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In the past decade, wireless sensor networks (WSNs) have
attracted a great deal of research attention, as these networks
have the advantage of easy deployment for a wide range of
potential applications. Energy efficiency is one of the main
goals of WSNs due to that sensor nodes are usually battery
powered, and the battery of sensor is not always rechargeable,
particularly when the network operates in inhospitable or
hostile environments.This special issue on recent advances in
energy-efficientWSNs is intended to provide a forum for pre-
senting, exchanging, and discussing themost recent advances
in different aspects of the energy efficiency to provide long
lifetime for WSNs with emerging technologies.

Reducing energy consumption is a challengewhendesign-
ing a media access control (MAC) protocol for WSNs. A
major source of energy consumption in a WSN is the idle
listeningmode inwhich a node remains awake for a long time
when no actual data transmission is required by the network.
The paper “Low overheadMACprotocol for low data rate wire-
less sensor networks” proposes an energy-efficient, multihop
MAC protocol for low data rate sensor networks called LO-
MAC. It uses both duty cycling and multihop forwarding
from the routing-enhancedMACprotocol (RMAC) to reduce
idle listening and sleep latency, respectively. Moreover, LO-
MAC exploits common characteristics of wireless commu-
nications to build several lightweight energy saving mecha-
nisms.

Multichannel communication protocols have been devel-
oped to alleviate the effects of interference and consequently
improve the network performance in WSNs requiring high
bandwidth. In the paper “Adaptive learning based scheduling
in multichannel protocol for energy-efficient data-gathering

wireless sensor networks,” the authors propose a contention-
free multichannel protocol to maximize network throughput
while ensuring energy-efficient operation. Arguing that rout-
ing decisions influence to a large extent the network through-
put, they formulate route selection and transmission schedul-
ing as a joint problem and propose a reinforcement-learning-
based scheduling algorithm to solve it in a distributed man-
ner.

InWSNs, clustering is widely used to support an effective
mechanism in many applications, including environment
monitoring, because it promises efficient energy consump-
tion for inexpensive battery-operated sensors. In the paper
“Clustering with one-time setup for reduced energy consump-
tion and prolonged lifetime in wireless sensor networks,” the
authors present a novel energy-efficient clustering scheme
called clustering with one-time setup which removes the
cluster reforming process required at every round after the
first round. By removing the cluster reforming process, the
number of transmissions per round can be decreased accord-
ingly.

Clustering method for data aggregation in WSNs has
attracted great attention for its high efficiency. The paper
“Energy-balanced separating algorithm for cluster-based data
aggregation in wireless sensor networks” focuses on the prob-
lem of unbalanced energy dissipation when employing the
multihop routing in a cluster-based WSNs. Considering the
relaying load undertaken by each cluster, they use the net-
work topology and energy consumption to calculate a cluster
radius for obtaining the intercluster energy balancing.

In the paper “Energy-efficient self-organized clustering
with splitting and merging for wireless sensor networks,”
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the authors propose an energy-efficient self-organized clus-
tering model with splitting and merging (EECSM), which
performs clustering and then splits and merges clusters for
energy-efficient cluster-based routing. It uses information of
the energy state of sensor nodes, in order to reduce energy
consumption and maintain load balance. In addition, they
have shown the validity of splitting and merging of clusters,
and then compare the performance of the proposed EECSM
with that of a well-known cluster-based self-organization
routing protocol for WSNs.

The scarcity of spectrum has become a major bottleneck
of the development of the next generation wireless communi-
cation system. Cognitive radio (CR), which allows unlicensed
or secondary users (SUs) to share the spectrum with licensed
or primary users (Pus), shows great promise to enhance the
spectrum utilization efficiency. In the paper “Repeated game-
inspired spectrum sharing for clustering cognitive ad hoc net-
works,” the authors modeled the spectrum sharing problem
among multiple SUs as a repeated game. Using the game
theory, which has been widely used in designing efficient
spectrum sharing, the SUs can iteratively adapt their strate-
gies in terms of requested spectrum size. They analyzed con-
vergence condition under which the total rate revenue of SUs
is maximized and the fairness of spectrum sharing. With the
proposed clustering procedure and repeated game-inspired
model for SUs, a significant performance improvement is
achieved compared to other similar spectrum sharing algo-
rithms.

Recently, mobility is an important factor in the design
of a routing protocol for WSNs. In the paper “A mobility-
aware efficient routing scheme for mobile sensor networks,” the
authors propose a mobility-aware efficient routing, in which
sensor nodes make use of mobile information to select the
most appropriate routing behavior. The proposed method
integrates proactive and reactive routing components effi-
ciently using a sink cluster that consists of underlying multi-
ple static or slow sensor nodes.The cluster provides the stable
paths between less mobile entities efficiently.

In the current research inclination, hiring of biological
solutions to solve and optimize different aspects of artificial
system’s problems has shaped into an important field with
the name of bioinspired computing. In the paper “Intelligent
optimization of wireless sensor networks through bio-inspired
computing: survey and future directions,” the authors have
elaborated the importance of bio-inspired algorithms for the
optimal solutions of nonbiological systems. The paper leads
us to differentiate between various optimization problems
existing in WSNs collectively showing that hybrid and non-
hybrid algorithms can efficiently optimize the problems in
WSNs.

As the developments of various sensor networks, some
types of sensors are required to be capable of processingmass
data. For example, image sensor nodes take photos using
cameras and the images are stored and processed. The paper
“Providing virtual memory support for sensor networks with
mass data processing” deals with supporting virtual memory
for sensor nodes which capture and process mass data. Using
the optimizing techniques for reducing VM overheads such
as cache management, address translation, and secondary

storage accessing, the interesting experiments show that data
processing using virtual memory can be significantly more
energy-efficient than data processing using rich-resource
sensor nodes.

The vehicular communication is one of vehicular ad hoc
networks (VANETs) research areas usingWSNs. In the paper
“An energy-efficient broadcast MAC protocol for hybrid vehic-
ular networks,” the authors have proposed an energy-efficient
multihop relay broadcast MAC protocol, which is designed
for roadside units downloading service in roadside-vehicular
communication systems.Thepaper focuses on theMAC layer
protocol in order to reduce the routing overhead of the fre-
quent topology changes according to a vehicle’s movement
characteristics. It employs a rebroadcastmechanism based on
a vehicle’s velocity, distance, and angle from a nearby vehicle
for collision-free communication.

Body sensor networks (BSNs) carry heterogeneous traffic
types having diverse QoS requirements, such as delay, reli-
ability, and throughput. In the paper “Traffic priority and
load adaptive MAC protocol for QoS provisioning in body
sensor networks,” the authors proposed a MAC protocol for
QoS provisioning in BSNs and analyzed the effect of priori-
tizing data packets and dynamically allocating DTS with the
consideration of priority and traffic load in the super frame
structure of IEEE 802.15.4. The experiments show that the
proposed MAC protocol can achieve higher QoS require-
ments with low power consumption than the state-of-the-art
protocols.

The smart grid is a future power system which essentially
employs WSNs for its application such as wireless meter
reading and remote system monitoring. The power manage-
ment for actuator gets more important, as many standard
protocols such as Zigbee have already achieved significant
improvement in sensor network part. The paper “Power load
distribution for wireless sensor and actuator networks in smart
grid buildings” designed an actuator operation scheduler
capable of reducing peak load in power consumption of
actuator tasks.Themost interesting part of the paper is taking
advantage of genetic algorithms. Based on the load profile
specification and the taskmodel consisting of nonpreemptive
and preemptive tasks, each scheduler is encoded into a chro-
mosome, which is an integer-valued vector. The fitness func-
tion evaluates the schedule quality by estimating the load of
the peaking slot. Using the genetic algorithm, the scheduler
achieves acceptable response time with significantly reduced
peak load.

Sheikh Iqbal Ahamed
Wei Wang

Jiman Hong



Hindawi Publishing Corporation
International Journal of Distributed Sensor Networks
Volume 2013, Article ID 217159, 9 pages
http://dx.doi.org/10.1155/2013/217159

Research Article
Low Overhead MAC Protocol for Low Data Rate Wireless
Sensor Networks

Kien Nguyen, Yusheng Ji, and Shigeki Yamada

National Institute of Informatics, Department of Informatics (The Graduate University for Advanced Studies), Tokyo 101-8430, Japan

Correspondence should be addressed to Kien Nguyen; kienng@nii.ac.jp

Received 8 November 2012; Revised 29 January 2013; Accepted 24 February 2013

Academic Editor: Jiman Hong

Copyright © 2013 Kien Nguyen 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.

We propose the low overhead media access control protocol (LO-MAC), a new low latency, energy efficient MAC protocol for
low data rate wireless sensor networks. LO-MAC uses both duty cycling and multihop forwarding from the routing-enhanced
MAC protocol (RMAC) to reduce idle listening and sleep latency, respectively. Besides that, LO-MAC introduces a traffic-adaptive
mechanism, which is based on the fact that a node can sense a busy channel within its carrier sensing range. This mechanism
uses carrier sensing as a binary signal, and effectively notifies nodes of the existence of a data packet. The nodes then either keep
their radios on to take part in multihop data forwarding or turn them off to save energy. Moreover, LO-MAC takes full advantage
of the broadcast nature of wireless communication and lets a packet have different meanings when it is in transmission range of
different nodes. In LO-MAC, not only is a request-to-send/clear-to-send pair replaced with a Pioneer (PION) packet, as in RMAC,
but also a data packet can play both data and acknowledgement functions.Therefore, control overhead and overhearing energy are
significantly reduced. Our simulation results show that LO-MAC outperforms RMAC in terms of energy efficiency while achieving
comparable end-to-end latency.

1. Introduction

Wireless sensor networks (WSNs) usually contain a large
number of wireless battery-attached sensor nodes capable
of sensing the environment and communicating in ad-hoc
or structure fashion. However, replacing or recharging the
batteries used in WSNs is often difficult, so network lifetime
may be bound by limited battery capacity [1]. Reducing
energy consumption is thus a challenge when designing a
media access control (MAC) protocol for WSNs. A major
source of energy consumption in a WSN is the idle listening
mode inwhich a node remains awake for a long timewhen no
actual data transmission is required by the network. Several
MAC protocol design approaches have been proposed to
reduce idle listening energy, the most successful one being
MAC in which a duty cycling scheme is applied [2, 3]. In
this type of MAC protocol, the nodes periodically alternate
between active and sleep states in operational cycles. When
being in the active state, the nodes can transmit and receive
packets; otherwise, each node turns off its radio.

The original duty cycling scheme, however, adds signif-
icant latency in multi-hop packet delivery, since it supports
only single hop transmissions. Consequently, a packet that
is received at an intermediate node must wait until the
upcoming cycle to be forwarded to a neighbor node; the
packet hence incurs the so-called sleep latency. The best way
to shorten the latency is to increase the number of hops
through which the packet can pass in a single cycle. The
routing-enhanced MAC protocol (RMAC) [4] introduces a
typical solution to reduce excessive end-to-end latency and
commences a new class of MAC called multi-hop MAC.
Themulti-hopMACpreserves the energy-efficient advantage
of duty cycling. Moreover, the MAC exploits cross-layer
information to relay a data packet via multiple hops in
an operational cycle, which contains Sync, Data, and Sleep
periods. During the Sync period, the nodes are synchronized
their clocks in order to together wake up at the beginning of
next cycle. The Data period can be used to schedule multi-
hop data transmissions in the subsequent Sleep period. The
number of hops a packet can traverse in a cycle mainly
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depends on the length of the Data period. The more hops
the packet can pass, the longer the required Data period is.
By using that long Data period, nodes likely waste energy
by keeping their radios on, that is, the long Listening period
problem when there is no data transmission in the network.

On the other hand, wireless MAC protocols often use
control packets in order to achieve reliability and avoid
the well-known hidden/terminal problems, for example,
the request-to-send (RTS)/clear-to-send (CTS)/DATA/ack-
nowledge (ACK) handshake in [2, 5]. However, the control
overhead, which is the energy consumed to transmit control
packets, has been investigated as another large source of
energy wastage in WSNs. For example, control packets
induces high overheads in the range of 40 to 75% of the
channel capacity [6]. Therefore, it is necessary to reduce
the control overhead, and intuitively decreasing the num-
ber of packets transmitted is only one possible approach.
Fortunately, wireless networks are substantially characterized
by the broadcast nature, meaning that active nodes usually
“overhear” packet content not intended for themwhen neigh-
boring nodes participate in communication. By exploiting the
nature, we can force a packet to play more than one role, as
a result both the control overhead and packet overhearing
overhead decrease. RMAC also follows this approach and
replaces an RTS/CTS pair with a pioneer (PION) packet;
however, the protocol still incurs large overhead in data
packet transmissions.

We propose the low overheadMAC protocol (LO-MAC),
a new duty cyclingMACprotocol, which can solve the above-
mentioned problems. LO-MAC uses carrier sensing tech-
niques to bypass the long Listening period problem, which
occurs very frequently under low traffic load environments.
After the Sync period, a short period called the carrier sensing
period is introduced. In this period, we use the advantage
of the carrier sensing technique to inform the nodes of the
status of the network traffic. The nodes then decide to turn
their radios off or keep them on to involve in a possible
data transmission. LO-MAC is also able to transmit data
packets over multiple hops in a single cycle and thoroughly
use the broadcast nature to minimize the control overhead.
In LO-MAC, not only a control packet replaces an RTS/CTS
pair in the Data period, but also a data packet plays both
acknowledge and data roles in the Sleep period.

The rest of this paper is organized as follows. Section 2
discusses related work regarding reduced energy consump-
tion and latency MAC protocols. Section 3 gives a detailed
description of LO-MAC. Section 4 presents results from
the evaluation of LO-MAC. Finally, Section 5 concludes the
paper.

2. Related Work

Due to the limitation in battery capacity, energy efficiency is
the primary goal inMAC protocol design forWSNs. Initially,
many proposed protocols focus on the energy efficiency at
the expense of other parameters (e.g., throughput, latency,
fairness). Ye et al. [2] have reported that the main source
of energy wastage is idle listening energy and propose

the sensor-MAC protocol (S-MAC). S-MAC contains the
original duty cycling concept to reduce the overhead of idle
listening. S-MAC is more energy efficient than the full wake
IEEE 802.11 MAC protocol, but it introduces a very large
end-to-end latency. AsynchronousMAC protocols such as B-
MAC [7], X-MAC [8], RI-MAC [9], A-MAC [10], PW-MAC
[11], and CyMAC [12] can free the synchronous overhead but
still have the large latency. That is because a WSN is basically
multi-hop, and a data packet needs several cycle to reach a
multi-hop destination.

