 𝑖) mod 𝑇) ,

𝑐 (𝑗) = 𝑐
𝑟
((𝑗 + 𝑖) mod 𝑇) ,

𝑗 ∈ [0, 𝑇 − 1] } ,

(12)
where 𝑥

𝑠
((𝑗+ 𝑖) mod 𝑇) and 𝑐

𝑠
((𝑗+ 𝑖) mod 𝑇) are the (𝑗+ 𝑖)th

element in 𝑠, and 𝑥
𝑟
((𝑗 + 𝑖) mod 𝑇) and 𝑐

𝑟
((𝑗 + 𝑖) mod 𝑇) are
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Figure 2: An illustration of CSS set 𝑅 with 𝑚 = 3, 𝑁 = 3. The pair in the grey box indicates that the network becomes awake on channel
𝑐css, which is 0 in the first seven time slots (first segment), 1 in the second seven time slots (second segment), and 3 in the last seven time slots
(third segment). The specific allocation procedure of 𝑐css refers to lines 8 and 11 in Algorithm 1. The pair in the white box indicates that the
network goes into sleep to save energy. The variable 𝑐 in white box is randomly selected from the set {0, 1, . . . , 𝑁 − 1}.

the (𝑗 + 𝑖)th element in 𝑟. For example, given 𝑇 = 8, 𝑚 = 4,
𝑁 = 2, and

𝑟 = {(0, 1, 0) , (1, 1, 0) , (2, 1, 0) , (3, 0, 𝑐) ,

(4, 1, 1) , (5, 1, 1) , (6, 1, 1) , (7, 0, 𝑐)} ,

(13)

we have

𝑟 + 2 = {(0, 1, 0) , (1, 0, 𝑐) , (2, 1, 1) , (3, 1, 1) ,

(4, 1, 1) , (5, 0, 𝑐) , (6, 1, 0) , (7, 1, 0)} .

(14)

Definition 11. A neighbor discovery system 𝑄 of period 𝑇 is
said to have the rotation closure property if ∀𝑠, 𝑟 ∈ 𝑄, 𝑖 ∈

[0, 𝑇 − 1], 𝑠 ∩ (𝑠 + 𝑖) ̸= 0, 𝑟 ∩ (𝑟 + 𝑖) ̸= 0, 𝑟 ∩ (𝑠 + 𝑖) ̸= 0 and
𝑠 ∩ (𝑟 + 𝑖) ̸= 0.

Theorem 12. If a neighbor discovery system 𝑄 of period of 𝑇
satisfies the rotation closure property, any pair of 𝑠 (𝑠 ∈ 𝑆) and
𝑟 (𝑟 ∈𝑅) in𝑄must overlap at least once for every𝑇 consecutive
time slots even when the time slot boundaries are misaligned by
an arbitrary amount.

Proof. Suppose that a neighbor discovery system 𝑄 satisfies
the rotation closure property and two nodes, 𝑈 and 𝑉,
respectively; select sequences 𝑠 and 𝑟 from 𝑆 and 𝑅. For the
sake of easy description, we assume that the length of time
slot is 1. We consider the following two cases.

(1) The time slot boundaries are aligned. Without loss of
generality, we suppose that node 𝑈’s clock is 𝑖 slots
ahead of node 𝑉’s clock. Relative to node 𝑉’s clock,
node 𝑈’s sequence 𝑠 is equivalent to 𝑟 + 𝑖. Because
of the rotation closure property of 𝑄, we have 𝑠 ∩

(𝑟 + 𝑖) ̸= 0. Therefore, two sequences 𝑠 and 𝑟 must
overlap at least one time slot in the period of 𝑇. It is
obvious that we can obtain the same results with the
assumption that node𝑉’s clock is 𝑖 slots ahead of node
𝑈’s clock.

(2) The time slot boundaries are misaligned. Suppose
that node 𝑈’s clock is ahead of node 𝑉’s clock by
an arbitrary amount of time, such as 𝑖 + 𝛿, where
𝑖 ∈ [0, 𝑚 − 1], 0 < 𝛿 < 1. If we advance node 𝑉’s
clock by 𝛿, and the sequence 𝑟 turns into 𝑟

, then, the
boundaries of 𝑠 and 𝑟 are aligned and must overlap

at least one time slot in the period of 𝑇. Therefore,
two sequences 𝑠 and 𝑟 must overlap at least 𝛿 time
slot in every period of 𝑇.

Theorem 12 states that any neighbor discovery system
𝑄 with closure rotation property can guarantee successful
discoveries between two nodes, which select BSS sequence
from 𝑆 and CSS sequence from 𝑅, respectively, although
they are not synchronized with each other. We call such
quorum-based neighbor discovery system which satisfies the
rotation closure property an quorum-based asynchronous
neighbor discovery system. Next, we introduce an algorithm
to construct a quorum-based asynchronous neighbor discov-
ery system.

4.3.1. Construction of Quorum-Based Asynchronous Neighbor
Discovery System. Here, we extend the Algorithm 1 based
on cyclic quorum system introduced in [26] to achieve
this objective. Specifically, in step (1) of Algorithm 1, we
first construct a relaxed cyclic (𝑚, 𝑘)-different set 𝐷 =

{𝑎
1
, 𝑎
2
, . . . , 𝑎

𝑘
}, then we construct a cyclic quorum system 𝐺

which consists of group of cyclic quorum sets 𝑔
𝑖

= {𝑎
1
+

𝑖, 𝑎
2

+ 𝑖, . . . , 𝑎
𝑘

+ 𝑖} mod 𝑚, where 𝑖 ∈ {0, 1, . . . , 𝑚 − 1}.
For example, we construct a relaxed cyclic (7,3)-different set
𝐷 = {1, 2, 4} and a cyclic quorum system 𝐺 under 𝐷. Let
𝐺 = {𝑔

0
, 𝑔
1
, 𝑔
2
, 𝑔
3
, 𝑔
4
, 𝑔
5
, 𝑔
6
}, then we have

𝑔
0
= {1, 2, 4} ,

𝑔
1
= {2, 3, 5} ,

𝑔
2
= {3, 4, 6} ,

𝑔
3
= {4, 5, 0} ,

𝑔
4
= {5, 6, 1} ,

𝑔
5
= {6, 0, 2} ,

𝑔
6
= {0, 1, 3} .

(15)

After building the cyclic quorum system 𝐺, we construct
BSS set 𝑆 and CSS set 𝑅 using the same procedures of step
(2) and step (3) in Algorithm 1. An asynchronous BSS and
CSS based on the previous relaxed cyclic (7,3)-difference set
𝐷 = {1, 2, 4} and cyclic quorum system 𝐺 are illustrated in
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Input:
m, N, k, a channel set 𝐶 = {0, 1, . . . , 𝑁 − 1}, and a binary
variable 𝑏, 𝑏 = 0 demonstrates that we need to construct
BSS s, otherwise, to construct CSS r;

Output:
Q;

(1) 𝑄 = 0;
(2) construct a relaxed cyclic (𝑚, 𝑘)-difference set 𝐷 =

{𝑎
1
, 𝑎
2
, . . . , 𝑎

𝑘
};

(3) construct a cyclic quorum system 𝐺 = {𝑔
0
, 𝑔
1
, . . . , 𝑔

𝑚
}

using the relaxed cyclic (𝑚, 𝑘)-difference set D;
(4) for 𝑗 = 0 to (|𝐺| − 1) do
(5) for 𝑓 = 0 to (𝑁 − 1) do
(6) for 𝑖 = 0 to (𝑚 − 1) do
(7) if 𝑖 ∈ 𝑔

𝑗
then

(8) if 𝑏 = 0 then
(9) 𝑥(𝑖 + 𝑓 ⋅ 𝑁) = 1;
(10) 𝑐 = 𝑐bss;
(11) else
(12) 𝑥(𝑖 + 𝑓 ⋅ 𝑁) = 1;
(13) 𝑐 = 𝑐css = 𝑓;
(14) end if
(15) end if
(16) if 𝑧 ∉ 𝑔

𝑗
then

(17) 𝑥(𝑖 + 𝑓 ⋅ 𝑁) = 0;
(18) 𝑐 = 𝑐

𝑟
, randomly selected from the set

{0, 1, . . . , 𝑁 − 1};
(19) end if
(20) end for
(21) end for
(22) 𝑆 = 𝑆 ∪ 𝑠, 𝑅 = 𝑅 ∪ 𝑟, 𝑄 = 𝑆 ∪ 𝑅;
(23) end for

Algorithm 2: Quorum-based asynchronous neighbor discovery system construction algorithm.

Figures 3 and 4. We refer to this construction algorithm for
quorum-based asynchronous neighbor discovery system as
Algorithm 2.

Because of the rotation closure property of the cyclic
quorum system 𝐺, it is obvious to conclude that the neighbor
discovery system 𝑄 of period 𝑇 constructed by Algorithm 2
satisfies the rotation closure property.

5. Performance Evaluation

In this section, we evaluate the performance of EasiND with
earlier method U-Connect proposed in [3].

5.1. Evaluation Metrics. We consider two metrics, namely,
power-latency product (PLP) and fraction of discoveries (FD)
to evaluate neighbor discovery system.