Severalmodified versions of S-MAChave been developed
to shorten the latency. One is S-MAC with adaptive listening
[3]. In this protocol, a node that “overhears” the control
packet (e.g., RTS or CTS) of another node’s transmission is
going to wake up for a short time when the transmission
finishes. If the waken node is the next-hop along a multi-
hop path, it and its neighbor immediately receive/transmit
the data packet rather than waiting until the next operational
cycle. This protocol not only can deliver a packet at up to
two hops per operational cycle, but can also significantly
increase energy consumption whenmany neighboring nodes
can “overhear” RTS or CTS and wake up, although only
one is chosen as the next hop node. Another development
is timeout MAC (T-MAC) [13]. T-MAC reduces latency by
adaptively changing the ending time of an Active period
when there is no traffic transmission near the node. T-
MAC can conserve energy better than S-MAC and S-MAC
with adaptive listening and can also deliver a packet at
most two hops within an operational cycle. In T-MAC,
when downstream nodes are unlikely to “overhear” upstream
communication two hops away, they are not going to remain
awake to receive a forwarded packet. Moreover, T-MAC
may also increase energy consumption, since many nodes
other than the intended next-hop node are going to remain
awake.

Different to the previous approaches, Shu et al. [4]
propose RMAC that can forward a data packet via multiple
(more than two) hops in a cycle. To enable multi-hop data
forwarding, RMAC’s nodes relay a cross-layer control packet
(i.e., PION) during a Data period in order to schedule a
transmission in the subsequent Sleep period. By conveying
the cross-layer information, a PION can replace a traditional
RTS/CTS pair, hence reducing control overhead.The number
of hops over which RMAC can forward a data packet during
an operational cycle is limited by the duration of the Data
period. That long Data period becomes a source of energy
wastage in low data rate environments, that is, the long
Listening period problem. Several improvements of RMAC
have been introduced [14, 15], but these protocols focused
on supporting more data or more hops in a cycle rather
than solving the problem. Another development of RMAC
is demand wakeupMAC (DW-MAC) [16], which is designed
to support dynamic traffic loads. Comparing to RMAC, DW-
MAC outperforms RMAC under high traffic loads, but DW-
MAC consumes same overhead and achieves higher latency
under low traffic loads. That is because in DW-MAC a
data transmission starts at a subsequent duration after the
beginning of Sleep period which is the starting point of
RMAC’s data transmission. However, the two protocols share
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themanner of relaying control packet during theData period;
hence the problem still remains in DW-MAC.

In our previous work, we have proposed two traffic-
adaptive mechanisms to solve the long Listening problem.
The first mechanism, which is adopted by MAC2 [17], uses
the first bit of SYNC packet as an indicator of the status of
network traffic.The status is then informed to the network by
the exchange of SYNC packets. MAC2 is based onDW-MAC,
and outperforms DW-MAC in a wide range of traffic loads.
However, under low traffic loads, MAC2 also introduces
longer latency than RMAC with the same reason as in
DW-MAC. Being different with the first one, the second
mechanism informs the traffic status by exploiting carrier
sensing technique. We have applied the second mechanism
to RMAC and introduced a new protocol RMAC with
carrier sensing (RMAC-CS) [18]. RMAC-CS outperforms
RMAC in terms of energy efficiency but has a slightly longer
latency and the same control overhead. LO-MAC protocol
also adopts the basis of multi-hop MAC and avoids the
long Listening problem using carrier sensing technique. The
unique characteristic of LO-MAC is that the protocol uses
not only a control packet as an RTS/CTS pair, but also a data
packet with two data/acknowledge functions. By so doing,
LO-MAC can minimize the control overhead. Moreover, our
extensive simulations reveal that with a larger value of duty
cycle, LO-MACachieves an even better performance in terms
of both energy efficiency and latency under low data rate
environments.

3. LO-MAC Descriptions

3.1. Overview. LO-MAC is a duty cycling contention-based
MAC protocol, which employs carrier sense multiple access
with collision avoidance (CSMA/CA) for accessing channel
task. In LO-MAC, the packet structure, short interframe
space (SIFS) and distributed interframe space (DIFS) are
inherited from IEEE 802.11 [5]. The protocol supports multi-
hop transmissions in an operational cycle, which is divided
into four periods: Sync, carrier sensing, Data, and Sleep.
LO-MAC’s nodes wake up together at the beginning of the
Sync period, during which they exchange SYNC packets to
synchronize their local clocks. In the carrier sensing period,
an adaptive mechanism, which exploits the carrier sensing
technique, is introduced. The mechanism notifies the nodes
of the existence of traffic in the network and lets them keep
the radios on or turn themoff at the beginning ofData period.
In the former case the nodes follow an idle cycle, and in the
later case they involve in a busy cycle. In the busy cycle, the
nodes may exchange cross-layer control packets during the
Data period to schedule multi-hop data transmissions in the
subsequent Sleep period.

3.2. Adaptive Mechanism Using Carrier Sensing. As previ-
ously explained, the Data period is a key parameter of
multi-hop MAC, since it is necessary to initialize multi-hop
transmission to achieve a balance between energy efficiency
and delivery latency. However, in low data rate environments,
nodes may not have packets to be transmitted in most cycles.

Multihop forwarding flows

Multihop forwarding flows

Radio off

CS Data + sleepSync

I1
(idle cycle)

I2
(idle cycle)

I1
(busy cycle)

I2
(busy cycle) Time

Time

Time

Time

Sync exchange

Sync exchange

Sync exchange

Sync exchange

Busy tone
CS: carrier sensing

Figure 1: Adaptive mechanism in carrier sensing period.

In this case, nodes needlessly waste energy during the Data
period, that is, the long Listening problem. Multi-hop MAC
is more efficient if it can let the nodes go to sleep when there
is no data in the network; otherwise, it maintains multi-hop
flow transmission. To accomplish this, we add a short period
called carrier sensing (length𝑇cs) right before theData period
of the multi-hop MAC protocol. During the carrier sensing
period, the nodes without pending packets use clear channel
assessment (CCA) to determine whether the channel is busy
or idle. On the other hand, the nodes with pending data and
the node sensing busy channel immediately broadcast busy
tones. Thus, all nodes that carrier-sensed the channel as busy
or transmitted a busy tone can recognize the existence of data
packet and remain on during the Data period. Rather than
every node waking up for the entire Data period, a node only
wakes up for 𝑇cs when there are no packets to be transmitted
from its neighborhood nodes.

The benefit of the carrier sensing period is that the total
length of the carrier sensing process, even in multiple hops,
is negligible if compared with the length of the Data period.
This is possible when the CCA time for compliant radio is
reported less than 15 𝜇𝑠 in a typical sensor mote [19] as well
as in the specification of IEEE 802.11 [5]. In our evaluation,
we use a much larger 𝑇cs which is designed to support a very
large number of hops in the multi-hop flow. Additionally,
busy tones do not contain any information that needs to be
decoded. The only function of busy tones is to enable other
nodes to detect the channel as busy. The advantage of not
having information in a busy tone is that multiple nodes can
transmit simultaneously, causing collisions at the receivers
without hindering the protocol. If a collision occurs at a
receiving node, the node can still detect the channel as busy
and remain on for the Data period. We set the maximum
number of busy tones a node can send in the carrier sensing
period to one. The nodes those are sending the busy packets
cannot sense the channel, but this case still works in LO-
MAC because the nodes already know the channel as busy;
therefore, they remain awake in the subsequent Data period.

Figure 1 illustrates two types of operational cycles in LO-
MAC. Two nodes I1 and I2 exchange SYNC packets during
the Sync period. If these two nodes sense the channel as idle
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during the carrier sensing period, they follow an idle cycle.
Otherwise, they follow a busy cycle and take part in a multi-
hop forwarding flow in the upcoming Sleep andData periods.

3.3. Multihop Data Transmission in a Busy Cycle. In wireless
networks, an inherent characteristic is the broadcast nature,
meaning that an active node usually “hears” a packet when
it is within transmission range of nodes participating in a
transmission. Depending on the content of the packet and
the process of handling the received packet at the node, the
broadcast nature may be advantageous or become a source
of overhearing overhead (i.e., the node has to receive useless
packets). We use this characteristic to enable multi-hop
transmission and conserve energy in designing LO-MAC.

Figure 2 gives an overview of multi-hop transmission in
a LO-MAC’s busy cycle. The scenario includes four nodes:
source S, intermediate nodes (I1 and I2), and destination D.
All nodes wake up together at the beginning of the Sync
period. They keep their radios on at least until the beginning
of the Data period, since the traffic-adaptive mechanism
allows them to detect the existence of pending data at S.
During the Data period, a multi-hop transmission is initiated
as follows. S starts to transmit the first cross-layer control
packet to I1, and I1 stores the cross-layer information then
modifies and relays the control packet to I2. The process is
repeated at I2, and the control packet reaches D. The cross-
layer information is used to schedule the wake up time in
the subsequent Sleep period. The nodes are woken up at the
scheduled time and implement the multi-hop data packet
transmission similar to relaying control packet.

3.3.1. Initiating Multihop Transmission. Multi-hop transmis-
sion is initiated during the Data period by exchanging the
PION packets. In LO-MAC, the construction of a PION
packet and the exchange process are inherited from RMAC
[4]. The PION packet is constructed by adding cross-layer
fields to the original IEEE 802.11 RTS packet. The additional
fields, which come from the routing layer, are hop count
(the number of hops the PION has traveled) and the final
destination. Hence, the new packet PION can play both
RTS/CTS roles as well as provide a scheduling function.

A PION is initiated by S and relayed by I1 and I2
during the Data period. During its entire life cycle, a PION
packet plays the RTS role regarding a downstream node
and the CTS role regarding an upstream node. We describe
the PION exchange progress for a 4-node scenario in the
Data period shown in Figure 2. The source node has a
data packet and starts its PION after a contention window
(CW). Intermediate node 1 (I1) receives and relays the PION
to its downstream node I2. The PION from I1 serves as
both CTS to S and RTS to I2. However, in contrast to the
traditional RTS/CTS exchange, the node has to wait at least
until the subsequent Sleep period to implement actual data
transmission after sending a PION packet. Upon receiving
I1’s PION, I2 performs the same steps as I1. This process
of receiving a PION and immediately transmitting another
PION continues until either the final destination has received

the PION, or the end of the current Data period has been
reached.

On the other hand, the PION packet also provides
scheduling information for all nodes in its relay path. The
hop count field of a PION packet is used to schedule the
wake-up time of nodes in the Sleep period. Unlike in RMAC,
the LO-MAC scheduling function works as follows. Suppose
that a node is the 𝑖th hop during the PION transmission
in the current cycle. We denote the node’s wake-up time
in the upcoming Sleep period as 𝑇wake up(𝑖), which is the
subsequent time difference from the start of the Sleep period
and calculated as

𝑇wake up (𝑖) = (𝑖 − 1) (𝑙DATA + 𝑙SIFS) . (1)

Here, 𝑙DATA is the time it takes to send a single data packet,
and 𝑙SIFS is the length of the short interframe space (SIFS)
period. To simplify, we assume that all data packets in the
sensor network are the same size, so 𝑙DATA could be a preset
value. Otherwise, the 𝑙DATA information can be included in
the PION packet, so every node can calculate the correct
wake-up time.

3.3.2. Multihop Data Transmission. Similar to RMAC and
other multi-hop MAC protocols, LO-MAC’s multi-hop data
transmission is also implemented in the Sleep period. A
source node immediately generates a data packet for a
downstream node at the beginning of the Sleep period, and
it stays awake for at least the SIFS period plus a small period
to receive an acknowledge signal from its neighbor. The data
packet needs the SIFS period for packet processing in each
node. It is then relayed to a downstream node in the same
way as for the PION packet. When the data packet is relayed
by each intermediate node, it also plays the role of an ACK
packet for the upstream node. If a downstream node fully
receives the data packet, it may waste more energy than
receiving an ACK. The reason is that the size of data packet
is bigger than the size of ACK, for example, four times bigger
in RMAC. Therefore the ack function of the data packet is
achieved in a different way, as follows.

The node stays in the awake state for a short period
((SIFS + 1) ms in our simulations) after transmitting a data
packet to “listen” to the channel. The node verifies the next
hop transmission when it receives a peak signal (i.e., the
first bit from a transmitting packet). The main idea of the
verification is that the node receives only a part of data packet
in a similar way as recognizing the Start Frame Delimiter as
in [20]. If no packet arrives at the node during the awake
time, that means it receives no acknowledge signal. The node
then requests for a retransmission of the data packet. If the
data packet cannot reach the destination in the current cycle,
the last node in the relaying process sends back an ACK
packet. On the other hand, when the data packet reaches
the destination node, after the SIFS period, the destination
node also sends an ACK to confirm the success of flow
transmission. The node, which participates in a multi-hop
flow and is at one hop before the destination, keeps radio on
until it fully receives the ACK packet. In LO-MAC, nodes go
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Figure 2: LO-MAC in a busy cycle.

to sleep when they receive either the acknowledge signals or
receive the ACK packets.

In the above-mentioned scenario, as soon as the Sleep
period starts S and I1 immediately start sending/receiving
their data packet. Other nodes in a multi-hop path, which
successfully transmits PION in the Data period, go to sleep to
save energy. Each node laterwakes up at the scheduled time to
receive the data packet from the upstreamnode and relays the
packet to the downstream node. For example, node I2 goes
to sleep when the Sleep period begins, but it wakes up at the
scheduled time when I1 is ready to forward the data packet to
I2. This process is described in the Sleep period of Figure 2.

In LO-MAC, we also keep the network allocation vector
and frame loss handling as in RMAC.

4. Performance Evaluation

Weuse the network simulator ns-2 [21] to evaluate LO-MAC’s
performance. Each sensor node has a single omni-directional
antenna through which the combined free space and two-ray
ground reflection radio propagation models are employed.
Key networking parameters are shown in Table 1, where
power consumption parameters are set to typical values for
a Mica2 radio (CC1000) [22]. The 250m transmission range
and the 550m carrier sensing range are modeled after the
914-MHz Lucent WaveLAN DSSS radio interface; although
not typical for a sensor node, we use these parameters to
make our results comparable to RMAC. In our evaluation of
power efficiency, we focus on the energy consumed by radios
but ignore the energy consumed by other components such
as CPU and memory [23]. The transmission time and size
of packets are listed in Table 2. All the duration parameters
of an operational cycle of RMAC are presented in Table 3.
We denote the length of a cycle and the durations for Sync,
Data, and Sleep periods as 𝑇cycle, and 𝑇sync, 𝑇data, 𝑇sleep,
respectively.These durations are calculated with two different
duty cycles at 5 and 10%. Note that the duty cycle parameter

Table 1: Networking parameters.

Bandwidth 20Kbps
Rx power 0.5W
Sleep power 0.05W
Tx power 0.5W
Idle power 0.45W
Tx range 250m
Carrier sensing range 550m
Contention window (CW) 64ms
DIFS 10ms
SIFS 5ms

Source Destination
· · ·

Figure 3: Chain scenario.

dc is calculated as follows: dc = (𝑇sync +𝑇data)/𝑇cycle, whereas
𝑇cycle is fixed at 4465ms. In the evaluation of LO-MAC,weuse
the same dc-related and duration-related parameters as in the
RMAC’s, except the𝑇sleep. Since we add a 5ms carrier sensing
period in LO-MAC, the length of Sleep period is shortened by
an amount of 𝑇cs.

To simplify our evaluations, we ensure that networks
that we use are connected networks. In addition, we do not
include routing traffic in the simulations.We also assume that
there is a routing protocol deployed to provide the shortest
path between any two nodes. We simulate two scenarios:
a multi-hop chain and a network scenario. In the chain
scenario, the nodes are arranged in a straight line, and their
neighbors are placed 200 meters apart, as shown in Figure 3.
In the network scenario, 200 sensor nodes are uniformly in a
random pattern within a 2000 × 2000meter square area. The
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sink node is located in the upper right corner of the area, as
shown in Figure 4.

4.1. Multihop Chain Scenario. We first evaluate LO-MAC
in an 11-node chain scenario. In this evaluation, we use a
single flow to send packets at a constant rate from node 0
at the beginning of the chain to the destination node 10,
which is farthest node from the source. We vary the interval
between two consecutive packets from 10 to 60 seconds. Each
simulation lasts for a total of 3600 seconds, and the duty
cycle is kept to 5% in all nodes. We compare the performance
between LO-MAC and RMAC.

Figure 5 shows the average energy consumption over all
the sensors in the chain. The average energy consumption
is calculated by dividing the total energy consumed in the
simulation by the total number of sensors. The error bars
show theminimum andmaximum values for a single sensor’s
energy consumption. When the traffic load increases; that is,

Table 2: Packet parameters.

Packet size (bytes) Transmission time (ms)
SYNC/RTS/ACK 10 11
DATA 50 43.0
PION 14 14.2

Table 3: Time duration parameters.

𝑇cycle 𝑇sync 𝑇data 𝑇sleep

dc = 5% 4465ms 55.2ms 168ms 4241.8ms
dc = 10% 4465ms 55.2ms 391.3ms 4018.5ms

the packet interval decreases, the nodes in RMAC and LO-
MAC increase their energy consumption, but the LO-MAC’s
nodes consume less energy than RMAC’s nodes. Specifically,
when the packet interval is 60 seconds, the average energy
consumption in LO-MAC is approximately 75.1% of that of
in RMAC, and this value approximates to 59.4% when the
packet interval is 10 seconds. We can conclude that LO-MAC
outperforms RMAC in terms of energy efficiency. There are
two reasons for this.Thefirst one is LO-MAChas the adaptive
mechanism; the nodes save power by turning the radio off
when no data packet exists in the idle cycles. The second is
that during the busy cycles in LO-MAC, the nodes transmit
fewer packets than in RMAC. For example, for an N-hop
transmission in a cycle, the RMAC’s nodes transmit (N − 1)
more ACK packets than the LO-MAC nodes do. Moreover,
the same amount of energy is consumed for receiving the
ACK packets.

Figure 6 shows the average delivery latency in the multi-
hop chain scenario. The error bars show the minimum and
maximum values of delivery latency. Using an additional
period (𝑇cs), the starting point of data transmission (i.e.,
the beginning of Sleep period) in LO-MAC is later than
in RMAC. However, in LO-MAC a node finishes the data
transmission sooner than in RMAC, since LO-MAC’s node
does not send the ACK packets as mentioned above. That
means the node just needs a SIFS to start its data relaying.
Moreover, the transmission time of an ACK is even longer
than 𝑇cs, so the delivery latency in LO-MAC is shorter
than in RMAC. The difference between those two values is
negligible comparing with 𝑇sleep. As shown in Figure 6, in
this scenario almost the packets need more than one cycle to
reach the destination, hence they incur the large sleep latency.
In addition, the random process of selecting time slot in the
contention window also affects the latency. The sooner the
time slot is selected, the better the value of latency is achieved
as proven in our previous work [24]. Then we conclude that
LO-MAC and RMAC achieve comparable delivery latency in
the multi-hop chain scenario.

4.2. Random Network Scenario. In the evaluation of the
network scenario, we adopt the same traffic generation
method that is introduced in the original RMAC’s paper.The
traffic load is generated as follows. At a periodic interval of
50 seconds, a sensor node is randomly selected to send one



International Journal of Distributed Sensor Networks 7

0

4

8

12

10 20 30 40 50 60

D
eli

ve
ry

 la
te

nc
y 

(s
ec

on
ds

)

Packet interval (seconds)
LO-MACdc=5%
RMACdc=5%

Figure 6: Average latency in chain scenario.

0

200

400

600

0 20 40 60 80 100

Av
er

ag
e e

ne
rg

y 
co

ns
um

pt
io

n 
(Jo

ul
es

)

Number of packets
LO-MACdc=5%
LO-MACdc=10%

RMACdc=5%
RMACdc=10%

Figure 7: Average energy consumption in network scenario.

data packet to the sink at the top-right corner. If a node is
selected to send a packet, it is taken out of the selection pool.
The selecting order is similar in both LO-MAC and RMAC’s
evaluations. The number of packets is varied from 0 to 100;
and the total time of each simulation is 5300 seconds. In
this evaluation, we use two values of the duty cycle 5% and
10% to investigate the effect of duty cycle to the performance.
We denote LO-MACdc=5%, RMACdc=5% and LO-MACdc=10%,
RMACdc=10% as LO-MAC and RMAC in the cases of 5% and
10% duty cycle, respectively. The evaluation results for the
random network scenario are shown in Figures 7 and 8.

In Figure 7, the middle point is the average value of
energy consumption.The average energy consumption value
is calculated by dividing the total energy consumption by the
total number of nodes. The error bars express the maximum
and minimum values of a node’s energy consumption during
the simulation time. When there is no traffic in the network,
the nodes in LO-MACdc=5% and LO-MACdc=10% consume
the same amount of energy, but less than those in RMAC.
That shows the maximum effect of the adaptive method in
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Figure 8: Average latency in network scenario.

terms of energy saving. In this case, RMACdc=10%’s nodes
consume more energy than RMACdc=5%’s nodes, since 𝑇data
in RMACdc=10% is larger than the one in RMACdc=5%. When
the traffic load increases, the energy consumption in all four
scenarios increases. Among them, LO-MACdc=10% achieves
the best performance in energy saving. Moreover, the LO-
MAC’s protocols have better performance comparing with
those of RMAC regardless of duty cycle value.That is because
50 seconds is long enough for a packet to be successfully
received at the sink, in most cases only one data flow is
transmitted in the network. If there is no packet in the
network, sensor nodes still consume energy because they
have to exchange synchronized information during the Sync
period and “listen” to the channel during the carrier sensing
period. Another interesting observation from Figure 7 is
that with the higher value of duty cycle, the RMAC’s nodes
consumemore energy, but the LO-MAC’s nodes do less.That
shows the dominant benefit of multi-hop MAC; the longer
the Data period is, the more hops the packet can traverse in a
cycle. Therefore, a packet may need fewer cycles to reach the
destination, then the number of idle cycle is increased, or the
more energy is saved.

Figure 8 shows the average value of delivery latency, and
the error bar shows the maximum and minimum values.
We have the same conclusion as in the chain scenario in
the case of 5% duty cycle, since the difference between
the average latency in RMACdc=5% and LO-MACdc=5% is
negligible. However, the latency in LO-MACdc=10% is slightly
shorter than that in RMACdc=10%. The reason is that all of the
packets are transmitted from the random nodes to the sink in
one operational cycle.

To furthermore investigate the performance of the proto-
cols, we simulate in the same network scenario with the same
traffic model, but the total number of generated packet is
200. The total simulation time is 10300 seconds. We measure
the energy consumption of each node and track the delivery
latency of all packets. The cumulative distribution function
(CDF) of the energy consumption and the delivery latency is
shown in Figures 9 and 10, respectively.The results in Figure 9
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indicate that even with 5% duty cycle, LO-MAC outperforms
the two cases of RMAC, and LO-MACdc=10% achieves the best
in terms of energy efficiency. Moreover, Figure 10 shows that
in LO-MACdc=10% the delivery latency is comparable with the
one in RMACdc=10% but outperforms the others.

5. Conclusion

Wepropose LO-MAC,which is an energy efficient,multi-hop
MAC protocol for low data rate sensor networks. LO-MAC
exploits the characteristics of wireless communication to
achieve energy efficiency and low delivery latency.The traffic-
adaptive mechanism based on carrier sensing effectively
controls the period of keeping the nodes’ radios on in a
cycle, hence, preventing the long Listening period problem.
Moreover, LO-MAC relays a packet via multiple hops to
reduce end-to-end latency. During the relaying path, a packet
from one node often plays two roles to its upstream and
downstream neighbors by exploiting the broadcast nature
of wireless communication. By doing so, the number of

transmissions is significantly reduced; therefore, the protocol
can effectively prevent overhearing and control overhead.
Our simulation results show that LO-MAC outperforms
RMAC in terms of energy efficiency and achieves comparable
delivery latency.
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Energy efficiency is one of themost important issues forWSNs, because the battery of eachwireless sensor node cannot be recharged
or replaced.Therefore, all batteries have to be well managed, in order to provide a long network lifetime, as well as to reduce energy
consumption forWSNs, particularly in clustering and routing. In this paper, we propose an energy-efficient self-organized clustering
model with splitting and merging (EECSM), which performs clustering and then splits and merges clusters for energy-efficient
cluster-based routing. EECSM uses information of the energy state of sensor nodes, in order to reduce energy consumption and
maintain load balance.We show the validity of splitting andmerging of clusters and then compare the performance of the proposed
EECSM with that of a well-known cluster-based self-organization routing protocol for WSNs. The results of our experiment show
good performance of EECSM, in terms of network lifetime, residual energies, scalability, and robustness.

1. Introduction

A sensor node of a wireless sensor network (WSN) senses the
environment, and the information obtained from the envi-
ronment is converted into data packets and then transmitted
to the base station (BS), which is the external final processing
node for users [1]. According to the advancement in wireless
sensor devices, WSNs have performed important roles in
recent years, such as environmental monitoring and target
tracking.

WSNs have many unique characteristics, as well as the
following constraints. First, a WSN consists of hundreds or
thousands of wireless sensor nodes. Therefore, each wireless
sensor node should consist of several cheap devices, which are
constrained in terms of the processing capability and storage
capacity. Second, the battery of each wireless sensor node
cannot be recharged or replaced, and thus all batteries have to
be well managed, in order to provide long network lifetime
and reduce energy consumption for WSNs [1, 2].

For the energy-efficient transmission of information
obtained by sensor nodes, many routing protocols have been
developed. The routing protocol decides the transmission
route for a data packet, from the sensor node to the external

final destination BS. In general, routing protocols in WSNs
can be divided into flat routing, cluster-based routing, and
location-based routing, depending on the network structure.
Sensor nodes of flat routing typically have identical roles,
whereas sensor nodes of cluster-based routing have different
roles, in order to create hierarchy. Meanwhile, location-based
routing uses the location of sensor nodes for routing. Among
these routing protocols, cluster-based routing protocol is the
most energy efficient [3]; therefore, we study cluster-based
routing in this paper.

In cluster-based routing, a network consists of several
clusters, and each cluster is comprised of a cluster head (CH)
and many cluster members (CMs). Due to the limitation of
a wireless sensor node, a centralized clustering and routing
method is almost impossible in WSNs.

Considering these limitations, a distributed clustering
and routing method is normally used for WSNs. In dis-
tributed clustering and routing, each sensor node can reduce
energy consumption, by clustering when transmitting the
data packets.

Self-organization, which is a further development of dis-
tributed processing, has recently been studied intensively.
Although wireless sensor nodes have limited capacities,
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the self-organization method can perform adequate cluster-
ing and routing, by using only localized neighbor informa-
tion and simple rules. Self-organization processing also has
advantages, such as scalability and robustness.

Although the size of clusters should be adjusted properly,
in order to maximize energy efficiency, the usual cluster-
based routing protocols do not guarantee proper clustering
size, since they only use localized neighbor information.
Since theCMs send data packets to a distant CHwhen the size
of a cluster is too large, high energy consumption can occur.
In addition, the CH may experience transmission delays and
cause bottlenecks. In contrast, when the size of clusters is too
small, the number of clusters is increased, engendering an
increase in the number of CHs, which consume much more
energy when compared with CMs.

In this paper, we propose an energy-efficient self-organized
clustering with splitting and merging (EECSM) model for
WSN. In order to increase energy efficiency, EECSM per-
forms clustering, by considering the energy state information
and also by deciding on the split ormerge clusters.This action
is performed by monitoring the size of the clusters in self-
organized ways.

This paper is organized as follows. Section 2 reviews the
previous studies on cluster-based and self-organized routing
and on the protocols that use splitting and merging clusters.
Section 3 presents the radio model and the definitions used
in this study. Section 4 explains the process of the EECSM
model. Section 5 proves the validity of splitting and merging
and compares the performance of the proposed EECSMwith
that of another well-known clusteringmodel.The last section
presents the conclusions of this study and proposes future
research directions.

2. Related Works

According to the energy state or the location of sensor nodes,
sensor nodes have different roles: CH, CM, gateway, and so
on. The data transmission of cluster-based routing is per-
formed in accordance with the following procedures. (i) The
CMs transmit the data packet, created by the sensing environ-
ment, to their CHs. (ii) The CHs aggregate the data packets
received from their CMs and transmit them to the BS, either
directly or via other CHs [3].

Cluster-based routing protocols have advantages of
energy efficiency and scalability, and clustering can localize
the transmission of signals that is used to maintain the
routing paths and clusters. In addition, localized transmission
avoids the redundant exchange of messages among sensor
nodes. According to the decrease in the transmission range,
clustering can reduce the transmission energy of the data
packets [3–6]. A single-tier network (flat routing protocol)
can cause sensor nodes to overload with an increase in the
number of sensor nodes; it does not offer scalability. Cluster-
based routing protocols have more than two tiers; thus, they
can prevent an increase of overload. Therefore, cluster-based
routing is the most proper method to cover a large area
without any service degradation [4].

Recently, research on “Self-organization” has advanced in
many fields, such as forming clusters and routing packets in
WSNs or ad hoc networks [7, 8]. Here, “self-organization”
refers to a network that is organized without any centralized
control mechanism, using only local information and simple
rules, that is, solely organized through a distributed method.
The advantages of using self-organization are completely
distributed control, adaptability to a changing environment,
robustness of a sudden change of environment, and scal-
ability. Several cluster-based self-organization protocols for
WSNs were studied as follows.

TheLow-EnergyAdaptiveClusteringHierarchy (LEACH)
protocol [9] is a well-known self-organized cluster-based
protocol.The LEACHdecides CHs by a randomized rotation,
in order to distribute the energy consumption of sensor
nodes. Each sensor node compares the threshold T(n) that
has a random number, in order to elect a CH. The CHs are
changed periodically, in order to balance the energy of sensor
nodes. Sensor nodes of LEACH organize the clusters on their
own, by using both local decision and local communication
[7, 9].

LEACH-Energy Distance (LEACH-ED) [10] is another
self-organized cluster-based protocol. The LEACH-ED
decides CHs based on two thresholds. First, the threshold
is the ratio between the residual energy of a sensor node,
and the total current energy of all of the sensor nodes in the
network. Second, the threshold is the distance between some
nodes that is less than the distance threshold; only one node
becomes a CH. The LEACH-ED improves the load balance
and the network lifetime better than does the LEACH.

The Hybrid Energy-Efficient Distributed Clustering
Approach (HEED) [11] also uses clustering techniques for
energy efficiency.TheHEED decides CHs by two parameters.
The first parameter is the residual energy of the sensor nodes.
The second parameter is the intracluster communication
cost to solve break-ties. The intra cluster communication
costs are the (i) minimum degree cost, (ii) maximum degree
cost, and (iii) average minimum reachability power (AMRP).
The HEED prolongs the network lifetime longer than that of
the generalized LEACH.