5.1.1. Power-Latency Product. In duty-cycled asynchronous
multichannel mobile WSNs, energy efficiency and discovery
latency are two key performance metrics to evaluate the
neighbor discovery system. On the one hand, nodes adopt
low duty cycle to reduce energy consumption. On the other
hand, nodes need to complete quick successful neighbor

discovery for further exchanging control information or
data communication. Particularly, inmobile sensor networks,
nodes require lower neighbor discovery latency to quickly
establish network connection for time-sensitive data com-
munication. It is obvious that there is a trade-off between
achieving high energy efficiency and reducing the neighbor
discovery latency.Therefore, we use themetric power-latency
product (PLP) introduced in [3] to trade off between energy
efficiency and discovery latency. It is defined as the product of
the average power consumptionwith theworst-case neighbor
discovery latency in an ideal communication channel.

5.1.2. Fraction of Discoveries. Another important metric,
fraction of discoveries (FD), is often used to evaluate the
performance of neighbor discovery protocol. In our paper, it
is defined as the number of neighbors discovered in a fixed
time limits. It is very important to discover more neighbors
in a short time for data-intensive applications in mobile
WSNs. For example, in order to increase the opportunities
of delivering more data, network needs to discover more
mobile sinks when they come into its communication range
as quickly as possible.
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Figure 3: An illustration of beacon scheduling system BSS 𝑆 with𝑚 = 7,𝑁 = 3, 𝑐bss = 1 and a relaxed cyclic difference𝐷 = {1, 2, 4}. The pair
in the grey box indicates that the network becomes awake on channel 𝑐bss, and the pair in the white box indicates that the network goes into
sleep to save energy. The variable 𝑐 in white box is randomly selected from the set {0, 1, . . . , 𝑁 − 1}.
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Figure 4: An illustration of channel scanning system CSS 𝑅 with 𝑚 = 7, 𝑁 = 3 and a relaxed cyclic difference 𝐷 = {1, 2, 4}. The pair in the
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Figure 5:The power-latency product for EasiND and U-Connect at
various discovery latency requirements.

5.2.Theoretical Analysis for PLP. As presented in the previous
section, we adopt slotted neighbor discovery schedules.There
are many advantages to employ slotted discovery mechanism
as discussed in [3], such as easy implementation and over-
coming clock drift problem. Therefore, the average power
consumption can be defined as the ratio between active
and dormant time slots. According to Theorem 5, we can
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Figure 6: The average power consumption for EasiND and U-
Connect at various discovery latency requirements.

construct an optimal cyclic quorum system𝐺 based on Singer
difference set. Therefore, the average power consumption of
EasiND constructed by 𝐺 in period of 𝑇 is

𝑃
𝑒
=

𝑘

𝑘2 − 𝑘 + 1
, (16)
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Figure 7: Ez240 wireless sensor node.
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Figure 8: Evolution of preparation time for data transmission. CCA is enabled, and the link-layer retransmission is disabled.
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Figure 9: Discovery latency (number of time slots) under different number of neighbors with duty cycle of 12%.
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Figure 10: Discovery latency (number of time slots) under different number of neighbors with duty cycle of 3%.

where 𝑘 − 1 is a prime power and 𝑘2 − 𝑘 + 1 is the size of
neighbor discovery schedule segment, that is,𝑚 = 𝑘2 − 𝑘 + 1.
Then, the theoretical optimal PLP of EasiND is

PLP
𝑒
= 𝑃
𝑒
× 𝑚 = 𝑘 = √𝑚 −

3

4
+

1

2
. (17)

As presented in [3], the PLP of U-Connect is:

PLP
𝑢
=

3𝑝 + 1

2
, (18)

where 𝑝 is a prime and 𝑝2 = 𝑚. So, we have

PLP
𝑢
=

3𝑝 + 1

2
=

3√𝑚 + 1

2
. (19)

Therefore, from (17) and (19), we find out that the PLP
of EasiND is only two-third of that of U-Connect in theory.
Figure 5 shows the power-latency product for EasiND andU-
Connect at various discovery latency requirements. Figure 6
illustrates the average energy consumption for EasiND and
U-Connect at various discovery latency requirements. The

ideal theoretical results demonstrate that EasiND reduces
energy consumption and achieves better PLP performance
when compared to U-Connect.

5.3. Test-Bed Evaluation. We implement EasiND on our
Ez240 wireless sensor node [29], as shown in Figure 7, using
TinyOS 2.1 operating system. The Ez240 is equipped with a
CC2420 radio [30], which operates on a total of 16 channels
in 2.4GHz ISM band, numbered from 11 to 26. Each of
these channels is 2MHz width with a center frequency
separation of 5MHz for adjacent channels. We also extend
and implement the U-Connect on our Ez240 platform for
comparison purpose. Here, we refer the extended version
of U-Connect for multichannel WSNs as U-Connect-MC.
Figure 8 shows the preparation time for data transmission on
Ez240 node, which includes the time to turn on the radio,
configures transmission frequency, and preprocess data for
transmission. We can find that the time needed to prepare
for data transmission ranges from 6 to 18 milliseconds under
various experiments. We use 𝑡

𝑠
to denote the length of a time

slot. We have made various experiments under different 𝑡
𝑠

value and found that discovery performance degrades when
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Figure 11: Fraction of discoveries under different number of neighbors with duty cycle of 12%.

𝑡
𝑠
< 18 milliseconds. Therefore, we use 𝑡

𝑠
= 18 milliseconds

in the rest of the paper unless specified. Moreover, in order to
maximize the probability of successful discoveries when time
slots are misaligned, we use the same method introduced in
[1] that nodes send a discovery message at the beginning and
end of the time slot.

We consider two kinds of duty cycle: 12% and 3%. In case
of 12% duty cycle, EasiND uses 𝑚 = 95 and U-Connect uses
prime number 𝑝 = 13. In case of 3% duty-cycle, EasiND
uses 𝑚 = 993 and U-Connect uses prime number 𝑝 =

47. In both cases, we consider 3 channels, that is, 𝑁 = 3.
Specifically, we set 𝑐bss = 15 and 𝑐css ∈ {13, 15, 17} in our
implementations. We also consider the influence of different
number of neighbors on evaluation results.

5.3.1. PLP. Figures 9 and 10 show the discovery latency
of EasiND and U-Connect-MC under different number
of neighbors with duty cycle of 12% and 3%, respectively.
Figures 9(a) and 10(a) describe the discovery latency of
EasiND under each experiment trial with different number
of neighbors, when nodes operate on 12% and 3% duty
cycle, respectively, and Figures 9(b) and 10(b) demonstrate
the discovery latency of U-Connect-MC. Each data point

in Figures 9(c) and 10(c) is the average measurement from
100 individual experiment trials. As shown in Figures 9 and
10, we can see that EasiND can significantly reduce the
discovery latency when compared to U-Connect-MC under
all experiment conditions. The reduction ranges from 7% to
86% in case of 12% duty cycle and 35% to 73% in case of
3% duty cycle. The average time slots needed to discover one
neighbor for EasiND and U-Connect-MC are about 167 and
180, respectively, with duty cycle of 12%. With the number of
neighbors increasing, the time slots used by U-Connect-MC
to discover all neighbors increases quickly, but the discovery
latency required by EasiND increases much more slowly. For
example, in case of 12% duty cycle, the average discovery
latency for U-Connect-MC increases to 2547 time slots to
discover all 11 neighbors, while EasiND only takes about
363 time slots. With the duty cycle decreasing, the discov-
ery latency of both methods under all network conditions
increases. The average discovery latency of U-Connect-MC
to discover all 11 neighbors with duty cycle of 3% is 8851 time
slots, which is much higher than EasiND’s 3112 time slots.
According to the definition of PLP, we can easily find that the
PLP of EasiND is much lower than that of U-Connect-MC
under all experiment scenarios. Therefore, when compared
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Figure 12: Fraction of discoveries under different number of neighbors with duty cycle of 3%.

to U-Connect-MC, EasiND achieves a much better trade-off
between power efficiency and discovery latency.

5.3.2. FD. Figures 11 and 12 show the fraction of discoveries
of EasiND and U-Connect-MC under different number
of neighbors with duty cycle of 12% and 3%, respectively,
including the fraction of discoveries under each experi-
ment trial for both methods in all scenarios as shown in
Figures 11(a), 11(b), 12(a), and 12(b). Figures 11(c) and 12(c)
show the comparison of average fraction of discoveries
measured from 100 independent experiment trials between
EasiND and U-Connect-MC. From Figures 11 and 12, we
can observe that EasiND can discover more neighbors than
U-Connect-MC in a predefined time limitations under all
network scenarios.With the number of neighbors increasing,
both methods’ average fractions of discoveries show an over-
all decrease trend, but U-Connect-MC is more obvious. For
example, U-Connect-MC’s average fraction of discoveries
decreases to 89.2% from 100% when number of neighbors
increase from 1 to 11 in duty cycle of 12%. However, EasiND
can discover at least 93.5% neighbors under all network
scenarios in duty cycle of 12%. We also observe that both

methods achieve better performance in fraction of discover-
ies when nodes operate on a lower duty cycle. This is because
that more collisions would happen due to denser distribution
of active time slots when nodes work on a higher duty cycle.
Therefore, there is room for further improvement when we
take collisions and cooperations between nodes into account,
which are left for our future work.

5.3.3. Implications. We have investigated the impact of duty
cycle and number of neighbors on neighbor discovery system
performances. Both theoretical analysis and experimental
results have shown that EasiND consistently outperforms
U-Connect under all network scenarios. Because EasiND
generally operates in an asynchronous manner, it still works
well with misalignment of time slots and clock drift.

6. Conclusions and Future Work

This paper presents a novel asynchronous neighbor discovery
method named EasiND for duty-cycled multichannel mobile
WSNs. EasiND essentially builds an asynchronous neighbor
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discovery system based on cyclic quorum system, which con-
sists of a group of beacon scheduling sequences and channel
scanning sequences. EasiND can bound the discovery latency
in multichannel communication scenarios and achieves an
optimal performance in terms of power-latency product.
Both theoretical analysis and test-bed evaluation have shown
that EasiND significantly reduces the discovery latency with
desired duty cycle by up to 86% and can discover more
neighbors in a fixed time limitation when compared to U-
Connect. Moreover, EasiND can achieve a better trade-off
between power consumption and discovery latency than U-
Connect.

As future work, we are pursuing two interesting direc-
tions: to (1) extend our study to asymmetric multichannel
mobile WSNs and (2) investigate neighbor discovery when
considering collisions and cooperations between nodes in
multichannel mobile WSNs.
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With its widespread application prospects, opportunistic social network attracts more and more attention. Efficient data
transmission strategy is one of themost important issues to ensure its applications. As is well known,most of nodes in opportunistic
social network are human-carried devices, so encounters between nodes are predictable when considering the law of human
activities. To the best of our knowledge, existing data transmission solutions are less accurate in the prediction of node encounters
due to their lack of consideration of the dynamism of users’ behavior. To address this problem, a novel data transmission solution,
based on time-evolving meeting probability for opportunistic social network, called TEMP is introduced, and corresponding copy
management strategy is given to reduce the message redundancy. Simulation results based on real human traces show that TEMP
achieves a good compromise in terms of delivery probability and overhead ratio.

1. Introduction

Driven by the emergence and application of large number
of mobile devices, which are characterized with low-cost,
powerful, and short-range communication capabilities, wire-
less ad hoc network has acquired rapid development. With
further research, people started to pay attention to themobile
ad hoc networks, especially those whose communication
equipments are deployed on the moving object, such as
wildlife tracking network [1], vehicle network [2], and pocket
switched network [3]. Traditional communicationmode is no
longer applicable in these practical application scenarios, due
to the regular disruption caused by the sparse deployment,
quick movement, and strict constraint both on storage and
energy of nodes. Opportunistic network [4], which achieves
data transmission via node mobility, appeared in such a situ-
ation. As a more natural ad hoc network style, opportunistic
network transfers messages through a storage-carry-forward
hop-by-hope strategy.

To achieve reliable data transmission for opportunis-
tic network, multicopy technique is usually adopted when

the real-time path cannot be guaranteed, for instance, EPI-
DEMIC [5] and PROPHET [6]; in other words, there are
multiple copies of the same message in the network.This will
cause data redundancy which affects the network per-
formance. Therefore, efficient data transmission strategy
requires effective copy management strategy. In a typical
opportunistic network, nodes move randomly and quickly;
nevertheless, for opportunistic social network, the mobility
of nodes is controlled by human social activities, and the
encounters between nodes are more stable and regular, so we
can use the history activities of nodes to predict the encounter
of nodes in the future in opportunistic network as paper [7]
elaborated.

Combined with the characteristic of the opportunistic
network aswell as the need of copymanagement, a data trans-
mission based on node time-evolvingmeet probability which
consists of message forwarding andmanagement is proposed
in this paper. Message forwarding is divided into three steps:
find the periodic neighbor of the destination node, find
the appropriate time slot for forwarding, and forward the
message to the node which has higher meet probability
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with the destination in the right slot. There are two cases
for the message management: multicopy strategy is adopted
to establish quick contact with the destination in the first
step of message forwarding, and for the last two steps mes-
sage is forwarded in a single copy way to reduce network
overhead.

The rest of this paper is structured as follows. Section 1
briefly analyses the related work and our work is elaborated
in Section 2. Section 3 presents the simulation and the evalu-
ation and future work of this paper is presented in Section 4.

2. Related Works

A variety of data transmission strategies for opportunistic
social network communication is proposed. LABLE [8] pro-
posed by Hui and Crowcroft is the earliest work; the authors
think that nodes that belong to the same community have
higher encounter opportunity, and they assume that each
node has a label to identify their communities; the message
is forwarded to the destination directly or by the relay nodes
that belong to the same community with the destination. It is
inefficient unless the source node can bemet directly with the
node that is in the same community with destination node.
On the basis of LABLE, a community-based data transmis-
sion strategy, called Bubble Rap, is proposed in paper [3].
Bubble Rap relied on community and centrality; each node
has a local centrality that describes the popularity of the node
with its local community and a global centrality across the
whole network; it first bubbles the message up based on the
global centrality, until the message reaches a node which
is in the same local community as destination. The related
community detection algorithms, SIMPLE, 𝑘-CLIQUE, and
MODULARITY are given in paper [9]. Node similarity is
defined in [10] to describe the neighborhood relationship
between nodes, according to the history of node encounter.
Based on the neighborhood relationship, a distributed com-
munity detection algorithm is given, as well as a community-
based epidemic forwarding. Based on the literature [10], a
new social pressure metric (SPM) is introduced in [11] to
accurately detect the quality of friendship; this approach
considers both direct friendship and indirect friendship
to construct its community. It can help to make smarter
decisions. Nevertheless, the calculation of metric needs the
whole contact information which may be unrealistic for
opportunistic network.

All the above work is community-based data transmis-
sion strategy. It generates considerable network traffic for
community information maintenance overhead. Moreover,
most community detection algorithmmay lead to the forma-
tion of monotonically increasing cluster due to lack of time
information; that is, more and more nodes are added to the
community with time elapsed, but the outdated nodes cannot
be removed from the community timely. On the other hand,
community detection takes a long time and brings a “slow
start” problem to the network. In summary, community-
based data transmission strategy makes good use of commu-
nity feature of opportunistic social network, but it requires

an efficient community detecting algorithm to improve the
performance.

At the same time, researchers also proposed a series of
data transmission strategy based on node meeting oppor-
tunity predicting. PROPHET is a kind of multicopy trans-
mission strategy that can be applied to the opportunistic
social network. In the protocol, each node maintains its own
transmission probability to the destination and message is
forwarded to the node which has a greater meet probability
with destination when two nodes meet.There is a “lag” prob-
lemwhen forecasting the encounter probability; furthermore,
the excessive copy of the message causes larger overhead.
A novel strategy based on node sociability is given in [12];
the key idea is that of assigning to each node a time-
varying scalar parameter which captures its social behavior
in terms of frequency and types of encounters, and then node
forwards message only to the most social nodes. In [13] Mei
et al. found that people with similar interests tend to meet
more often and then proposed SANE, a social-aware and
stateless routing for opportunistic social network; the interest
profile of an individual is represented as a 𝑘-dimensional
vector. The cosine similarity is defined to express the interest
similarity between two nodes; a message should be forward
to nodes whose interest similar to destination. PeopleRank
[14] ranks the node according to the node importance using
a similar algorithm as PageRank; node forwards message
to destination or a more important node. The author of
dLife [15] believes that opportunistic social network should
consider the dynamism of users’ behavior resulting from
their daily routines; each node has two functions: TECD that
captures the evolution of social interaction among pairs of
users in the same daily period of time over consecutive days;
and TECD𝑖 that captures the node’s importance.Themessage
is forwarded to the encounter if its TECD to destination is
bigger than that of the carrier, or its TECD𝑖 is higher than
that of the carrier when the relationship to destination is
unknown. And the literature [16] explored how much delay
has to be tolerated for the message delivery from the source
to the destination.

3. The TEMP Strategy

3.1. Problem Description. In a typical opportunistic network,
node mobiles follow the same pattern (such as random
model), so nodes are very similar in terms of data transfer.
However, nodes in opportunistic network aremainly human-
carried devices whosemobility is controlled by people; there-
fore, node mobility is distinct, but their encounter is more
regular and stable. As described in [15], nodes have different
encounter relationship with different nodes at different time
periods of the same cycle because of its daily routines. As
shown in Figure 1, A has 5 directly meeting nodes, B, C,
D, E, and F, if two nodes meet each other in the related
time slot, there is a line between them, and the number of
encounters is represented by value𝑤 on the line. In summary,
nodes have similar encounter relation within the same time
slot in different cycles but different encounter relation at
different time frames of the same cycle; these features should
be considered when designing data transmission strategy.
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Figure 1:The contact information of A at different time slots within
the same cycle.
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Figure 2: A common scenario of node contact for illustration of the
lag problem.

Next, we will first analyze the deficiencies of the existing
typical solutions and then present our solution, TEMP for-
warding strategy.

3.2. Problem Analysis of Existing Solutions. PROPHET may
be first thought of when we try to reflect node time-varying
meet probability; in PROPHET the update method mainly
includes the increase and decay in the probability.The proba-
bility increases according to formula (1) when A meets B and
decays in time as formula (2):

𝑃
(A,B) = 𝑃(A,B)old + (1 − 𝑃(A,B)old) × 𝑃init, (1)

𝑃
(A,B) = 𝑃(A,B)old × 𝛾

𝑘
. (2)

There is a reaction lag problem in this update method
for the prediction of node meeting probability. Consider a
common situation shown in Figure 2, at time 𝑡3; for node B
and C, their meet probability decays to a small value after
𝑡3 − 𝑡1, but the probability of A and B increases recently
because they meet a while back, then there is 𝑃(A,B) >
𝑃(C,B) according to PROPHET.Therefore when node A and
C encounter at 𝑡3, C forwards themessage, whose destination
is B, to A. However we find that it is node C meets node B
instead of A in the near future. The message is forwarded
toward an incorrect direction just because of the lag problem.