Robust Energy-Efficient Distributed (REED) clustering
[12] uses clustering techniques for energy efficiency and
robustness from unexpected failures or attacks on a CH.
REED achieves fault tolerance by constructing multiple
independentCHoverlays, on top of the physical network.The
CH selection method of REED is similar to that of HEED.

To maintain high energy efficiency, some cluster-based
algorithms utilize one of several splitting and merging clus-
tering methods, each of which adjusts the size of the cluster
by itself [13–15]. Algorithms for the splitting and merging of
clusters of WSNs were studied as follows.

To detect and track continuous objects (e.g., biochemical
material), a location-based clustering method [13] is pro-
posed. A boundary sensor detects an object in its vicinity,
but has one or more one-hop neighbors that do not detect
the object. To reduce the communication cost, the algorithm
organizes boundary sensors into several clusters. If a cluster
is larger than the predefined maximum cluster size, the
cluster is split into two clusters. If a cluster is smaller than
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the predefined minimum cluster size, the cluster is merged
into another cluster. However, that paper presents only the
concept of splitting and merging. The actual process of
splitting and merging is not addressed.

The energy-balanced dispatch algorithm [14] focuses on
the energy efficiency problem of dispatching mobile sensor
nodes to event areas. To reduce the energy consumption of
dispatching mobile sensor nodes, the algorithm assigns each
dispatchingmobile sensor node to each cluster. At the cluster-
ing process, the algorithm splits and merges iteratively, to
balance clusters and reduce the costs of clusters. However, the
splitting and merging are operated not in a distributed way,
but by a centralized dispatch algorithm.

The clustering-based data collection algorithm [15]
focuses on the energy efficiency problem of clustering and
prediction. In clustering, this algorithm uses dynamic split-
ting and merging clusters, in order to reduce the communi-
cation cost. However, these clustering, splitting, and merging
methods are operated not for energy-efficient routing, but for
using ARmodel-based similarity of features of CH and CMs.

In this paper, we propose EECSM for energy-efficient
clustering ofWSN. To reduce the energy consumption of CHs
and CMs, EECSM adjusts the size of the clusters. When the
size of a cluster is too large, EECSM splits the cluster into two
clusters. On the other hand, when the size of a cluster is too
small, EECSMmerges the cluster into other clusters.Through
splitting and merging clusters, EECSM prolongs the network
lifetime.

3. Network Modeling

3.1. First Order Radio Model. A sensor node consumes
energy, when transmitting and receiving data packets in a
WSN. In wireless data transmission, energy consumption is
correlated to the data packet size and the distance between
the two sensor nodes. Extensive research has been conducted
in the area of low-energy radios. Different assumptions about
the radio characteristics, including energy dissipation in the
transmission and receive modes, will change the advantages
of different protocols. In our work, we assume the following
first order radio model as the radio energy consumption
model [9]. We also assume that a sensor node can identify
its own energy, by using the radio model. This assumption is
also used in LEACH [9] and HEED [11].

(i) Transmitting the data packet: a sensor node consumes
𝜀elec = 50 nJ/bit at the transmitter circuitry and 𝜀amp =

(100 pJ/bit)/m2 at the amplifier.
(ii) Receiving the data packet: a sensor node consumes
𝜀elec = 50 nJ/bit at the receiver circuitry.

(iii) A 𝑘-bit data packet is transmitted from sensor node to
sensor node, and 𝑑

𝑖𝑗
is the distance between the two

sensor nodes 𝑖 and 𝑗: the energy consumption of the
sensor node 𝑖 is given by𝑇

𝑖𝑗
= 𝜀elec ×𝑘 + 𝜀amp×𝑑

2

𝑖𝑗
×𝑘.

(iv) The sensor node receives the data packet: the energy
consumption of the sensor node is given by 𝑅

𝑖
=

𝜀elec × 𝑘.

3.2. Definitions for the Model. We define the following terms
for our EECSMmodel.

(i) Period: in the data transmission phase, data packets
are transmitted from all CMs to the BS. A cycle of this
process is defined as a “period.”

(ii) Clustering round: the number of repeated periods
during a data transmission phase. EECSM maintains
the same cluster configuration of theWSNduring one
clustering round.

(iii) Network lifetime: the periods until a certain number
of sensor nodes (e.g., 30 sensor nodes) are all dis-
charged of their energy.

(iv) Merging threshold: if the number of CMs of a cluster
is below the merging threshold, the EECSM merges
the cluster into other clusters.

(v) Splitting threshold: if the number of CMs of a cluster
is above the splitting threshold, the EECSM splits the
cluster into two clusters.

4. Energy-Efficient Self-Organized
Clustering with Splitting and Merging
(EECSM): The Proposed Clustering-Based
Routing Protocol

We propose EECSM for aWSN. To achieve energy efficiency,
EECSM has the following five considerations, using the
local information. First, sensor nodes that have the most
remaining energy from neighbors become the candidates for
the CHs, since the CH consumes a lot of energy. Second, each
sensor node, except CHs, selects the nearest CH, in order to
minimize energy consumption during the data transmission
phase. Third, a cluster that has a number of CMs that is less
than the merging threshold merges into other clusters, in
order to minimize energy consumption of transmitting the
data packets from the CHs to the BS. Fourth, a cluster that
has a number of CMs that is larger than the splitting threshold
splits into two clusters, in order to reduce the overhead of the
CH. Fifth, to prevent any breakdown of CHs, a CH-backup
mechanism selects a new CH that has maximum energy in
the cluster.

The performance of EECSM is focused on clustering,
splitting, and merging. For proper performance evaluation,
EECSM does not use a particular routing method between
CHs. This means that the CHs directly transmit data packets
received from their particular CMs to the BS.

EECSM is comprised of three phases and a CH-backup
mechanism; the clustering phase forms the clusters for the
WSN (in Section 4.2); the merging cluster phase decides
whether to merge clusters or not (in Section 4.3); the data
transmission phase sends/receives the data packets (in Sec-
tion 4.4); and the CH backup mechanism elects a new CH
when the CH is a breakdown (in Section 4.5).

Before explaining the EECSM model, we explain the
transition of state for each sensor node.
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4.1. States of Sensor Nodes. Each sensor node of EECSM per-
forms its roles while being transformed into the following
four states (undecided state, CH state, CM state, and dis-
charged state); if a sensor node becomes a node with the dis-
charged state, it does not change its state. Table 1 indicates
the roles of a sensor node, according to its state; moreover,
Figure 1 indicates the state transition diagram of EECSM.

4.2. Clustering Phase. Theclustering phase commences when
the sensor nodes are first scattered in the sensor field or
after the completion of the “data transmission phase.” This
phase decides new CHs to form new clusters for theWSN. To
achieve energy efficiency, the criterion in the selection of CH
is the remaining energy of CMs. To reduce the load (or over-
head) of CHs, the EECSM regulates the size of the clusters.
The clustering phase is comprised of four steps: broadcasting
step, splitting step, CH selection step, and clustering step, as
follows.

4.2.1. Broadcasting Step. When the sensor nodes are scattered
in the sensor field at period zero, there is no CH. Thus, all
sensor nodes must decide on the CHs only on their own.
The EECSM always uses the remaining energy, in order to
decide the next CHs, except in period zero. Because the initial
energies of all sensor nodes are identical in our assumption,
all sensor nodes become CHs in period zero. To avoid this
wasteful situation, EECSM uses another CH selection
method just once at period zero. We define the broadcasting
range, before the explanation of the other CH selection
method. The broadcasting range is the reachable range of a
data packet transmitted from a sensor node.TheCH selection
method at period zero uses the number of neighborhood sen-
sor nodes within the broadcasting range, in order to decide
who will be the CHs for the first round. In selecting a sensor
node having the most neighbors within the broadcasting
range as a CH, distances between the CH and CMs are
reduced. This reduces the transmission energy between the
CH and its CMs. Therefore, in order to decide CHs, we use
the number of neighborhood sensor nodes within the broad-
casting range just once at period zero.Theprocedure of decid-
ing CHs at period zero is presented from 1.1 to 1.4.

To avoid selectingmanyCHs, the comparison range of the
number of received signal packets widens the broadcasting
range twice (from 1.3 to 1.4). The broadcasting step is not
included in Figure 2, the flowchart of EECSM, since it is used
only once at period zero.

4.2.2. Splitting Cluster Step. After each cluster configuration,
EECSM considers the suitable number of clusters. First,
EECSM tries to split a large cluster into two small clusters.The
disadvantage of a large cluster is the high energy consumption
of its CH, when the data packets are transmitted from its
CM to its CH via a relatively long transmission path. When
receiving the data packets, the more CMs the cluster has, the
more its CH consumes energy. A processing bottleneck can
also occur at the CH in a large cluster.

After the data transmission phase of the previous cluster-
ing round, in order to decide the number of clusters in the

CH
state

CM
state

Discharged
state

Undecided
state

Figure 1: Transition diagram of sensor node states.

next clustering round, EECSMselects the next step, according
to the value of the splitting threshold. If the number of CMs
of a cluster is more than the splitting threshold value, the
EECSM executes the splitting cluster step. Since a cluster is
split into two clusters at the splitting cluster step, in the next
round, two CHs for the split cluster are identified as the First
CH and the Second CH, respectively.

The procedure of deciding the First CH is described from
2.1 to 2.5 of Algorithm 1. The procedure of deciding the
SecondCHcan be seen from2.6 to 2.8 ofAlgorithm 1.TheCH
consumes energy much more than the CMs. If a sensor node
having low energy becomes the CH, it can quickly reach the
discharged state. To prevent this problem, EECSM selects
a CM having maximum energy as the next round CH. To
prevent locating the First CH and the Second CH in close
proximity, the procedures from 2.3 to 2.5 of Algorithm 1 are
executed.

4.2.3. CH Selection Step. If the number of CMs of a cluster is
less than the splitting threshold value, the EECSM executes
not the splitting cluster step, but the CH selection step. In
this step, the CH decides only one CH for the next clustering
round. The procedure of deciding the next round CH is pre-
sented from 3.1 to 3.2 of Algorithm 1. It is similar to deciding
the First CH of the splitting cluster step.

4.2.4. Clustering Step. Each CH broadcasts a CH-signal
packet to the entire sensor field for clustering. The sensor
nodes, except for CHs, or nodes with discharged state receive,
store, and list the CH-signal packets. Due to the fact that
information can be used at the reclustering step of the merg-
ing cluster phase, the EECSM stores and lists the information
temporally. This can reduce overhead of re-clustering. To
minimize energy consumption of CMs during the data trans-
mission phase, the sensor nodes select the nearest CH as its
CH.
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Figure 2: Flowchart of EECSM.

4.3. Merging Cluster Phase. After the clustering phase of the
current clustering round, the EECSM checks the size of the
clusters. Since the EECSM checks and splits the large clusters
at the previous phase, it needs to check only the small
clusters at this phase. The disadvantage of a small cluster is
inefficient energy consumption, particularly when the data
packets are transmitted from the CH to the BS, since energy
consumption from a CH to the BS is much more than the
energy consumption from a CM to the BS for longer trans-
mission. For this reason, energy consumption of a small
cluster is not energy efficient, and therefore the small clusters
need to be merged into large clusters. The merging cluster
phase on EECSM is comprised of two steps: merging cluster
step and re-clustering step, as follows.

4.3.1. Merging Cluster Step. If the number of CMs of a cluster
is less than themerging threshold value, the EECSM executes
the merging cluster step. To merge small clusters into large
clusters, procedures 1.1 to 1.2 are executed.

4.3.2. Reclustering Step. Procedure 2.1 is executed using the
information stored in the clustering step of the clustering
phase; after the re-clustering step is executed, the information
stored in the clustering step is deleted (Algorithm 2).

4.4. Data Transmission Phase. If the merging cluster phase
is finished, clustering is complete. The EECSM enters into
the data transmission phase, as EECSM starts to inform
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the situation of the sensor field to the external BS, by sending
gathered data. The data transmission phase is divided into 2
steps: CM transmission step and CH transmission step.

In Algorithm 3, each CM creates a data packet that
contains neighboring environment information for each
period.The data packets are transmitted to the CH. Each CH
aggregates the received data packets into a data packet and
transmits the data packet to the BS directly.These procedures
are repeated during each clustering round.

4.5. CH Backup Mechanism. WSNs are useful in inaccessible
and dangerous areas, such asmilitary targets, disaster regions,
and hazardous environments: they protect humans fromdan-
ger. Using sensor nodes in those areasmay cause a breakdown
of individual sensor nodes. This can reduce the network
lifetime. Furthermore, the breakdown of CHs can affect the
network lifetime, as well as entail a loss of information. If the
CHs break or fail, information received from its CMs to the
BS may be lost.

In order to reduce the degradation of the network
lifetime, EECSM has a “CH backup mechanism.” If the CH
breaks or fails, the CMs that are close to their CH can recog-
nize the breakdown of their CH. The reason why the CMs
can realize the breakdown of their CH is that the CMs can
recognize whether the data packet is transmitted from their
CH to the BS. The advantage is that there is no additional
overhead for recognizing the state of the CH.

The CH-backup mechanism of EECSM decides a new
CH, after the breakdown of the CH. The CH backup mecha-
nism is comprised of the following 2 steps: CH reelection step
and cluster recovery step.

4.5.1. CH Reelection Step. The CH reelection step is carried
out immediately, when the CM recognizes a breakdown of
its CH during the data transmission phase (in procedure 1.1
of Algorithm 4). The CM recognizing a breakdown of its
CH is usually the closest CM from the CH. In procedure 1.2
of Algorithm 4, the CMs broadcast the energy state-signal
within the broadcasting range twice, in order to elect a new
CH. The reason why that signal is broadcasted within the
broadcasting range twice, rather than to the entire cluster, is
to reduce the energy consumption of CMs. The CM having
maximum residual energy becomes the new CH within that
range.

4.5.2. Cluster Recovery Step. In procedure 2.1 of Algorithm 4,
the newCH broadcasts the CH-signal to the entire area of the
sensor field, since the new CH does not know the area of the
cluster exactly. In procedure 2.3 of Algorithm 4, the CMs can
decide their CH not only for the new CH of the cluster, but
also for the CHs of other clusters, according to the distance.
This can minimize the energy consumption of CMs during
the data transmission phase.

The CH backup mechanism of EECSM can restore the
unstable state of a network to the stable state of a network.
It provides the robustness of the WSN.

5. Computational Experiments of EECSM

In this section, we show the performance of EECSM. To
measure the performance of EECSM, we use Visual C++ of
Visual Studio 2008.

5.1. Experimental Assumptions. In this section, we introduce
the experimental environment of the EECSM.

(i) The locations of all sensor nodes and the BS are fixed.
(ii) The deployment of sensor nodes uses random distri-

bution.
(iii) The location of the BS (𝑥-axis: 25m, 𝑦-axis: 150m) is

known in advance in the 50m∗50m sensor field. For
this field, the broadcasting range of EECSM is set to
10m.