To describe the dynamic probability of contact between
nodes, dLife uses TECD and TECD𝑖, two time-varying
parameters. First it acquired the average contact length
of nodes for each time slot; then for a certain time slot,
the meeting probability of two nodes is calculated by the
weighted average contact length, with each weighed by a
certain coefficient. The main problem of dLife is shown
in Figure 3; according to dLife we have TECD(A,D) >
TECD(A,C) when C meets D in the first sample slot, so if C
hasmessage destination for A, dLife will forward themessage
to D; however, later we will find that C has more opportunity
to meet A in the rest of time slot, so message should be still
carried by C. For opportunistic social network, the contact
number of nodes is limited, and the more often nodes met
before, the less chance theywillmeet in the future for a certain
time slot. Note that, this is different with different cycles; it

0

CD(A, D) CD(C, D) CD(A, C) CD(A, C) CD(A, C)

t 2t T

Figure 3: Sketch for illustrating the problem of dLife.
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Figure 4: Sketch for elaborating node’s contact information.

is universally thought that nodes have chance to meet each
other, if they met often in the previous cycles.

3.3. Our Solutions. Theresearch results in [7] show that nodes
encounter each other with periodic regularity, and node’s
contact information of last cycle can be used to predict node’s
meet probability for the next cycle. At the same time dLife
pointed out that nodes have different contact relationships
for different time slots within the same cycle. Based on the
above facts, we make the following assumptions: nodes have
varying encounter relationships during different time slots of
the same cycle, but for the same time slot in different cycles,
node’s encounter is relatively stable.

3.3.1. Node’s Encounter Probability at Time 𝑡 within Slot 𝑖.
First, if the encounter interval of any two nodes is available,
the time length between 𝑡 and the time that node meets
destination is acquired; the shorter the length is, the more
suitable the node is chosen as the relay node, so we can use
formula (3) to represent the meeting probability:

𝑃(𝑡)
(A,B)𝑚 ∝

1

(𝑑
(A,B)𝑚 − (𝑡 − 𝑡(A,B)𝑚−1))

(3)

𝑡 is the current time, 𝑡
(A,B)𝑚−1 represents the number 𝑚 − 1

meeting time of A and B, and the time interval between
number 𝑚 − 1 and number 𝑚 meeting time of node A and
B is 𝑑
(A,B)𝑚. But it is unrealistic to predict the exact time that

any two nodes meet at an opportunistic network, even if the
information can be obtained; it needs high storage overhead
to store this information. Next we will give an approximate
solution which is computational and has low storage cost.

We can obtain the contact duration of any two nodes in an
arbitrary time slot according to the history information. For a
specific time slot 𝑖, the contact duration ofA andB is relatively
stable, which is used to estimate themeet probability by dLife.
To make a better prediction, the number and sequence of
node’s encounter also should be considered. For example,
as shown in Figure 4, the shadow rectangles represent the
contact duration, the total contact duration of A and B is
TCD(A,B), and then we have TCD(A,D) > TCD(B,D).
However, for the probability of node’s encounter, we should
have 𝑃(A,D) > 𝑃(B,D) before time 𝑡1, 𝑃(B,D) > 𝑃(A,D)
during 𝑡2 to 𝑡3 and 𝑃(A,D) > 𝑃(B,D) between 𝑡8 and 𝑡9.
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Based on the above analysis, the method of calculation of
node’s encounter probability at any time 𝑡 within the slot 𝑖 is
given as formula (4)

𝑃
𝑖
(𝑡)
(A,B) ∝ (TCD(A,B)𝑖 − CD(𝑡)(A,B)) (4)

CD(𝑡)
(A,B) is the contact duration of A and B before time

𝑡 within slot 𝑖, and their total contact duration in slot
𝑖 is TCD(A,B)

𝑖
; take the deviation into consideration; if

CD(𝑡)
(A,B) > TCD(A,B)

𝑖
, 𝑃
𝑖
(𝑡)
(A,B) is set 0. TCD(A,B)𝑖 is

calculated based on the average contact duration in slot 𝑖 of
history cycles, as formula (5), 𝑗 is the number of historical
cycles, andCD(A,B) represents the contact duration of A and
B in slot 𝑖 of cycle 𝑘 as follows:

TCD(A,B)
𝑖
=
∑
𝑗

𝑘=1
CD(A,B)

𝑘,𝑖

∑
𝑗

𝑘=1
𝑘
. (5)

3.3.2. Message Forwarding Strategy. TEMP divides a node’s
active cycle into multiple sampling slots according to node’s
day-to-day itinerary form. Each node maintains its own
contact information of each slot. If two nodes can meet
directly, they are neighbor node for each other. A’s neighbor
node set in slot 𝑖 is𝑁

𝑖
(A), and the total neighbor of A in the

entire cycle is 𝑁(𝐴) = ∪𝑁
𝑖
(A). TEMP forwarding strategy

mainly comprises three stages: (1) find the periodic neighbor
of the destination node; (2) find the appropriate time slot for
forwarding; (3) forward the message to the node which has
higher meet probability with the destination in the right slot.
Next we will explain the three stages in detail.
(1) Find the periodic neighbor of the destination node.
If the destination node of message does not belong to

the neighbor set of the message carrier, the message needs
to be forwarded to nodes which have neighbor relationship
with the destination as soon as possible. That is, the message
carrier node A meets with B, if B satisfies the condition:

(|𝑁 (B) \ 𝑁 (A)|)
|𝑁 (B)|

≥ 𝜆. (6)

A forwards themessage to B, 𝜆 is an adjustable parameter,
and it is set to 1 in order to reduce the message redundancy
in this paper). Messages are forwarded by this way until
they reach a node that has neighbor relationship with the
destination. Then the message forwarding moves into the
second stage.
(2) Find the appropriate time slot for forwarding.
The main purpose of this stage is to find the most recent

time slot that the message can be delivered. We define the
distance between slot 𝑖 and 𝑗 as dis(𝑖, 𝑗), which is calculated
according to formula (7) as follows:

dis (𝑖, 𝑗) = {𝑗 − 𝑖 𝑗 ≥ 𝑖

𝑗 + 𝑆 − 𝑖 𝑗 < 𝑖
(7)

𝑆 is the number of the time slot in a cycle. Note that, dis(𝑖, 𝑗)
is different from dis(𝑗, 𝑖). Assume the destination of message
is D. After the previous stage, the message’s current carrier A
must have neighbor relationship with D; that is, D belongs to

A’s neighbor collection of a certain time slot 𝑖, D ∈ 𝑁
𝑖
(A).

when A meets with B at slot 𝑘, if there exist D ∈ 𝑁
𝑖
(B) and

dis(𝑘, 𝑖) > dis(𝑘, 𝑗), A forwards the message to B. And so it
goes on, until the most recent delivery time slot arrives.Then
message forwarding goes to step 3.
(3) Forward the message to the node which has higher

meet probability with the destination in the right slot.
Message forwarding reaches this stage; it means that

the message current carrier can meet with the message’s
destination D at the current slot 𝑖. So if the message’s carrier
A meets B at time 𝑡, if the condition 𝑃

𝑖
(𝑡)
(B,D) > 𝑃𝑖(𝑡)(A,D) is

met, A forwards the message to B.

3.3.3. Copy Management. Copy management aims to reduce
the message redundancy and the network load. Copy man-
agement includes the following two aspects.

(1) In the message diffusion stage, namely, the first step
of the forwarding policy, the destination’s information
is unavailable. In this condition, the message is for-
warded based on multicopy strategy; that is, the
message carrier still save a copy of the message after
it forwards the message to another node. The goal
here is to establish contact with destination as soon as
possible by the multicopy strategy.

(2) In the last two steps of message forwarding, message
carrier has established contact with the destination,
so the message is forwarded in a single copy way. The
carrier deletes the message once it forwards the mes-
sage to an appropriate node to reduce the redundancy.

4. Simulation and Evaluation

4.1. Simulation Settings. We develop the TEMP on the DTN
simulation platform,ONE1.4.1 [17], developed by theHelsinki
University, and also give the performance evolution based on
the simulation results. The experimental scenario is based on
real humanmovement trajectory data sets, Cambridge Traces
[18]. In order to evaluate the performance of each algorithm,
we generate 5000messages in advance using createCreates.pl,
a Perl script of ONE. The source and destination of message
are randomly selected, and the message size is evenly dis-
tributed between 10KB and 100KB. Table 1 shows the main
parameters of the simulation.

To evaluate the performance of TEMP, we will compare
it to dLife and PROPHET in terms of delivery rate, overhead
ratio, and network delay and discuss the results.

4.2. Effect of TTL. In this experiment message buffer size is
set to 2MB. In Figure 5, we can see that the delivery ratio of
each protocol develops with the increasing of TTL. dLife and
PROPHET achieve high delivery ratio when TTL is less than
1 day, but once the TTL is greater than 1 day, the delivery ratio
of TEMP improves significantly and eventually much higher
than the other twoprotocols. In the implementation of TEMP,
node’s activity cycle is set to 1 day, so when the message TTL
is less than 1 day, the performance of TEMP is poor. At the
same time, we note that while node’s activity cycle in dLife is
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Table 1: Default parameter value.