(iv) The data packet size is 1,000 bits, and the signal packet
size is 50 bits.

(v) All sensor nodes have an initial energy of 0.5 J.
(vi) The test utilized the average of the performances of 10

different deployments of sensor nodes in the sensor
fields.

(vii) We assumed a WSN cannot operate when more than
30% of the sensor nodes are discharged. Therefore,
the network lifetime is defined as the time when 30%
of sensor nodes are discharged in our experiments,
except in the robustness experiment.

(viii) In the experiments, the number of sensor nodes is 100,
except for scalability experiments.

5.2. Clustering with Splitting andMerging. The size of clusters
and the number of clusters seriously affect energy efficiency
and the network lifetime. To properly adjust the size of clus-
ters and the number of clusters, EECSMmerges small clusters
into other clusters and splits each large cluster into two clus-
ters. To prove the validity of clustering with the splitting and
merging method of EECSM, we show the following experi-
ments.

5.2.1. Setting of Splitting and Merging Threshold Value. In
this experiment, we find the optimal values of the splitting
threshold value and the merging threshold value. We have
that the range of experiments of the splitting threshold value
is 31 ∼ 60, and the range of experiment of the merging thre-
shold value is 1 ∼ 30, for the cases of 100 sensor nodes. The
result of the enumerative method is as follows: the optimal
value of the splitting threshold value is 46, and the optimal
value of the merging threshold value is 20. Therefore, from
now on, EECSM splits a cluster that has more than 46CMs
into two clusters and merges a cluster that has less than
20CMs into other clusters.

5.2.2. Relative Frequency of Splitting and Merging. To prove
the validity of clustering with the splitting and merging
method of EECSM, we show howmany splitting cluster steps
and merging cluster steps are used. In this experiment, we do
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Clustering phase
(1) Broadcasting step
{If (Period = 0)}

(For all sensor nodes)
(1.1) Broadcast an undecided state-signal packet within the broadcasting range.
(1.2) Receive the undecided state-signal packets and count the number of received signal packets.

(For all sensor nodes)
(1.3) Broadcast the number of received signal packets within 2∗(broadcasting range).
(1.4) Receive the signal packets (from 1.3), and compare the number of received signal

packets from others with the number of received signal packets of its own.
Within 2∗(broadcasting range), if one’s value is Max, the sensor node becomes a CH.

Else
(For each cluster)
If (The number of CMs ≥ Splitting threshold)

(2) Splitting cluster step
(For each CH)

(2.1) The CH decides the First CH that is the CM having maximum residual energy
of the cluster.

(2.2) The CH transmits a First CH-signal to the First CH.
(2.3) The First CH broadcasts a neighborhood-signal to neighbor sensor nodes.
(2.4) The CMs that receive a neighborhood-signal transmit ACK to the First CH.
(2.5) The First CH aggregates information of ACKs, and transmits to the CH.

(List of neighbors)
(2.6) The CH decides the Second CH that is the CM having maximum residual

energy of the cluster, except for the First CH and the CMs included in the list of neighbors.
(2.7) The CH transmits a Second CH-signal to the Second CH.
(2.8) The CH becomes a node with an undecided state.

Else
(3) CH selection step

(For each CH)
(3.1) The CH decides the next CH that is the CM having maximum residual energy

of the cluster.
(3.2) The CH transmits a CH-signal to the next CH.

(4) Clustering step
(4.1) CH broadcasts a CH-signal packet to the entire area of the sensor field.
(4.2) Others decide their own CH, by finding the closest CH.

Algorithm 1: The clustering phase.

not count the number of splitting cluster steps or merging
cluster steps per one clustering round, but rather count the
number of clustering rounds when splitting cluster steps or
merging cluster steps occur.

Table 2 indicates the average of relative frequency of
splitting cluster steps and the average of relative frequency of
merging cluster steps during network lifetimes. The splitting
cluster step happens 60.3% of the total rounds, and the merg-
ing cluster step happens 55.0% of the total rounds.The results
show that the splitting and merging of clusters happen fre-
quently, in order to maintain the suitable number of clusters
of EECSM, and this can seriously affect the network lifetime.

5.2.3. Comparison of Network Lifetime of Clustering with
and without Splitting and Merging. To prove the validity of
clustering with the splitting and merging method of EECSM,
we show the network lifetimes of clustering with and without
the splitting and merging method of EECSM.

Figure 3 demonstrates that the network lifetime of clus-
tering with the splitting and merging method of EECSM

is between 7.03% (when the 1st sensor node is discharged)
and 11.21% (when the 30th sensor node is discharged) longer
than clustering without the splitting and merging method of
EECSM. This experiment indicates that clustering with the
splitting and merging method of EECSM prolongs network
lifetime, by maintaining the suitable size of clusters. The suit-
able sizes of clusters reduce energy consumptions of sensor
nodes, by reducing the transmission range of sensor nodes.

5.3. Comparisons of Basic Performance with HEED. In this
section, we compare the network lifetimes and residual
energies of the sensor nodes of EECSM and HEED.

5.3.1. Network Lifetime Comparison. In this experiment, we
compare the network lifetime of HEED and EECSMwith the
splitting and merging mechanism.

Figure 4 shows that the network lifetime of EECSM is
168.9% (when the 1st sensor node is discharged) longer and
23.7% (when the 30th sensor node is discharged) longer
than the lifetime of HEED, respectively. This means that
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Merging cluster phase
(For each cluster)
If (The number of CMs ≤Merging threshold)

(1)Merging cluster step
(Each CH)

(1.1) Broadcast a merging cluster signal packet.
(1.2) All CMs and CH of the cluster become nodes

with an undecided state.
(2) Re-clustering step

(2.1) All nodes with an undecided state decide on their own CH,
by finding the closest CH.

Else
Do nothing

Algorithm 2: The merging cluster phase.

Data transmission phase
While (1 clustering round)

(1) CM transmission step
(Each CM)

(1.1) Sense environment.
(1.2) Make a data packet.
(1.3) Transmit a data packet to its CH.

(2) CH transmission step
(Each CH)

(2.1) Aggregate received data packets from its CMs
(2.2) Transmit a data packet to the BS.

End while

Algorithm 3: The data transmission phase.

the five considerations of EECSM using the energy infor-
mation operate properly and also prolong the network
lifetime.

5.3.2. Residual Energy Comparison. In this experiment, we
compared the average ratios of the residual energies to the
network lifetimes of EECSM and HEED.

In Figure 5, the average ratio of residual energy of EECSM
is at most 13.0% of that of HEED. This experiment indicates
that the sensor nodes of EECSM consume energymuchmore
uniformly than do those of HEED.

Comparisons of the two experiments (Figures 4 and 5)
indicate the following. First, the sensor nodes having maxi-
mum energy from the neighborhood are decided by the next
CHs, while reducing the frequent selection of certain sensor
nodes. This allows a variety of selection of CH and maintains
fair balance in the energy of sensor nodes.

Second, proper splitting and merging of clusters reduce
the transmission distance of sensor nodes. In these results, we
conclude that EECSM reduces and maintains fair balance in
energy consumptions of sensor nodes, with the consequence
that it prolongs network lifetime.

5.4. Advanced Performance of EECSM. In this section, we
show the scalability and robustness of EECSM.

5.4.1. Scalability. Because WSNs consist of hundreds or
thousands of sensor nodes, clustering and routing protocols
of WSNs should have scalability. Since EECSM is a self-
organized clustering model, EECSM should have good scal-
ability. In this experiment, the number of sensor nodes is
increased, in order to prove the scalability of EECSM from 100
sensor nodes to 500 sensor nodes. Here, the network lifetime
of theWSN is defined only as the timewhen 30%of the sensor
nodes are discharged.

Figure 6 shows that the network lifetime of EECSM,when
the number of sensor nodes is more than 200 sensor nodes,
is longer than the lifetime of EECSM, when the number of
sensor nodes is 100 sensor nodes, from a minimum 11.67% to
a maximum 14.68%. According to the increase of the number
of sensor nodes, EECSM tends to increase the network
lifetime, rather than to degrade the network lifetime. We can
conclude that EECSM has good scalability, since the splitting
and merging method of EECSM reduces the transmission
range and maintains fair balance in energy consumptions of
sensor nodes.

5.4.2. Robustness. WSNs are useful in dangerous areas, such
as military targets, disaster regions, and hazardous areas.
Thus, sensor nodes of WSNs in these areas can break sud-
denly. To use WSNs in these dangerous areas, clustering and
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CH backup mechanism
(For each cluster)
If (CH is dead; breakdown or discharged of energy)

(1) CH reelection step
(1.1) A CM that detects a failure of its CH broadcasts a CH-failure-signal

(For each CM received the signal)
(1.2) The CMs broadcast an energy state-signal within

2∗broadcasting ranges
(1.3) The CMs compare the energy states

The CM having maximum energy becomes the new CH
(2) Cluster recovery step

(2.1) The CH broadcasts a CH-signal packet to the entire area of the
sensor field
(For each CM of the cluster)

(2.2) Receive the CH-signal packet
(2.3) The CMs compare the distances

If (the distance between the CH of the cluster and the
CM ≤The distance between the closest CH of other
cluster and the CM)

The CM becomes a CM of the cluster
Else

The CM becomes a CM of the other closest cluster

Algorithm 4: The CH-backup mechanism.

Table 1: State of sensor nodes.

State of sensor node Specification

Undecided state Condition
When a sensor node has been scattered first in the sensor field or a
sensor node has acted as a CH or CM, the sensor node becomes an
undecided state node.

Act
An undecided state node awaits signal packets from the CHs, except
when a sensor node has been scattered in the sensor field for the first
time.

CH state Condition

(1) When the number of CMs of a cluster is less than the splitting
threshold, one CM becomes the CH state node.
(2) When the number of CMs of a cluster is more than the splitting
threshold, two CMs become CH state nodes.
(3) When a CH breaks or fails, a node with the CM state within the
broadcasting range of the CH becomes a CH state node.

Act
A CH collects and aggregates information from its CMs and then
transfers data packets to the BS. Also, a CH decides the CH(s) for the
next clustering round.

CM state Condition When a CH is decided, all nodes with the undecided state in the
cluster of the CH become CM state nodes.

Act A CM periodically sends sensed information to its CH.

Discharged state Condition
When a sensor node cannot function anymore, because all of its
energy has been discharged, or it has broken down, it becomes a
discharged state node.

Act Nothing is done.

routing protocols should be able to restore the network when
a break happens. In order to prove that the CH backupmech-
anismworks properly, we conduct the following experiments.

In this experiment, we compare the network lifetimes of
normal states and abnormal states. The normal state means
that a WSN is operating normally, without sudden break-
downs of sensor nodes. The abnormal state means that 0, 10,

20, 30, or 40 sensor nodes suddenly broke, sporadically, in the
WSNs, before the 2,000th period.

In this experiment, the network lifetime is defined as the
time when 50% of the sensor nodes which malfunctioned.
50% of sensor nodes malfunctioned is the total percentage of
100 sensor nodes that have encountered sudden breakdowns
or discharged their energy; for example, when the number of
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Figure 3: Comparison of network lifetimes of clustering with and
without the splitting and merging method of EECSM.
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Figure 4: Comparison of network lifetimes of EECSM and HEED.

Table 2: The relative frequency of merging and splitting.

Splitting cluster
step

Merging cluster
step

The average of steps 173.3 158.1
The average of
clustering rounds 287.2 287.2

The average of relative
frequency 60.3% 55.0%

sensor nodes are 100, 50% of sensor nodes which malfunc-
tioned consist of sensor nodes discharged of their energy (A)
and sensor nodes which suddenly broke down (B). (A, B) is
(50, 0), (40, 10), (30, 20), (20, 30), or (10, 40).

Figure 7 shows that, although unexpected breakdowns
occur, the effect is not serious. The maximum degraded
network lifetime, when 40 sensor nodes suddenly break
down, is at most 6.30%. The CH backup mechanism can
restore the unstable state of the network to the stable state of
a network, without any additional overhead. It can minimize
the energy consumption of the unstable state and the CH

0
10
20
30
40
50
60
70

Re
sid

ua
l e

ne
rg

y 
ra

tio
 (%

)

EECSM
HEED

1 53 7 9 11 13 15 17 19 21 23 25 27 29
The number of sensor nodes

Figure 5: Experiment on the residual energy ratios of EECSM and
HEED.
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Figure 7: Experiment on sporadic failures.

backup mechanism, also. Therefore, the CH backup mech-
anism of EECSM is a robust mechanism, capable of coping
with abnormal conditions of the external environment.

6. Conclusion

This paper has proposed an energy-efficient self-organized
clustering model, the so-called EECSM.The proposed model
attempts tomaximize the network lifetime andmaintain load
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balance through the selection of CHs and by resizing clusters
through combined techniques of advantages of self-organized
protocols and cluster-based routing. Since EECSM uses a
self-organizing approach, it has good characteristics, such as
distributed control, adaptability, robustness, and scalability.
Moreover, EECSM can decide on the proper CHs for energy
efficiency. It can also resize clusters for maintaining a suitable
size, and further it can also restore damaged clusters on its
own, based on local information.

Clustering with the splitting and merging method has
many interesting research issues. Appropriate research exam-
ples are the self-decision method of the merging threshold
and the splitting threshold through information, which are
localized neighbor information, for example, the number of
neighbors, the current state of neighbors, and so on. In addi-
tion, research on clustering with the splitting and merging
method for mobile ad-hoc networks (MANETs) holds the
promise of valuable results.
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Body sensor networks (BSNs) carry heterogeneous traffic types having diverse QoS requirements, such as delay, reliability and
throughput. In this paper, we design a priority-based traffic load adaptivemedium access control (MAC) protocol for BSNs, namely,
PLA-MAC, which addresses the aforementioned requirements and maintains efficiency in power consumption. In PLA-MAC,
we classify sensed data packets according to their QoS requirements and accordingly calculate their priorities. The transmission
schedules of the packets are determined based on their priorities. Also, the superframe structure of the proposed protocol varies
depending on the amount of traffic load and thereby ensures minimal power consumption. Our performance evaluation shows that
the PLA-MAC achieves significant improvements over the state-of-the-art protocols.

1. Introduction

Wireless body sensor networks (BSNs) are getting immense
research interests worldwide as they make a paradigm shift
in medical applications, and, in particular, health monitoring
systems. With the advent of miniature, cost effective, and
wearable sensor devices, they have attracted large amount of
research time [1]. BSNs provide the scope of early detection
of critical health conditions and diseases. Nowadays, people
suffer from many chronic diseases that require constant
monitoring of health condition. Bymaking the use of wireless
body sensor network, a patient can be under constant
monitoring without any restriction and expenses of being
in a hospital. This process can be considered as the next
step in enhancing the personal health care and in coping
with the costs of the health care systems [2]. Also, they
can be deployed inexpensively in existing structures without
IT infrastructure [3]. The BSN technology can be used to
help protect those exposed to potentially life-threatening
environments, such as soldiers, first responders, and deep-sea

and space explorers [4]. It is also being used successfully for
entertainment applications [5].