Parameter Value
Simulation time 990000 s
Update interval 60 s
Number of messages 5000
Message size 10 kB–100 kB
Message TTL 2 day
Buffer size 2MB
Transmit speed 11Mbps
ProphetRouter.secondsInTimeUnit 10 s
ProphetRouter.p init 0.75
ProphetRouter.beta 0.25
ProphetRouter.gamma 0.98
Dlife.numberofslot 24
𝜆 1
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Figure 5: Delivery ratios under varying TTL.

also set to 1 day, it achieves better performance than TEMP
when message TTL is less than 1 day. The reason is that dLife
uses the weighted sum of node’s contact duration of every slot
to calculate TECD and TECD𝑖, and the coefficient of each
slot is very close to each other which makes dLife more likely
to use the total contact duration to predict node’s encounter
probability. In a word, it makes little sense to divide the slot
for dLife.

The definition of overhead ratio in Figure 6 adopts ONE’s
default value; that is, overhead ratio = (relayed-delivered)/
delivered. Figure 6 shows that compared with ROPHET
TEMP and dLife can reduce the overhead ratio significantly.
When message TTL is less than about 1 day, the message
forwarding mainly uses multicopy strategy for TEMP, so the
overhead ratio of TEMP is much higher than dLife, but it
decreases with the addition of message TTL and remains
stable finally.
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Figure 6: Overhead ratios under varying TTL.
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We also observed the delay of each protocol when the
TTL changes. In the experiments, we found that when the
TTL increases, the delay of each protocol changes slightly. So
we use the average of network delay in different TTL settings
for evaluation and plot them in Figure 7. We find that even
though the average delay of TEMP is higher than that of
dLife and PROPHET, the difference among them is less than
0.04 day (about an hour) which is acceptable in opportunistic
network.

4.3. Effect of Buffer Size. We studied the effect of buffer size
on the performance in this part; TTL value is set to 2 days.
The results of the experiment are showed in Figures 8–13.

The plot shows that TEMP outperforms all the other
forwarding schemes on delivery ratio. In normal conditions,
the usage ofmulticopy strategy can improvemessage delivery
ratio. However, network resources, such as storage, energy,
are limited in opportunistic social network; a large number
of message copies bring huge resource consumption which
will reduce network performance and bring high overhead
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ratio as is shown in Figure 9; therefore, the delivery ratio of
dLife and PROPHET is poor. Moreover, the “lag problem” of
PROPHET further decreases the delivery ratio.

Figure 10 shows the average delay of the three forwarding
schemes under different buffer sizes. dLife takes node’s global
importance into consideration and uses TECD𝑖 (similar to
PageRank algorithm) to make message forwarding decision,
so it achieves the best performance on delay. Note again,
the calculation of a node’s importance metric TECD𝑖 relied
on the prior obtaining of its neighbor’s importance which
is very complex. TEMP only uses node’s local information
and avoids this disadvantage. Overall, the difference of delay,
less than 0.03 day (about 0.72 hour), among them is very
slightly for opportunistic social network with delay tolerance
capacity.
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4.4. Analysis of Time Slot Division. In paper [15], the author
pointed out that dLife achieved the best performance when
the cycle was divided into 24 time slots. In all experiments
above, we used 24 time slots in the implementation of dLife.
But for TEMP, we adopt 4 time slots, it should be noted that
this division is not optimal for TEMP, and we adopted 4 time
slots because we take the twomain periods, namely, 6:00 am–
12:00am and 12:00 pm–18:00 pm, of human activities into
consideration. In fact, the division of time cycle should be
based on a large number of observations, but in this paper we
divided the time cycle into multiple slots of equal length for
convenience. In the following parts, we talk about the effect
of time slot division on TEMP and dLife.

The curves in Figure 11 show that the delivery ratio
performance of TEMP is always higher than that of dLife
under different time cycle divisions. From all the three figures
above, that is, Figures 11, 12, and 13, we can find that the
performance of dLife changes slightly. This further proves
that it makes little sense for dLife to divide time slot although
its original intention is to reflect node’s different encounter
relationship by dividing time slot. Compared to dLife, TEMP
ismore sensitive to slot division whichmakes it more suitable
for opportunistic social network that node’s activities are
obviously different during different time slots.

5. Conclusion and Future Work

In this paper, we propose a data transmission strategy, called
TEMP, for opportunistic social network. It consists of mes-
sage forwarding and copy management strategy. Simulation
results show that TEMP is more efficient in terms of delivery
ratio and overhead ratio. Simultaneously it is more suitable
for the scene in which node’s activities show a significant
difference during different time slots. It is well known that the
community is a very important feature of opportunistic social
network, but the existing community detection algorithm is
nonadaptive and complex. Thus, in the future work, we aim

to study a computable and self-adaptive community detection
algorithm to assist the message forwarding. Such as, we can
use GPS or RFID to locate the community that the node is
currently in; of course, the community is a geo-community,
but for offline network, node’s mobility preference is always
associated with the geographic information.
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Considering city road environment as the background, by researching GPSR greedy algorithm and themovement characteristics of
vehicle nodes in VANET, this paper proposes the concept of circle changing trends angle in vehicle speed fluctuation curve and the
movement domain and designs an SWF routing algorithm based on the vehicle speed point forecasted and the changing trends time
computation. Simulation experiments are carried out through using a combination ofNS-2 andVanetMobiSim software. Compared
with the performance of the SWF-GPSR protocol with general GPSR, 2-hop C-GEDIR, and the GRA and AODV protocols, we find
that the SWF algorithm has a certain degree of improvement in routing hops, the packet delivery ratio, delay performance, and link
stability.

1. Introduction

With the development of mobile communication technol-
ogy and intelligent transportation technology, even if the
drivers do not intervene, any vehicle can participate in
collecting and reporting useful traffic information such as
section travel time, flow rate, and density, as discussed in
[1]. Road conditions, traffic congestion and information can
be exchanged between vehicles, including speed, direction,
acceleration, and position, which can greatly improve the
vehicle safety. Business services (such as infotainment, audio,
video, and internet applications) also can be applied in this
transportation; in this case, even if people leave the computer
and mobile phone, they can sit in the car to get the leisure
and entertainment.The realization of these ideas comes from
VANET (vehicle ad hoc network technology) in [2].

The VANET vehicles must be equipped with a radio
transceiver and computer control module, so that they can
be used as a network node. The wireless network coverage
range of each vehicle may be limited to a few hundredmeters;

each node can be either a transceiver or a router. Therefore,
it is necessary to provide end-to-end communication over
long distances by means of intermediate nodes. The VANET
does not need the support of wired infrastructure, but
some of the permanent network nodes may appear in the
form of a roadside unit. Roadside units can provide a wide
variety of vehicle network services, such as the placement of
information in the driveway side, providing geographic data
information, or using buses, taxis, and other vehicles as a
gateway to connect to internet as discussed in [3].

Ad hoc network is a kind of distributed wireless mul-
tihop network composed of a group of nodes with routing
function, and it does not rely on any of the default network
infrastructures. In ad hoc network, the transmission range
of nodes is limited. When the source node sends data to
the target node, it usually requires other auxiliary node,
so routing protocol is an indispensable part of the ad hoc
network as discussed in [4]. Traditional data aggregation
schemes for wireless sensor networks usually rely on a fixed
routing structure to ensure that data can be aggregated
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at certain sensor nodes. However, they cannot be applied in
highly mobile vehicular environments. Unlike the traditional
ad hoc networks [5], VANET has some different character-
istics such as regularity and predictability [6]. The global
positioning system (GPS) can provide precise positioning
service for vehicles. However vehicle is moving at high speed,
obstruction in existence, and frequent changes in network
topology, so VANET routing leads to more complex routing
problems. From a functional perspective, the routing proto-
col is a mechanism by which communication network sets
guidelines for the business data from the source node to the
destination node. The design objectives of routing protocol
are to meet the application requirements while minimizing
the network energy consumption, to use resources effectively,
and to expand the network throughput. Among them, the
application’s needs generally include delay, delay jitter, and
packet loss rate. And the network capacity can be seen as a
function, which is related to each node’s available resources,
the number of nodes in the network, node density, the end-
to-end communication frequency and topology changes, and
other factors, as discussed in [7]. VANET routing protocols
have three common classifications: greedy perimeter stateless
routing (GPSR) routing algorithm is an algorithm using
location information routing, which uses a greedy algorithm
to establish the routing in [8]. As discussed in [9], resource-
constrained mobile sensors require periodic position mea-
surements for navigation around the sensing region.

2. Problem Statement

GPSR protocol is a stateless routing protocol and a typical
location-based routing protocol; it requires neither regular
exchange of routing information nor broadcast flooding
to route requests. And it does not need to store routing
information, thus reducing the network bandwidth resource
consumption and the processing power of node, which is
very effective in a network for high density and node average
distribution, such as a highway. But in recent years, many
researchers have found that implementation of GPSR in the
city road environment leads to some defects as the following
aspects.

2.1. The Unstable Link and a Huge Amount of Computation.
TheGPSR protocol uses greedy forwarding strategy, selecting
the nearest neighbor node from the destination node as the
next hop node in the network, which means that it is the
farthest from neighbor nodes to the local node, so the link
is unstable in a large probability. Because of the frequent
movement of node in the network, the speed of the vehicle
will result in changes of the distance between the nodes. Also
the greedy algorithm cannot be effectively computed, so the
unstable link will lead to decline in the performance of the
protocol. Changing topology makes the computation of the
greedy algorithm large, but the computing power and energy
of node is limited; in this case, GPSRprotocol needs flattening
to eliminate the cross-links in the network topology, so when
each node adds or deletes any one of its neighbor nodes, it
requires to flatten the local topology. The time complexity of

this process is (𝑛
2), in which 𝑛 is the density of the node’s

neighbors. When the network topology changes frequently,
this problem will become more serious.