A BSN comprises of a number of biomedical sensor nodes
which are placed on or implanted in a human body. These
sensors collect various physiological data and transmit them
to a coordinator node which in turn transmits the data to
the main server via the Internet. BSNs primarily use a star
topology (Figure 1) with a communication range of around 3
meters [6], and the sensors usually need to transmit data at
relatively wide range of data rates from 1Kbps to 1Mbps [7].
The two fundamental design challenges in BSNs are energy
efficiency and quality of service (QoS) [8]. And BSNs, which
are deployed to permanently monitor human physiological
parameters, must satisfy far more stringent quality of service
(QoS) demands than those of other existing wireless sensor
networks [9]. Provisioning QoS such as reliability and timely
delivery is very crucial for BSN. Most of the time, these
sensors are very small in size and have low battery power;
so, energy efficiency should also be maintained. Priority
awareness is a significant matter in BSN as the various
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Figure 2: Superframe structure of 802.15.4.

data collected by the sensors can have different degree of
importance and the resources are limited; so, emergency and
highly important data packets should get a better chance to
be transmitted.

A number of medium access control (MAC) protocols
have been proposed for provisioning QoS in BSN. IEEE
802.15.4 [10–12] (Figure 2) is a standard defining the speci-
fications for the MAC layer of a low rate wireless personal
area network (WPAN), which also provides a way for QoS
provisioning in BSN. But the superframe structure of IEE
802.15.4 is not flexible and also the latency involved is
high. BodyQoS [13] implements a virtual MAC to schedule
and represent channel resources, which makes it radio-
agnostic. But there is no priority consideration and also high
computational complexity is involved. ATLAS [14] proposes
a traffic load aware MAC protocol where the structure of
the superframe depends on the estimated traffic load. But it
does not take priority into account. PNP-MAC [15] adopts the
superframe structure of IEEE 802.15.4. It proposes an MAC
protocol with preemptive slot allocation and nonpreemptive
transmission and also takes priority into account. But it does
not take traffic load into account; duration of the CFP period
of its superframe structure is fixed.

In this paper, we propose a priority-based load aware
MAC protocol for BSN where the data packets are served
based on their priority and the superframe structure is
dynamic. In the proposed MAC protocol, we categorize the

data packets into four priority classes based on their data type
and generation rate.Then, these packets are served according
to their priority values. So, high priority and emergency
packets are served first. The superframe structure of the
protocol varies based on the traffic load as the number of slot
allocations in the superframe structure depends on the traffic
load. So, the superframe structure contains a large inactive
period when the traffic load is low and the opposite when the
traffic load is high. So, energy efficiency is also ensured.

The rest of the paper is organized as follows. In Section 2,
we have discussed some related works and their limita-
tions. Then, we present the network model in Section 3.
In Section 4, we describe in detail the proposed priority-
based and traffic load adaptive MAC protocol for body
sensor networks. The performance evaluation and results
are presented in Section 5. Then, we conclude the paper in
Section 6.

2. Related Works

The IEEE 802.15.4 [10–12] standardwas specifically devised to
support low power, low data rate networks where latency and
bit rate are not so critical. Although the design environment
was different for IEEE 802.15.4, as a response to the growth
in wireless personal area network, many earlier works [16]
adopted the IEEE 802.15.4 MAC protocol and its superframe
structure to support the QoS requirements of BSNs. The
superframe structure of 802.15.4 consists of a contention
access period (CAP), a contention free period (CFP), and
an inactive period (IP). The CFP period contains up to
seven guaranteed time slots (GTSs), which limits the adaptive
operation of BSN applications. Secondly, IEEE 802.15.4 does
not have any mechanism for prioritizing among different
applications, and low priority data can block the transmission
of the high priority one, which can cause a severe problem in
BSN. Thirdly, the requested GTS time slots are not allocated
in the current superframe; they are scheduled to the next
superframe, which increases the packet delay or latency.

LDTA-MAC [16] protocol improves some of the short-
comings of IEEE 802.15.4. The guaranteed time slots (GTSs)
are not fixed, allocated dynamically based on traffic load. And
also on successful GTS request, data packets are transmitted
in the current superframe. But there is no consideration of
the priority of the applications or backoff value of them. Also
the CFP’s and IP’s durations are fixed.

BodyQoS [13] separates QoS scheduler from the under-
lying MAC implementation, and thus it does not suffer
from the limited number of GTSs. However, BodyQoS uses
nonpreemptive slot allocation schemes; so, high priority
applications can be blocked by low priority applications. Also,
separate MAC implementation can increase computational
complexity.

ATLAS [14] proposes a traffic load aware MAC protocol
where the superframe structure varies based on the estimated
traffic load and uses a multihop communication pattern.
But it does not take the priority of different applications
into account. There is also no indication of backoff class
depending on the priority to avoid collision and to let higher
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Table 1: Data type.

Traffic-class value Traffic class
4 Ordinary data packets (OPs)
3 Delay-driven data packets (DPs)
2 Reliability-driven data packets (RPs)
1 Critical data packets (CPs)

priority application request first. Also,managing four types of
adaptive superframe structure depending on traffic load may
become a computational load on the gateway.

PNP-MAC [15] protocol is based on IEEE 802.15.4
superframe structure. It can flexibly handle applications with
diverse requirements through fast, preemptive slot allocation,
nonpreemptive transmission, and superframe adjustments.
But the duration of CFP is fixed; so, if we have lower data rate,
it will cause loss of time and energy for being awake on this
period. Again if the data rate is high, then the fixed inactive
period (IP) can cause many important and high priority data
to wait for the next superframe. Here, if any data is generated
during the IP, then it will be lost or have to wait, which is not
viable for emergency data. Again the CAP period only takes
request for GTS, not data packets; for some application, this
period of delay can be significant.There is no balance between
the priority consideration and traffic load of sensor nodes. As
low priority sensors can have a higher traffic load and they
have greater backoff, they will not be able to send most of
the data and drop them, which can cause a major problem
in medical treatments.

3. Network Model and Assumption

In the proposed PLA-MAC protocol, we assume that several
biomedical sensor devices are attached to a human body; they
all collect data and transmit the data to a central coordinator
node using a star topology. The coordinator node can be a
Smartphone, a Smart watch, or PDA, which will transmit the
data to the external network.The sensor nodes are assumed to
have limited energy supply and limited processing power.The
coordinator is significantly more powerful than the sensor
nodes.Therefore, it is desirable to push as much computation
and communication overhead to the coordinator as possible.

In addition, considering the normal application scenario
of a BSN such as a data collection system where data are
sent from the sensor nodes to coordinator, the down link
traffic like notification or beacon from the coordinator is not
considered significant.

We assume that every data packet has a lifetime 𝑇life,
specified by an application, which indicates the time limit
within which the packet should be delivered to the coordina-
tor; otherwise, the information in the packet is useless, and it
should be dropped.

In the proposed PLA-MAC protocol, the superframe
structure is a modified version of the superframe of the IEEE
802.15.4 protocol.

A proper description of the superframe structure used
in PLA-MAC can be found in Section 4.3. Here, we have

assumed the superframe to have a dynamic structure; the
length of the active part of the superframe changes based on
the traffic load in the network. The superframe is assumed
to contain a fixed CAP of 20 slots, and the length of the
superframe is 128 slots. The number of CFP slots is not fixed.
So, when there is minimal traffic, the length of the active part
of the superframe can be just a little more than 20, and when
there is a huge traffic load, the length of the active part of the
superframe can be near 128. The rest of the superframe will
inactive, which is specified by IP (inactive period).

4. Proposed MAC Protocol

4.1. Overview. In this paper, we propose a priority-based
MAC protocol for body sensor networks that modifies the
superframe structure of IEEE 802.15.4. It has a dynamic
superframe structure depending on the variation of traffic
loads. Based on the delay and reliability constraints of data
packets, we primarily perform a traffic classification. Using
this classification and data generation rates from sensor
nodes, we calculate the different priority and backoff values.
The priority class is used by the coordinator while allocating
slots for data packets. The backoff values are used by the
sensor nodes to perform prioritized random backoff before
transmitting the data packets.

4.2. Traffic Classification. In this protocol, the generated data
packets are divided into four types: ordinary data packets
(OPs), delay-driven data packets (DPs), reliability-driven
data packets (RPs), and critical data packets (CPs) [17]
(Table 1). The OP corresponds to a data packet that contains
regular physiological measurements like body temperature,
which does not have any strict reliability or delay constraints.
The DP corresponds with packets that have to be delivered
timely but do not have much reliability constraint, for
example, video streaming. The RP packets must be delivered
with high reliability that is without any loss of data, but do not
have any delay deadline, for example, respiration monitoring
and PH monitoring. The CP packets have high reliability
and delay constraints; they have to be delivered with higher
reliability and lower end-to-end delay, for example, ECG data
packets. Note also that the CP packets have the highest data
generation rate and packet size compared to other classes;
OP packets have lowest data generation rate and packet size
compared to other classes of packets.

Here, the data packets are assigned a data type number𝑇
𝑖
.

The critical data packets are assigned the lowest and ordinary
packets are assigned the highest data type number. Based on
this data type number, the corresponding backoff and priority
values will be calculated.

4.3. Superframe Structure. The BSN superframe structure
contains five periods: beacon, contention access period
(CAP), notification, contention free period (CFP), and inac-
tive period.

In Figure 3, we can see that every superframe starts with a
beacon period. The beacon informs all member nodes about
the basic information about the coordinator, other nodes,
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Figure 3: BSN superframe structure.

and about the start of the superframe. In the CAP period,
the allocation requests for the CP, RP, and OP classes of
data packets for the CFP slots, and data packets of the DP
classes are received by the coordinator from sensor nodes.
Whether a node will transmit a DP packet or a DP request in
CAP period is totally implementation dependent. After CAP,
the coordinator allocates DTS slots to the packets, and the
allocation status is announced through a notification to all
the sensor nodes. The coordinator node allocates DTS slots
to the packets based on their priority values. Higher priority
packets are allocated first.Then, there is a CFP period, during
which the allocated packets are transmitted. Here, we have
a dynamic size of CFP; so, the CFP can be very small when
there is very low traffic load or it can occupy the rest of the
superframe when there is a high traffic load.

If the CFP does not occupy the entire superframe, then
rest of the period is inactive period. This inactive period can
be optionally used as low power listening (LPL).

In theCFP, a number of ETS slots are kept for transmitting
emergency packets that are generated after the CAP period.
Nodes having emergency packets perform clear channel
assessment (CCA) to occupy an ETS slot.

If a sensor node cannot send slot allocation request to
the coordinator successfully during the CAP period, the
transmission of packets from those nodes will be handled as
follows.

(i) As described earlier, the emergency packets will be
sent in the ETS time slots, after doing a CCA.

(ii) For RP and OP packet types, they will be stored in
the buffer of the corresponding node, waiting for slot
allocation in the next superframe. Such packets may
be dropped if the node buffer overflows or packet
lifetime (𝑇life) exceeds.

4.4. Backoff Calculation. Prioritized random backoff is per-
formed in CAP. A node, which sends either a data packet or a
request packet, performs a randombackoff.The backoff value
is chosen from the range [0, 2𝑇𝑖+2 − 1], where 𝑇

𝑖
is the traffic

class number. So, the probability of a critical data packet to
enjoy less delay is higher than other data packets.

As the backoff value is calculated based on the traffic class
value, data packet that has lower traffic class value will get
small backoff value and have to wait small period of time
before sending a data packet or request. And data packets
with higher traffic class value will get larger backoff value. For
example, assume that we have a critical data packet and an
ordinary data packet to send. As traffic class value for CP is 1,
it will get a random backoff value between the range of [0, 7].
The traffic class value for OP is 4; so, its backoff will be in the
range of [0, 63]. As in most cases, OP will have higher backoff
value than CP; so, request of CP will be sent before OP.

4.5. Priority Calculation. The sensor nodes calculate the
priority of each packet using the following equation:

𝑃
𝑖
=
𝑇
𝑖

𝐺
𝑖
× 𝑆
𝑖

, (1)

where 𝑃
𝑖
= priority, 𝑇

𝑖
= traffic class value, 𝐺

𝑖
= data

generation rate, and 𝑆
𝑖
= size in bytes.

We can see that the priority value of a packet depends on
its traffic class value and the data generation rate of the node.
Based on the priority calculated earlier, the packets will be
categorized to be in one of the four following classes:

(i) emergency;
(ii) high;
(iii) average and;
(iv) low.

The packets with the lowest traffic class value (critical
packets) and highest data generation rate will have the lowest
score and highest priority, and they will be defined to be
in emergency class. The significance of doing this is that
the packets with low traffic class value contains, the most
important data which must be delivered timely and with
reliability, and packets that are from a node with high data
generation rate also must be delivered quickly as the buffer
of the sensor node will overflow otherwise and data packets
will be lost. Similarly, the packets with the highest traffic class
value and lowest data generation rate will have the highest
score and lowest priority, and they will be defined to be in low
class. The data packets with priority values in between these
two classes will be defined to be in high and average classes
depending on their values. The range of the priority classes is
application dependent.

The coordinator node will allocate slots in the CFP period
for the sensor nodes based on aforementioned priority,
classes. Emergency packets are given the highest priority and
they are allocated slots before any other packets. When slot
allocation for emergency packets is finished, then slots for
high priority packets are allocated. Average priority packets
are allocated next and followed by low priority packets. The
rest of the superframe structure is considered as inactive
period.

4.6. Protocol Operation. As sensor nodes have low battery
life, computational load should be kept as small as possible.
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Also, each sensor node has a small buffer. If it has a data
packet to send, the sensor stores it in the buffer and waits
in low power listening mode for next beacon signal from
coordinator. Each data packet has a maximum lifetime 𝑇life
within which it has to reach the coordinator; otherwise, the
sensor node drops the packet.

The BSN superframe structure has been designed to be
flexible depending on the traffic need. Every superframe
starts with a beacon signal. After the beacon signal, the
contention access period (CAP) starts, in which the nodes
having CP, RP, and OP type data packets make requests for
DTS slots. CP and RP data packets are sent using reserved
time slots since they are loss-sensitive ones. On the other
hand, the loss-insensitive DP type data packets content with
each other to be transmitted in the CAP slot. In CAP,
the receiver node sends back an acknowledgement (ACK)
message after a packet is successfully received. This strategy
is much helpful for DP packets to reach the coordinator node
within their lifetime.

The sensor nodes may also request DTS slots for sending
DP during the contention free period (CFP), depending on
the applications need.The requests for DTS slots, which have
been received in CAP, are first sorted by the coordinator node
based on their priority values and then allocated accordingly.
The coordinator node sends this allocation information to
all nodes in the notification period, and thus the sensors
get to know whether their requests have been granted or
not; it also informs the slot number if a request is granted.
Therefore, there is no need for sendingACK for every request;
the notification does that part. A sensor node can sleep in the
CAP period if it has nothing to send. The other nodes, after
sending data or request packet, will go to LPL and wait for
receiving any ACK (if data packet is sent) or notification (if
request for DTS is sent).These sleep and LPL periods save the
energy of sensor nodes.