For example, source node is 𝑋, and the destination node
is 𝑌. If, at a time 𝑇

0
, the node 𝑋 needs to send data packet

to the node 𝑌, and node 𝑋 knows the location of the node 𝑌

at this time, then according to the GPSR protocol, the source
node and the intermediate node can transmit directly packet
forwarding based on position information of the destination
node at that moment. However, the destination node is
moving in the actual scene, and the intermediate node is
likely to transmit packet forwarding to the destination node
which has moved to another position based on the position
information of the destination node at the time 𝑇

0
. Then to

route addressing continues, an error may occur. It is likely
that the data packet arrives at the position of the destination
node in the time 𝑇

0
. If the surrounding node has no position

information of the destination node, then the data packet
cannot be transmitted to the destination node, which means
packet forwarding failure; in other words, packet will be lost.

2.2. Packet Loss and the Increase in the Number of Routing
Hops. The greedy forwarding policy and boundary forward-
ing strategy of the GPSR protocol will lead to redundancy
problem. The uneven distribution of the nodes in a city
environment will lead to network congestion and packet
loss when the load of network is too large, and the wrong
greedy forwarding will take up too much resources. The
GPSR algorithm uses the right hand to search routes at the
boundary in a direction; it may choose relatively long routing
paths to reach the destination node, even nearer routing path
in the other direction exists. In fact, when the density of
network nodes increases, the boundary forwarding policy
leading to routing hops increases, resulting in waste of the
channel resources as well as the increase in network delay.
When the distribution of network nodes is sparse, because of
the use of unified right-hand rule, a message in a boundary
mode is likely to repeatedly miss the opportunity to change
back to the greedy forwarding mode, which needs to go
through a lot of mode nodes.

For example, because of the limitations of the cruciform
road topology, node distribution is very uneven. The source
node 𝑋 needs to select a node 𝑌 as the next hop node; if
the node 𝑌 is the best host, then it is transferred to the
boundary forwarding mode. Then implementing the right-
hand rule, there will be two results: one is that packet will
eventually arrive at the destination node, but the results of
this addressing increased routing hops; another is that there
is large number of nodes on the left side of the node 𝑌, then
the packet may have been sent along the left hand side of the
road to go farther and farther away from the target until life
cycle of the last node is reduced to 0, and then discard the
packet.

3. The Algorithm Design

3.1. Relative Speed Fluctuation and Distance Change between
Nodes. Real-time computing needs to constantly recalcu-
late the route for change of dynamic speed, which brings



International Journal of Distributed Sensor Networks 3

about enormous computation. Due to high-speedmobility of
node, speed is roughly between 5∼40m/s, resulting in rapid
changes in the network topology, so the life of path is short.
For example, the average speed is 100 km/h on the road; if
the node’s coverage radius is 250m, then the probability of
the persistent link exists for 15s is only 57%, as discussed in
[10]. In [11], with the knowledge of the access point locations,
more accurate localization for the mobile device trajectories
and motion sensors can be obtained. In [12], bounding-box
mechanism is a well-known low-cost localization approach
for wireless sensor networks. However, the bounding-box
location information cannot distinguish the relative locations
of neighboring sensors.

Therefore, before the route discovery, forecast of the
relativly more stable links is important. The vehicle nodes
with relativly more stable speed and trajectory can improve
the efficiency of the greedy algorithm and reduce the com-
putational energy consumption.The greedy algorithm selects
the nearest node from the target node to send forwards.
However, because the vehicle is in a state of movement or
stoppage at any time, the speed of the node is changing, so
the distance between the nodes is also changed. According
to the research, for a car traveling in the big city, the average
speed is about 30 km/h, depending on traffic conditions. In
general, the limit of maximum speed is 60 km/h on urban
trunk road, is 40 km/h on urban secondary roads, and is
30 to 40 km/h in ramp and tunnel is. There are two major
possibilities about the vehicle speed changes, one is road
congestion, and the other is wait for traffic lights or parking in
intersection. In either case, we can consider only the relative
velocity between the vehicle nodes. If the speed of nodes is
the same or vehicles park simultaneously at the same time,
the relative speed is 0. In [13], the difference in propagation
speed helps to report encounters between nodes. Therefore,
if the vehicle is accelerating or decelerating, the relative speed
increases or decreases, the distance between nodes changes,
then the shortest path between the nodes also changes.

If the relative speed of the vehicles between nodes is
greater than the speed threshold value 𝑉

𝑧
, forwarding node

may exceed the signal radiation range of the source node in
the time threshold 𝑇

𝑧
; the packet should be considered to

be sent to another one. However, the speed of the vehicle
is unpredictable; we will design a heuristic algorithm to
forecast the speed fluctuation to predict the movement of the
vehicle. Some improved GPSR routing protocol will take into
account the direction of movement of the vehicle. Reference
[14] proposed a mobile target tracking scheme that takes
full advantage of Voronoi diagram boundary to improve
detection ability. In fact, no matter vehicles traveling to the
same direction or opposite, and the vehicles are in front or
behind of each other, they cannot affect the distance between
nodes in greedy routing algorithm if we can predict and
compute the relative speed of vehicles. The method can also
forecast multiple nodes within a topology; if the majority
of nodes of the entire topology are in a stable state of
relative speed, the problems caused by the network topology
changing too quickly can be improved to some extent.

For example, in the time of 𝑡
(𝑥)
, the speed points fore-

casted of source node A were 20, 23, 25, 15, and 10m/s,

𝑅 𝑅

A A
A

A A

B B B B B

Direction of movement
The distance between nodes
Node position

The communication
range of a node

Figure 1: The change in distance caused by speed fluctuation.

the speed points forecasted of forwarding node B car were
23, 21, 20, 18, and 19m/s, and then the relative speed of the
two vehicles were 3, 2, 5, 3, and 9m/s, whereas the relative
distance were 3𝑡

(1)
, 2𝑡
(2)
, 5𝑡
(3)
, 3𝑡
(4)
, and 9𝑡

(5)
m. If the relative

distance was more than communication circle radius 𝑅 of A,
A cannot communicate with B at this moment. If within the
time threshold 𝑇

𝑧
, A was unable to send data packet to B, the

relative speeds was unstable; consider giving up point B from
routing. Conversely, within the time threshold value 𝑇

𝑧
, the

forecast result of the relative speed leading to the distances
between B andAwas less than𝑅; it can be considered that the
node B relative toAwas stable and can be used as the next hop
of the routing. If there were multiple stable nodes or no stable
node, implement greedy forwarding directly. The change in
distance caused by speed fluctuated as shown in Figure 1.

3.2. Ideal and Optimal Forwarding Nodes and Movement
Domain. In [15], the resultant formulation of the DGPR (dis-
tributed Gaussian process regression) approach only requires
neighbor-to-neighbor communication, which enables each
sensor nodewithin a network to produce the regression result
independently. When node A found the next forwarding
node B, B node was located the boundary of the circle the
radius was 𝑅 of communication range of A; we considered
that B was optimal forwarding node of A. Similarly, if C was
the optimal forwarding node of B, D was optimal forwarding
node of C; we considered this particular routing to be called
continuous ideal and optimal routing, which was the shortest
distance routing at this time.

As discussed in [16], localization is one of themost impor-
tant issues in wireless sensor networks. But no orderliness for
locations of nodes changes at any time when vehicles travel
on the road. The emergence of continuous ideal and optimal
routing was unlikely. But the possibility of the approximate
continuous ideal and optimal routing is there. When there
was the closest distance between the target node and B, which
was infinitely closed to communication circle radius 𝑅 of
A, we can take the point B as the approximate optimal for-
warding node. If the infinitely close to ideal and optimal for-
warding nodes in the process of forwarding information can
be computed, the number of routing hops can be declined.
However, since the vehicle is traveling without the law can be
followed, we designed a motion range computation method,
used to predict the movement trajectory of the vehicles. In
the VANET, mobile nodes are subjected to the restrictions
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of the road models. Although it is not possible to accurately
compute the position of the destination node at a particular
moment, it can estimate the range of itsmovement. Reference
[17] presents a novel probabilistic framework for reliable
indoor positioning of mobile sensor network devices. As
discussed by LAR protocol, the source node 𝑋 is assumed
to know that the position of the destination node D is
𝐿(𝑋
𝑥
, 𝑌
𝑦
) at this moment, and the average moving speed is

𝑉
𝑝
. Therefore the region where the node D may occur can

be estimated. The region is the circular region which used
𝐿(𝑋
𝑥
, 𝑌
𝑦
) as the center, 𝑅 = 𝑉

𝑝
× (𝑇
1
− 𝑇
0
) as the radius. It is

the “desired domain.” However, the error may be very serious
which uses average speed to compute the mobile range of
vehicles.