The coordinator node allocates the DTS slots based
on the priority of the requests. After completion of the
transmissions in DTS slots during the contention free period
(CFP), the BSN superframe proceeds with inactive period
(IP) or LPL period. In IP, the coordinator node goes to
sleep mode, and the sensor nodes turn off their transceiver
circuitries, saving energy. In LPL, the sensor nodes might
transmit emergency data packets only, depending on the
implementation. Whether the IP or LPL will be activated can
be determined dynamically by the coordinator node based
on the traffic load of the network. Also, the IP may not be
present in the superframe structure at very high traffic load
conditions.

We also keep provisions of transferring emergency pack-
ets during contention free period by allocating few emer-
gency time slots (ETSs). More specifically, the ETSs are for
transmitting emergency data packets that are generated after
the CAP period. Here, the number of ETSs can be calculated
using exponential weighted moving average in the following
way:

NumETS = (1 − 𝛼) ×NumETS + 𝛼 ×NumEMR. (2)

Here, the value of NumETS is a weighted combination of the
previous value of NumETS and the last value of NumEMR,

Table 2: Simulation parameters.

Parameter Value
Channel data rate 250 kbps
Payload size 32 bytes
MAC header 8 bytes
PHY header 6 bytes
Superframe period 1 s
Number of slots in a superframe 128
Slot duration 7.68ms
Beacon order 6
CAP duration in IEEE 802.15.4 and PNP-MAC 8 slots
CAP duration in proposed protocol 20 slots
CFP duration of PNP-MAC 40 slots
Simulation time 100 s

which is the number of emergency data packets received in
the last superframe. In this way, the number of ETSs will be
dynamically adjusted during each superframe according to
the number of emergency data packets received in the most
recent superframe. So, the number of ETSswill increasewhen
a large number of emergency data packets are generated and
decrease when the number of emergency data packets goes
down.

5. Performance Evaluation

In this section, we compare the performance of the proposed
priority aware and traffic load adaptive MAC protocol with
PNP-MAC [15] and IEEE 802.15.4 [10]. Here, we have con-
ducted simulation using a simulator which we have been
implemented using object-oriented programming language
C++. To analyze the performance of the studied protocols,
we have compared them in the fields of average packet delay,
throughput, and energy consumption.

5.1. Simulation Model. For the simulation of the aforemen-
tioned MAC protocols, we consider a body area sensor
network consisting of a single coordinator and a number of
sensor devices. The sensor devices collect data and transmit
them to the coordinator using a single-hop star topology.The
superframe parameters used in this simulation are BO = 6,
slot size = 7.68ms, number of slots = 128, and the CAP size of
proposedMACprotocol = 20.We consider theCFP size of the
PNP-MAC [15] protocol as 40 slots in the simulation as there
was no specific size mentioned in the paper. For the proposed
MAC protocol, we consider the number of DP packets to be
20% to 30% of the total data packets and the CP, RP, and OP
packets to be the other 70% to 80%.

The network parameters used here are summarized in
Table 2.The parameters used for evaluating power consump-
tion are given in Table 3.

5.2. Performance Metrics. The following four metrics have
been considered for the performance evaluation of our
proposed PLA-MAC.
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Table 3: Power consumption parameters.

Operation mode Power consumption
Transmit 10mA
Receive 4mA
Sleep 20 uA
LPL 1mA

(i) Average Packet Delivery Delay. In our network, there
are several sensor nodes and a coordinator. Each of
the nodes transmits packets, which are received by
the coordinator. Packet delivery delay here is the time
between generation of a packet at a sensor node and
its reception at the coordinator node in specific slot of
the corresponding superframe.

(ii) Average Delivery Delay for Delay Driven Packets.
Delay-driven packets correspond to packets that have
to be delivered timely. If they are not delivered in time,
they are useless. In our protocol, we have given special
treatment to the delay-driven packets; the delay-
driven packets are transferred in the CAP period; so,
they do not have to make request and then transmit
in CFP slots.

(iii) Throughput. In communicationnetworks, throughput
or network throughput is the average rate of success-
ful packet delivery over a communication channel.
This data may be delivered over a physical or logical
link or pass through a certain network node. The
throughput is usually measured in bits per second
(bps) and sometimes in data packets per second or
data packets per time slot. In our evaluation, we have
used kbps (kilobits per second); we have calculated
the amount of payload bits carried in the total number
of data packets received at the coordinator node.

(iv) Coordinator Power Consumption. Coordinator power
consumption is the amount of power consumed
at its different states, like transmit, receive, sleep,
and low power listening states. As the architecture
and orientation of the superframe in PLA-MAC is
different than IEEE 802.15.4 and PNP-MAC, there is
a significant difference in amount of power consump-
tion as well.

5.3. Simulation Results. In our simulation performance eval-
uation, we study the impacts of the number of end devices
and the amount of traffic loads from different devices.

5.3.1. Impacts of the Number of End Devices. Here, we vary
the number of end devices from 1 to 10. Each node generates
data at the rate of 5 Pkts/s.

First, we measure the average packet delay, the time
needed to transmit a data packet to the coordinator shown
in Figure 4. We can see that the average delay increases with
the increase in the number of nodes; the reason behind that
is the increased traffic and collision. In IEEE 802.15.4, as the
GTS allocation information for the requests received in the
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Figure 4: Average packet delivery delay versus number of end
devices.
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Figure 5: Average packet delivery delay for delay-driven packets
versus number of end devices.

current superframe is broadcasted in the beacon of the next
superframe, the sensor has to wait for the next superframe
to transmit data. So, the delay for IEEE 802.15.4 protocol is
quite long. In the PNP-MAC protocol, the sensor nodes can
transmit data in the same superframe in which they make
request for slots; so, the delay is much less than the IEEE
802.15.4. But as PNP-MAC contains a fixed number of GTS
slots, the delay increases when the number of data packet
exceeds the number of GTS slots. However, in PLA-MAC, the
CFP duration is not fixed and depends on the traffic load, and
also the DP packets are transmitted in the CAP period; thus,
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thewaiting time of a packet is reduced, and the average packet
delivery delay isminimized evenwhen there is a large amount
of data traffic in the network.

In Figure 5, we plot the average delay for the delay-driven
packets. These packets have delay constraints, and they need
to be delivered to the coordinator node within their lifetime.
The IEEE 802.15.4 does not contain any special mechanism
for handling delay-driven packets; so, they are transmitted in
the same way the other packets do. The PNP-MAC protocol
has a priority classification, and the packets are transmitted
based on their priority values; still the sensor nodes have to
send requests first and then the packets are transmitted in the
allocated GTS slots. Furthermore, in case an allocation fails,
the packet has to wait for the next superframe, and thus the
delay increases a lot. However, in PLA-MAC, sensor nodes do
not have to send requests and wait for slot allocation for the
DP packets; rather they can send the DP packets in the CAP
period, minimizing the delay considerably.

Next, we evaluate the throughput of the studied protocols
in Figure 6. Throughput is the amount of data packets
received by the coordinator in a specific time unit. Here,
the throughput of all protocols increases with the increase
in number of nodes. We can see that, as the IEEE 802.15.4
has only 7 GTS slots, the throughput becomes constant when
the limit of 7 slots is reached. PNP-MAC also has a fixed
CFP period; so, the throughput of PNP-MAC also becomes
constant after the traffic load exceeds the number of CFP
slots. As the proposed protocol contains a dynamic CFP
period and also some packets are passed through the CAP
period, the throughput of the proposed protocol continues to
grow.

In Figure 7, we evaluate the power consumption of the
compared protocols. Here, the IEEE 802.15.4 protocol shows
a low consumption due to the long inactive period.The IEEE
802.15.4 contains a fixed CAP and a fixed CFP of 7 slots; so,
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Figure 7: Coordinator power consumption versus number of end
devices.
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Figure 8: Average packet delivery delay versus traffic loads.

the power consumption is also fixed, regardless of the traffic
load. The PNP-MAC protocol also has a fixed number of
CFP periods, which is 40 in this simulation; so, the power
consumption here is fixed as well. But the proposed proto-
col consists of a dynamic superframe structure that varies
depending on the traffic load. So, the power consumption of
the proposed protocol is low when the traffic is low, and it
increases linearly with the traffic load.

5.3.2. Impacts of Traffic Load. Now, we measure the perfor-
mance of PLA-MAC with respect to various traffic load. For
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this, we having are a fixed number of nodes which is seven,
and the traffic load will vary from 1 Pkts/s to 7 Pkts/s.

In Figure 8, we perform the evaluation of average packet
delivery delay with respect to diverse traffic load. We can
see that PLA-MAC shows a good result compared to the
other protocols specially in the higher traffic load section.
The IEEE 802.15.4 experiences a large amount of delay, and
the delay increases with the increasing traffic loads.The PNP-
MAC protocol shows lower delay than the IEEE 802.15.4, but
this delay is increased when traffic load is larger than the
fixed number of GTS slots of PNP-MAC. The PLA-MAC is
capable to achieve consistent low packet delivery delay with
the increasing traffic loads. This nice result is the artifact
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Figure 11: Coordinator power consumption versus traffic load.

of traffic load adaptive dynamic superframe structure and
special treatment ofDPpackets defined in our proposedPLA-
MAC.

In Figure 9, we can see the average delivery delay for the
delay-driven packets. Here, PLA-MAC shows an overall low
delay, but the PNP-MAC fails to do so. The PNP-MAC is
a priority-based protocol, but it does not have any special
scheme for the delay-driven packets; they are transmitted in
the same way the other packet follows in the CFP periods.
But in PLA-MAC, delay-driven packets enjoy a special service
so that they can be delivered within their time constraint.
In PLA-MAC, the delay-driven packets can be transmitted
directly in the CAP period. So, the delay is low even in diverse
traffic loads.

Next, we evaluate the throughput of the compared pro-
tocols in Figure 10. We can see that PLA-MAC achieves
the maximum throughput of 16.3 kbps in the compared
protocols. Here, as the IEEE 802.15.4 has only 7GTS slots, so
the throughput never increases from the first transmission.
The growth of PNP-MAC also stops after the traffic load
exceeds the fixed number of CFP slots. But because of the
adaptive CFP period in PLA-MAC, the throughput of the
proposed protocol continues to grow gradually.

In Figure 11, we evaluate the power consumption of the
coordinator of the studied protocols. It presents similar
results with that in Figure 7. Here, the IEEE 802.15.4 and
the PNP-MAC protocol show a fixed power consumption,
the reason being the fixed number of CFP slots in both
protocols. But the PLA-MACprotocol shows a varying power
consumption depending on the amount of traffic load, as it
contains a dynamic superframe structure with adaptive CFP
period.

In Figures 7 and 11, we observe that PLA-MAC consumes
more power than IEEE 802.15.4 and PNP-MAC protocols
when the number of source nodes is more than 8. Actually,
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there is a tradeoff here between the network throughput and
energy consumption of nodes. In Figures 6 and 10, we see that
the achieved throughput of our proposed PLA-MACprotocol
is better than the other two state-of-the-art protocols. Also,
the average packet delay is much lower than the other two
(Figures 4, 5, 8, and 9). However, the energy consumption
of the PLA-MAC is little higher than the other two when
the number of end devices is more than 8. This is happening
due to carrying additional data packets compared to others.
For example, our PLA-MACconsumes 10% additional energy
compared to PNP-MAC when the number of end devices is
10 however, it achieves 22% better throughput performance.

6. Conclusion

In this paper, we have proposed an MAC protocol that
provisions QoS to the packets according to their importance.
The packets with higher priority get better service than the
packets with lower priorities, which is very significant in
medical applications of body area sensor network, as the
higher priority packets may contain emergency data. The
delay-driven packets are transmitted in the CAP period; so,
they encounter minimum delay. The critical and reliability
packets are transmitted in CFP period; so, reliability is also
ensured. The superframe structure adapts its active section
length according to the traffic load and the calculations
for priority classification at the sensor nodes are kept to a
minimum level; so, efficiency in power consumption is also
maintained. Based on the simulation results, we can state that
our PLA-MAC significantly improves the QoS performances
due to its judicious transmission scheduling according to
traffic prioritization and load adaptiveness.
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In mobile sensor networks, a variety of dynamic environmental conditions affect performance. Node movement caused by the
network environment or by mobile entities makes the sensors particularly vulnerable to route failures, which in turn affects the
efficiency and reliability of these networks.Therefore, mobility is an important factor in the design of a routing protocol for mobile
sensor networks. In this paper, we propose a mobility-aware efficient routing called MAER, in which sensor nodes make use of
mobile information to select themost appropriate routing behavior.The proposedmethod integrates proactive and reactive routing
components efficiently using a sink cluster that consists of underlying multiple static or slow sensor nodes.The cluster provides the
stable paths between less mobile entities efficiently. Our scheme also uses mobile information to evaluate and select alternative
paths during a route discovery process, thus allowing sensor nodes dynamically to adapt to varying mobile networks. We evaluate
the performance of MAER using a simulation by comparing it to the most popular standard for WSN, AODV. The results of the
simulation show that our scheme outperforms AODV in mixed mobile sensor networks.

1. Introduction

Mobility sensor networks (MSNs) are increasingly emerging
in various application domains, from environmental mon-
itoring to intelligent industrial automation. In MSNs, the
energy efficiency during routing operations has been a pri-
mary metric because typical sensor nodes have constrained
battery power [1]. However, the mobility that results from
network environmental influences (e.g., wind and water)
or from mobile objects (e.g., human, animal, robot, and
vehicles) can degrade the energy efficiency of sensors sig-
nificantly [2]. Also, as mobility increases, routing schemes
are affected in different ways. In proactive schemes such
as DSDV [3], the number of control messages increases
dramatically to maintain the route before the link breaks
regardless of whether data is being transmitted. On the other
hand, in reactive schemes such as AODV [4], the sensor
nodes discover the route to the destination only if they are
needed. These schemes can also reduce the control overhead
compared to proactive approaches. However, more frequent
changes of the topology can lead to a failure of the discovery

process even under a reactive scheme. Thus, we need to
design a more efficient and robust routing scheme suitable
for MSNs.

We focus on a hybrid approach that relies on mobility
information and assumes that each sensor has different
mobility information in a mixed sensor network consisting
of static andmobile nodes although all sensors have the same
mobility model. Most hybrid approaches concentrate on
traffic loads considering the impact of the locality. However,
in highly mobile sensor networks, the impact of mobility
is more important than the benefits of the locality because
most undelivered messages are caused by broken links due
to node mobility, and the message loss can lead to numer-
ous control messages from frequent route-maintenance and
repetitive route-discovery attempts. In order to reduce the
control overhead, our approach utilizes a stable path that is
established between less mobile entities through the use of
mobility information.

In this paper, we propose a mobility-aware efficient
routing scheme called MAER, in which sensor nodes make
use of theirmobile information to select themost appropriate
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routing behavior and the best path among candidates. This
represents a new integrated approach which includes both
proactive and reactive strategies and hence is designed
to work efficiently under varying mobile networks. The
proposed routing scheme is based on a sink cluster. It
takes into account the mobile status of each sensor node
during clustering. A cluster consists of a spanning tree
with irregular boundaries which relies on the number of
static or slow nodes, unlike a traditional cluster, the size of
which is the maximum number of hops from a cluster head.
This modification lowers the cost of MAER by minimizing
reconstructions of clusters. In particular, it adapts to varying
mobile sensor networks by shrinking or expanding a cluster.
Slow nodes in the cluster perform proactive routing by
updating and recovering the routes within the cluster. Mean-
while, mobile nodes that do not participate in the cluster
perform the reactive routing part. Furthermore, MAER uses
an improvedmobility-aware query control mechanism based
on a sink cluster.