When implementing speed fluctuation forecasted to pre-
dict the curve of the speed, distance between the node A
and B can be computed at 𝑡

(𝑥)
time. However, the vehicle

traveling on the road does not necessarily move straight.
In fact, in most of the cases, the vehicles are doing the
curvilinear motion. So directly compute the straight-line
distance between the two nodes that will certainly cause
serious errors. Therefore, if the position coordinates of the A
and B were A (𝑥A, 𝑦A) and B (𝑥B, 𝑦B), when 𝑥A = 𝑥B, then
the positions of A and B were on back and forth of a straight
line; the straight line distance can be computed; if 𝑦A = 𝑦B, A
and B located on the road around the location and straight-
line distance can also be computed. Since communication
range of a single hop node is only a few hundred meters in
[18], the width of the urban road 𝑊 is typically much less
than the signal transmission range of vehicle node. When
𝑦A = 𝑦B, it is possible to compute its distance, because the
greedy algorithm should select the node from which to the
source node is the farthest away. If 𝑥A = 𝑥B, the distance
𝐾 should be computed; 𝐾-value is the closer to the optimal
node, the possibility of which is the forwarding nodes is great.
Therefore, the average speed 𝑉

𝑝
cannot make the diameter

2𝑅 of the desired domain exceed the road width 𝑊; if the
diameter is longer than the width, the maximum speed 𝑉

𝑡

in the curve should be loop selected to compute until 2𝑅 =

2𝑉
𝑝

× (𝑇
1

− 𝑇
0
) ≤ 𝑊; the array of speed will achieve

stability and convergence. The packet forwarding of original
GPSR protocol is based on the position information of the
destination node; the node is no longer forwarding the packet
to a fixed position coordinates, but to the region where the
destination node may occur, that is, forwarding the packet to
a moving area; we call it “movement domain.”

The localization problem in mobile sensor networks is a
challenging task, especially when measurements exchanged
between sensors may contain outliers, that is, data not
matching the observation model in [19]. If the continuous
ideal and optimal routing exist in the case, the signal packet
transmission speed was 𝑉

𝑥
between the four nodes: A, B, C,

and D, the radius of signal transmission circle was 𝑅
𝑥
, and

the time of A sending the data to the D directly was 𝑅A/𝑉A +

𝑅B/𝑉B + 𝑅C/𝑉C + 𝑅D/𝑉D. Based on the speed fluctuations
forecasted algorithm, in that period of time, we have to select
the speed point forecast: 𝑉A, 𝑉B, 𝑉C, and 𝑉D, the distance
is the shortest among the four nodes, the instant speed of
four nodes was selected from the speed forecasted queue.

C
D

C

D
A

A
B

B

The distance between the
movement domain

The communication
range of a node

Movement domain

The distance between the ideal
and optimal forwarding node

Figure 2: The optimal forwarding nodes and node movement
domain.

The optimal forwarding nodes and node movement domain
as shown in Figure 2. As shown above, the vehicle is not
a linear movement, select the speed forecasted to compute
movement domain of nodes, we can predict the range of
movement of the vehicles. Therefore, if traffic is heavy, when
signal packet transmission range of the vehicle is greater
than the distance between nodes, the packet can be directly
forwarded to the location of the movement domain. If there
is less traffic on the road, the distance between nodes may
be greater than the diameter of signal packet transmission
circle, which may result in the inability to send the data. At
this time, the greedy algorithm can use border forwarding to
search forward node.

3.3. SWF Routing Algorithm. The basic principles of GPSR
greedy forwarding algorithm are when the node is in greedy
forwarding mode, source node select nodes of the far-
thest distance from themselves within communication range,
which is the nearest to the destination node as the next hop
node. As discussed in [20], select the node nearest to the
destination node as a relay node within the transmission
range so that to increase the possibility of a local maximum
and link loss because of high mobility and urban road
characteristics. So, we design a kind of SWF (Speed Wave
Forecasted) routing algorithm combined with speed fluctua-
tion forecasted and computation of themovement domain, as
the speed fluctuations forecasted algorithmneeds to input the
data of speed fluctuations of the vehicle. The vehicle begins
to move, to start route discovery, first greedy forwarding.
Begin to forecast the speed of the vehicle which is computed
at the time threshold value 𝑇

𝑄
. Because the possibility of

movement changes of the stable relative speed of nodes is
small, so put them in a routing node queue and implement
greedy forwarding. At the same time, compute distance of
approximate ideal and optimal nodes andmovement domain.
If the distance between movement domains of nodes is
smaller than greedy forwarding distance between nodes, then
select the approximate ideal and optimal node as forwarding
node. Conversely, the greedy algorithm will select the node
which is the nearest from target node as forwarding node.
When there is a problem of routing void, not implementing
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boundary forwarding at once, but waiting storage for the
time 𝑇, waiting for the forwarding node 𝑃 reaches the mobile
domain; if it arrives, it is forwarded to the 𝑃, then continue
to greedy forwarding, or into the border mode. When the
nodes are into the border forwarding mode, if there are no
neighbor nodes which are closer from themovement domain
of the destination node than their own, so construct flat
graph, using the right-hand rule, and find the closest to the
movement domain within the transmission range of the node
as the next hop node. Until the border forwarding is finished,
return to the greedy forwarding.

3.4. Speed Fluctuations Forecasted Algorithm. Assuming GPS
is installed in each vehicle, vehicles can determine their
own location information. Electronic map can provide the
actual road information in each of the navigation system.
Determine the travel path of the vehicle before departure
from automatic GPS navigation. For a car traveling in the
city roads, the speed change can be seen as a volatile process.
Whenever vehicles’s continuous acceleration last time 𝑛, then
the speed is bound to enter a downward spiral. Its decline is
due to aforementioned road congestion, traffic lights, speed
limits, and other objective factors. Conversely, when the
vehicle speed reaches the lowest point, wave of continuous
acceleration fluctuations also occur; when the fluctuations
reach the steady state, if the continuous distribution time 𝐾

of the speed can be forecasted, we can know the relative speed
between the vehicles; it can be found as a relatively stable
routing and associated collection of nodes.

Definition 1. Due to more attributes impacting velocity fluc-
tuations, we set up the 𝑁 tuple: ⟨𝑉lim,𝑀,B . . .⟩ with an
uncertain definition, among which 𝑉lim is the maximum
speed of the vehicle, 𝑀 is road congestion, and B is proba-
bility of randomly moving. In a curve graph showing speed
trend fluctuations, the velocity curve as a circular is divided
into aliquots 𝑛. According to the fluctuation of curves, the
change in angle of the waves can be found and is called
circle changing trends angle, in order to compute the time of
continuous and stable vehicles speed last out, which is Speed
fluctuations changing trends time. Set speed trend wave
forecasted as (I, I, II, II, III, IV, V, VI, VII. . .); time balance
point of trend wave as the value of 𝑋-axis, its identification
symbol is 𝑋

𝑇
, 𝑋 belongs to 𝑊; speed balance point of trend

wave as the value of 𝑌-axis, its identification symbol is 𝑠.

3.5. Speed Point Forecasted of the Speed Trend Wave. As
discussed in [21], a number of routing protocols have been
developed in the last years based on SI principles, and, more
specifically, taking inspiration from foraging behaviors of ant
and bee colonies. The idea of speed forecasted comes from
the wave fluctuations in equilibrium theory in [22]; when
the continuous decline of the I wave speed is complete, the
number of speed point forecasted of the increase wave II is
usually 𝜋 times of wave I; the very small number of cases
may exceed 𝜋 times. Top speed of vehicle node on road of
the first wave change of velocity is 20m/s; the minimum
speed is 5m/s. When II = III, top speed of wave II is

s (II) = 62.8m/s; minimum speed is about 15.7m/s. I/2 =

(2/2𝜋) × II, use 𝜋/2 as a constant, can compute several other
possible speed points of waves II. The 𝜋/2 times of midpoint
of wave I is a speed point forecasted 𝑋, as (1/2)I × (𝜋/2) =

(1/2𝜋) × (𝜋/2)II = (1/4)II; 𝜋/2 times of 𝑋 point; is the next
speed point forecasted 𝑌; as (1/4)II × (𝜋/2) = (𝜋/8)II =

0.393II. The 𝜋/2 times of 𝑌 point is the next speed point
forecasted 𝑍, as (𝜋/8)II × (𝜋/2) = (𝜋

2
/16)II = 0.617II,

use 𝜕(𝜋) to express the division ratio of the group speed
waves. Similarly, use𝜋/2 as a constant rate to partitionwave I,
also calculate speed point forecasted of the wave I. According
to the speed partition rate calculation method, use 𝜋/2 ratio
partition speed point forecasted waves split below the wave
I/2; another group speed points forecasted can be obtained
before the speed wave trend change. Merge speed points
forecasted partitioned by 𝜋/2 and 𝜋/2, and obtain speed
points collection coefficient 𝜕(5) partitioned by pi and the
speed points forecasted as shown in Figure 3.
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The heuristic formula of speed points forecasted of wave
II can be summed up:

𝑠 (𝑡) = 𝜕 (𝜋) II =
2

𝜋
𝜋I. (2)

So we can obtain a set of speed points forecasted: 𝐴 = 5m/s,
𝑌 = 7.86m/s, and 𝑍 = 10m/s.

3.6. Speed Fluctuations Changing Trends Time. The time
balance line of the vertical direction of the circle is divided
into aliquots 𝑛 that is changing trends time point for wave
fluctuations; when wave goes through time balanced line
or into the time zone near the balanced line, the fluctu-
ations will changing trends or increase. Set waves I and
II running time as 20 seconds, wave III running time is
25 seconds. The change trends angle of aliquots 5 circle is
𝜕(5) = (72

∘, 144∘, 216∘, 288∘, 360∘). Let 288∘ is the closest from
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Figure 4: Speed fluctuations changing trends time.

waves III running time denote changing trends time point
of waves III, is 4/5 times of circle changing trends time; the
changing trends time of wave II arriving in the position of
wave III is about 16 seconds, so heuristic formula of changing
trends time is

III
𝑇

= (I
𝑇
+ II
𝑇
) 𝜕 (𝑛) . (3)

For a wave run 30 seconds for the situation, select the
speed of the data transmission node A according to the
running speed of the vehicle to input speed values and
computed. That means input of the values of the points of
speed wave I into speed fluctuations forecasted algorithm
after 30 seconds through heuristic formula computing speed
point forecasted and speed fluctuations changing trends time
after wave I emerges. According to formula (3), wave I
running lasts 32 seconds, wave II running lasts 28 seconds,
then the changing trends time point when the speed wave
reach to waves III is 7/10 times of 60 seconds cycle, is 42
seconds, whichmeans that, after about 42 seconds, the vehicle
speedwill rise, so (I

𝑇
+II
𝑇
)𝜕(7) = 60×7/10 = 42. In summary,

the time of the vehicle stable speed is 42 seconds; accelerating
wave III appears from 60 seconds to 102 seconds of II wave;
vehicles will reach top speed at the time of 102 seconds. Speed
fluctuations changing trends time as shown in Figure 4.

4. Simulation Experiments and Evaluation

NS-2 is a discrete event-driven, object-oriented network
emulator. Using NS-2 to simulate network transmission
through the establishment of a statistical model, for the
design and evaluation of network protocols to provide

Table 1: MAC layer protocol parameters.

MAC layer protocol IEEE802.11DCF
The number of packet 8192 bits
MAC layer header 224 bits
PHY layer header 192 bits
RTS 160 bits + physical layer header
CTS 112 bits + physical layer header
ACK 112 bits + physical layer header

a good experiment and test platform, compare SWF-GPSR
with GPSR and other routing protocols. For comparison
performance of the forwarding strategies, select three key
indicators for evaluating routing protocols for data collection
and analysis of results.

(1) Average transmission delay: average time of the trans-
mitter sends a complete data packet to the receiving
node.

(2) Packet delivery success rate: ratio of the total number
of packets successfully received to the total number of
packets sent.

(3) Route length: the number of nodes through which
data packet from the source node to the destination
node successfully posted, that is, the count of hop.

(4) Link stability: the number of routing link changes in
simulation time.

In order to improve the shortage of NS-2 for VANET for
network simulation, using vehicular ad hoc networks mobil-
ity simulator (VanetMobiSim) software for traffic simulation,
establish a system simulation model for simulating nodes
move, in order to gain traffic reports and other information
on traffic engineering analysis. VanetMobiSim arising from
CanuMobiSim (communication in ad hoc networks for ubiq-
uitous computing) is a framework for user mobility model
which was developed by CANU research group of Stuttgart
University based on JAVA language. It not only contains
a certain amount of movement model, but also comprises
the analyzer of the geographic data of different formats and
visualization module, based primarily on the concept of the
module that can be inserted, easy to be expanded, and able
to support different types of mobile network simulation or
simulation tools, such as NS-2, GloMoSim, and QualNet.

The simulation model map is Manhattan model. In
Manhattan model, square grid denotes housing and mesh
grid denotes street. The simulation experiments parameters
are set as shown in Tables 1, 2, and 3.

In the simulation experiments, we compare SWF-GPSR
(GPSR protocol based on SWF algorithm) protocol with
general GPSR, 2-hop C-GEDIR, GRA and AODV protocols.
Among them, 2-hop C-GEDIR (geographic distance routing)
is the GPSR protocol variant, as discussed in [20]. Selecting
some of the neighbors to forward the packet, neighbors
that received the data packet continue to run the greedy
algorithm.Node knows the location information of all it’s hop
and two-hop neighbor nodes.When a data packet is received,
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Table 2: Simulation parameters.

Simulation duration 800 s
Interval of HELLO packet 2 s
Each node can produce data 30 sets
The number of nodes 100
Send packets cycle of CBR
(constant bit rate) packets 1 s

Scene area
3500m × 2500m

(7 × 5 grid, street length is
500m)

Table 3: Vehicles parameters.

The maximum communication range of car node 300m
The maximum speed of the vehicle 20m/s
The minimum speed of the vehicle 5m/s
Average moving speed 10m/s
Average residence time when vehicles are at the
intersection 2 s

Average maximal distance between vehicles 30m

the node selected the nearest node 𝑋 from the destination
point from it’s hop and two-hop neighbor nodes. If 𝑋 is a
hop neighbor, then the packet is forwarded directly to the𝑋;
if 𝑋 is two-hop neighbor, it will have to find out neighbor
node 𝑦 to be able to reach 𝑋; data packets are submitted
to 𝑋 through 𝑦. We can see from Figure 5 that, in urban
environment, due to the changing of the topology, the packet
forwarding hops increase. Compared with general GPSR and
2-hop C-GEDIR, the number of hops of SWF-GPSR protocol
is fewer in the packet forwarding process.

The GRA (geographical routing algorithm) is another
variant of GPSR protocol, which is different from GPSR;
when local optimization problems occur, GRA will start the
route discovery mechanisms (floodingmechanism) to search
route to the destination node from the best host. If a route
replymessage is received, save the route in the routing table to
reduce the number of routing lookup process that may occur
in the future. As can be seen from Figure 6, in the urban road
environment, with the increase of the number of nodes, the
gap of average delay end-to-end between general GPSR and
SWF-GPSR is more obvious; SWF-GPSR is faster than the
general GPSR andGRA in transmitting the data packet to the
destination node.

The curve of Figure 7 shows the curve of packet arrival
rate when average speed of the vehicles is between 5m/s
and 19m/s. In the simulation experiment, randomly select
20 pairs of nodes for communication. As can be seen
from Figure 7, when average speed of nodes increases, the
performance ofAODV, general GPSR, and SWF-GPSR shows
a downward trend. But the packet arrival rate of SWF-GPSR
protocol is always higher than the others. AODV (ad hoc
on-demand distance vector routing) is a hop-by-hop routing
that needs to maintain routing tables, though including
information of the destination node in the routing table, but
due to the changes of the vehicles movement location makes

0

10

20

30

40

50

60

0 800 1600 2400 3000
The average distance between the nodes (cm)

Av
er

ag
e r

ou
tin

g 
ho

ps

GPSR
SWF-GPSR
2-hop C-GEDIR

Figure 5: Comparison of average routing hops contrast.

GPSR
SWF-GPSR

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 5 10 15 20 25 30 35
Number of nodes

Av
er

ag
e d

el
ay

 (s
)

GRA

Figure 6: Comparison of average delay.

topology change frequently, resulting in a large number of
invalid routing information.

As shown in Figure 8, through speed fluctuations fore-
casted algorithm and movement domain computation, the
stability of the route link of SWF-GPSR is higher and the
stability of within 10 nodes is similar to the general GPSR.
However, when the number of routing nodes increases, the
rate of change of GPSR link increased rapidly; by contrast,
SWF-GPSR link is always keeps only about 30% of the rate of
change.

The advantage of SWF algorithm is that it can forecast
links of which the stability is strong through the speed fluctu-
ations of vehicles in the real time, tomeet the needs ofVANET
routing protocols. The GPSR protocol greedy algorithm in
routing void area will use the boundary forwarding strategy,
which can to some extent make up for unanticipated random
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speed changes, changes in the direction of travel of the
vehicle, road congestion, and other problems.

5. Conclusion

In this paper, we propose an SWF algorithm to improve the
GPSRgreedy algorithm.Unlike other research in greedy algo-
rithm of GPSR protocol, this research begins with changes in
the location and distance from the relative speed of vehicles,
according to features of vehicles running on urban road,
makes heuristic forecast for vehicle speed based on wave
fluctuations in equilibrium theory, achieves collection of the
nodes of stable relative velocity, then designs the heuristic
SWF algorithm to predict continuity and change timing of

vehicles speed, and then computes position that vehicles may
occur in, finding out the shortest route before boundary
forwarding model is activated. Through theory analysis and
simulation experiments, we evaluated SWF-GPSR and other
protocols in the average transmission delay, routing hops,
packet delivery ratio, and link changes. The results show that
the SWF-GPSR protocol has better robustness and higher
performance.

However, the structure of city road is so complex; set
the same route before driving, that is, a certain degree of
idealization. SWF-GPSR protocol needs to be thoroughly
tested in the scene of more complex and road structure
interconnected, such as specific changes in the density of
vehicles and road traffic. Furthermore, the error of speed
forecasted will result in the error of movement range of the
computation, so vehicle may not appear within a predictable
range. The biggest problem is that the height ratio between
the wave curve is based on the judgment on the speed of
change coming from the fluctuations in equilibrium theory.
SWF algorithm will have a better accuracy in the speed limit
on the road; in opposite, the accuracy will decline, producing
larger computing energy. The algorithm of circle changing
trends time and angle of the wave, the wave split rate also
needmore scientific and rational argument and proof of fuller
experiments.

The next step of research is to improve the speed fore-
casted curve segmentation rate and limit speed computation
methods, to introduce machine learning algorithm for intel-
ligent judgment in speed change for road features and design
more accurate and more efficient VANET routing algorithm
for specialized city road.
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