The rest of this paper is organized as follows. Section 2
addresses related works. Section 3 introduces the sink cluster
that is established between less mobile entities for mobile
sensor networks.The proposedmobility-aware efficient rout-
ing protocol is then given. Section 4 presents the simulation
and experimental results. Finally, Section 5 summarizes this
work.

2. Related Works

Routing protocols are classified into two categories: proactive
(e.g., DSDV [3], OLSR [5], SPIN [6], and OSPF [7]) and
reactive (e.g., AODV [4], DSR [8], LAR [9], and directed
diffusion [10]). In proactive scheme, each node propagates
control messages to maintain fresh entries in the routing
table when the network topology changes. For example, in
OSPF [7], sensors maintain routes proactively by depending
on soft timers to detect a link failure. If a neighbor entry
in route table is not periodically refreshed by a HELLO
message, the entry is invalidated. Meanwhile, in reactive
schemes, nodes send control messages to find the path to the
destination only if there is data to send. The most popular
standard for WSN is the IEEE 802.15.4 ZigBee standard,
where a ZigBee network layer uses an ad hoc on-demand
distance vector (AODV) routing [4]. In AODV, if there is no
cached entry in the routing table, the source node initiates
a route discovery process by broadcasting a route request
(RREQ) message, which is rebroadcasted by other nodes
until it reaches its destination. The destination node then
responds via a route-reply (RREP) message which is sent
back to the source node via a unicast reply mechanism.
Directed diffusion [10] is another reactive routing scheme for
WSNs.The sink propagates an interest message when it needs
to collect data from sensor nodes. A proactive scheme can
result in better performance with static networks in terms
of latency because the routing information is maintained at
all times. In contrast, a reactive scheme can perform more
efficiently than a proactive scheme when there is greater
mobility.

Hybrid schemes which combine proactive and reactive
schemes have also been proposed. Examples include ZRP
[11], EAGER [12], MSA [13], and ARPM [14]. The Zone
Routing Protocol (ZRP) [11], in which each node has its
own proactive zone with a proactive scheme performed
within each zone, was the first hybrid routing scheme.
Routing between nodes in different zones is performed by
a reactive routing scheme. In EAGER [12], the network is
partitioned into disjointed proactive cells in which each
node utilizes a proactive scheme for intracell routings and
reactive routing for intercell routings. The optimal cell size
and transmission range are obtained analytically. In MSA
[13], the authors propose a framework to select the best
routing strategy given the mobility of the source and des-
tination. They incorporate existing routing protocols into
the framework. In contrast, ARPM [14] redesigns a hybrid
protocol by integrating DSDV and AODV as a proactive
and a reactive scheme, respectively. In ARPM, each node
utilizes a different type of routing depending on the node’s
mobility.

The proposed MAER protocol differs from traditional
zone- or cell-based adaptive schemes in terms of its network
organization. In MAER, a cluster has a spanning tree with
irregular boundaries made up of a number of less mobile
entities so as to provide a stable path. The cluster in MAER
adapt to varying mobile sensor networks by shrinking or
expanding.

3. MAER: Mobility-Aware Efficient Routing for
Mobile Sensor Networks

In this section, we present MAER, a mobility-aware efficient
routing scheme for mobile sensor networks. First, we intro-
duce the concept of a sink cluster in a mobile sensor network,
after which we describe howMAER works in varying mobile
sensor networks.

3.1. Sink Cluster. We take into consideration a network with
𝑁 randomly dispersed mobile sensor nodes (MS

𝑖
, 0 ≤

𝑖 ≤ 𝑁) and a sink node. We assume that all of the nodes
have the same wireless transmission range 𝑟. Two nodes
are considered neighbors if they are within the transmission
range of one another. The nodes are moving randomly in
different directions at different speeds. Each MS

𝑖
contains

the mobility information of the speed, which is measured at
the node. To handle link failures and provide stable paths
efficiently, MAER maintains a sink cluster rooted at the sink.
Sensor nodes decide to join or leave a sink cluster based
on their own mobile information relative to that of other
members of the cluster.

A cluster has a spanning tree formed by slow sensor
nodes with low levels of mobility (as characterized by, for
instance, slow speeds and large pause times) under a given
threshold. Let us consider a cluster called sink cluster (SC). It
is formed by associating the sink with multiple slow nodes
of height ℎ. SC is composed of SCMs and a sink where
SCM is a sink cluster member. The SCMs exploit a proactive
routing protocol while also playing an intermediary role in
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Figure 1: (a) Mobile sensor networks and (b) a sink cluster for ℎ = 2.
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Figure 2: The (a) expansion and (b) shrinking of a sink cluster according to the degree of node mobility.

efficient route discoverymechanisms, as described in the next
subsection.We denote a set of nodes which can reach the sink
in 𝑘 hops as SC

𝑘
(0 ≤ 𝑘 ≤ ℎ). Accordingly, the sink node

belongs to SC
0
.

The tree organization of an SC is initiated by the sink.
The sink creates the cluster by periodically sending an
advertisement broadcastmessage. A sensor node that receives
the advertisement message within a single hop sends a join
message to the sink if its degree of mobility drops below
a given threshold 𝜆

𝑥
. In response to the join message, an

acknowledgement message is sent from the sender of the
advertisement message. Upon the reception of the acknowl-
edgement message, the sensor node becomes the SCM node
and registers the sender of the message as a parent node
with a distance vector from the sink. Consequently, all of the
neighbors that havemobility less than𝜆

𝑥
join the cluster as an

SC
1
node. Also, each SCM periodically sends advertisement

broadcast messages during every interval 𝑇
𝑎
, as our objective

is to group all slow nodes for a more stable path. In this
way, a sensor node joins SC

𝑘
and becomes an SCM if the

sensor node receives an advertisementmessage from an SCM
in SC

𝑘−1
within a single hop and if the node’s mobility is

below a given threshold 𝜆
𝑥
. SCMs can also change their own

parent node if the distance vector from other advertisement
messages is less than their current distance vector. When the
mobility of a SCM exceeds the threshold 𝜆

𝑦
, the node leaves

the sink cluster by sending a leavemessage to both its parent
and child nodes. If its parent node is no longer a SCM, the
child node also leaves the sink cluster. Figures 1(a) and 1(b)
illustrate mobile sensor networks and an example of a sink
cluster when ℎ = 2, respectively.

This approach helps to minimize clustering overhead
because the SC is composed of relatively slow nodes. In
addition, the sink cluster topology is adaptive to varying
networks.The cluster grows automatically when static or slow
nodes are greater in number in the network and shrinks if
more sensor nodes are moving faster, as shown in Figure 2.
Furthermore, the sink cluster enablesMAER to providemore
efficient routing by integrating proactive and reactive routing
schemes, as described in the next subsection.
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3.2. Integrating of Proactive andReactive Routing Components.
In this subsection, we extend the discussion to the area
outside of the sink cluster and present the details of the
key design of integration of the reactive routing component
based on the sink cluster. The SCM nodes perform proactive
routing within the cluster infrastructure while the other
mobile sensors use the reactive routing routine. The goal of
reactive routing here is efficiently to find alternative stable
paths for mobile nodes that do not belong to the cluster.

Conventional reactive schemes typically use a rebroadcast
mechanism to accomplish route discovery, where every node
broadcasts upon receiving a route request (RREQ) message
for the first time. The rebroadcast mechanism, however, can
lead to high channel contention and collisions, often known
as the rebroadcast storm problem [15]. In MAER, because
the SCM nodes already have a destination route, they stop
rebroadcasting when a RREQ message is received. Instead,
the SCM nodes convert the broadcast-RREQ message into a
unicast-RREQ message and forward the converted message
to their parent SCM node. With the help of the query
conversion mechanism, MAER becomes more efficient than
the conventional route discovery process.

We also enhance the route discovery process by the
mobility factor for path selection. In MAER, each MS

𝑖
has a

weight value, denoted as 𝜙
𝑖
, assigned as a cost according to its

own mobile level. The mobility factor is the cumulative sum
of the weight values of all intermediate nodes that form the
path. This approach requires the modification of the routing
table so that it contains the mobility factor for the paths.
When a RREQ message arrives, each node adds its weight
value to the mobility factor field of the message and the node
updates its routing table. This procedure is repeated until
the RREQ message reaches its destination. The cumulative
mobility factor included in the RREQ message is recorded
in the destination’s route table. In addition, the expected
mobility factor for a path with 𝑙 hops can be calculated
by dividing the factor by the hop count. Note that a lower
mobility factor indicates that there are fewer mobile entities
among the intermediate nodes in the path, whereas a higher
mobility factor implies the opposite. As a result, the path
with the minimum mobility factor is utilized during the
route discovery process instead of the shortest path. Although
the path may not the shortest, it can be a more stable path
when established between less mobile entities. Therefore,
when RREQ messages arrive, each node has to update the
route table if the mobility factor in the RREQ message is
lower than that in the route table. The SCM nodes, however,
have to forward the unicast RREQ to their parent node after
updating the routing table entry. When the RREQ reaches its
destination, a route reply (RREP) message is not immediately
sent to the source node. To construct a stable route, the
RREP message is delayed for an acceptable time. However,
this lazy reply mechanism can lead to long setup times when
discovering routes with lower mobility factors.

To illustrate how MAER routing works, Figure 3 shows
an example with a sink cluster. When MS

1
has sensed

data to send to the sink but has no existing route to the
sink, it initiates a route discovery process by broadcasting
a RREQ message that contains its weight value 𝜙

1
of 3 for

Sink

RREQ broadcast
RREQ unicast
RREP unicast

𝜙
10

= 3

MS
1

MS3
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6MS
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Figure 3: An example of our mobility-aware efficient routing.

the mobility factor. MS
2
and MS

3
, upon receiving the RREQ

for the first time, add their weight values to the mobility
factor in an accumulative manner and then rebroadcast the
message. Then, MS

4
, MS
5
, and MS

6
repeat this rebroadcast

procedure. Nodes MS
1
, MS
2
, MS
3
, and MS

4
can receive

several RREQs, but they do not forward it again because
they have already forwarded the RREQ once. Instead, they
compare the mobility factor to their current mobility factor
in the route table entry in order to determine better paths
for every RREQ arrival time. BecauseMS

5
, MS
6
, andMS

7
are

SCM nodes that participate in the sink cluster, they convert
the RREQ into the unicast type and forward it to the parent
nodes MS

8
, MS
9
, and MS

9
, respectively; specifically, MS

5

does not convert the RREQ message received from MS
2
to

the parent node MS
8
because the mobility factor of (𝜙

1
+ 𝜙
2
)

is higher than the current mobility factor of (𝜙
1
+ 𝜙
3
) in

the route table. Likewise, MS
6
does not forward the RREQ

message received fromMS
4
again.MS

9
also does not send the

message from MS
7
to its parent node again. When the sink

receives the RREQ, the sink initiates the lazy reply process.
After waiting time 𝑇

𝑠
, the destination node creates the RREP

and sends it back. Although the RREQ fromMS
8
arrives first,

the sink selectsMS
9
for the next node toward the source node.

4. Performance Evaluation

In this section, we evaluate the performance of MAER. We
compare the proposed mechanism of MAER with one of
most popular standard routing protocols for mobile sensor
networks, AODV. We also use two different advertisement
intervals (𝑇

𝑎
= 0.5 and 2) in MAER. For join and leave

messages, the thresholds 𝜆
𝑥
and 𝜆

𝑦
are given values of 4m/s

and 8m/s, respectively. We assigned a weight value to each of
four levels with a preliminary cost of 4, 3, 2, or 1 according
to the mobility threshold, which have values of 4m/s, 8m/s,
and 16m/s. In all simulations, 100 sensor nodes are randomly
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Table 1: Parameters used in the simulation.

Notation Description
Size of field 500 × 500m2

Distribution of nodes Random distribution
Number of nodes (𝑁) 100
Transmission range (𝑟) 100
Data packet size 256 bytes

Mobility model RDMM
(Random direction mobility model)

Traffic load Constant bit rate
Propagation model Free space model
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Figure 4:The packet delivery rate according to themobility of node.

deployed in a square area with a size of 500m × 500m. After
the initial placement, nodes move continuously according to
theRDMM[16]model; every node keepsmoving in a random
direction at a random speed during every epoch. Each node
has the same transmit power of coverage of 100m. We also
assume that the channels are free of errors and collisions.
Each data is averaged over 10 simulation runs with a different
seed. Based on the parameters described above, we consider
two different mobility scenarios: (i) a uniform case in which
all nodes keep moving continuously according to the same
RDMM model and (ii) a mixed case where the nodes are
categorized as either static nodes or mobile nodes according
to their RDMM behavior.

We consider the packet delivery rate and the control
overhead in the following two-part metric: (1) the ratio of
the total number of packets that the sink receives to the total
number of packets that the sensor nodes send and (2) the
number of control bytes for reception and transmission. We
evaluated this metric according to various maximum node
speeds and numbers of static nodes for each model. Table 1
shows some of the important simulation parameters.

Figure 4 shows a comparison of the average packet
delivery rate with respect to different degrees of mobility
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Figure 5: The control overhead according to the mobility of node.

in the uniform mobility case. In all schemes, the packet
delivery rate decreases as the maximum speed of the nodes
increases from 10m/s to 40m/s because the broken links
caused by the mobility characteristic degrade the packet
delivery ratio; specifically, we found that the conventional
AODV scheme has increased difficulty when dealing with
high node mobility. MAER improves the packet delivery
ratio by about 5% compared to AODV. As expected, MAER
can be improved with a shorter interval in terms of the
packet delivery rate, as the advertisement messages stabilize
the clusters. Figure 5 shows the number of control overhead
bytes needed to achieve the packet delivery. The control
overhead of AODV is more significant when the mobil-
ity of the nodes increases. Due to its frequent messages,
MAER usually generated more control traffic than AODV
when the maximum speed equaled or exceeded 10m/s. The
control overhead of MAER did not scale linearly with high
mobility.

Figure 6 shows the packet delivery rate for different
number of static nodes in the mixed case (i.e., a mixed
MSN consisting of both static and mobile nodes). The packet
delivery rate of MAER is better than that of AODV. In
particular, we achieved a significantly higher packet delivery
rate at a lower cost in the mixed case. Moreover, MAER
yields better results for high mobility. This improvement is
attributed to the static nodes used to provide stable paths
from among alternatives regardless of the maximum speeds
of mobile node.

Figure 7 shows the control overhead with various static
nodes. Here, AODV appears to perform best. However, when
taking into account the packet delivery ratio, as shown in
Figure 6, AODV shows the worst result. As the number of
static nodes increases, the difference of control bytes between
AODV and MAER becomes smaller. This is largely due to
the fact that they adapt dynamically to network conditions
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Figure 6:The packet delivery rate according to the number of static
nodes.
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Figure 7: The control overhead according to the number of static
nodes.

through an efficient discovery process based on the sink
cluster.

For a fair comparison, we measured the number of
control bytes per data packet delivered. Figure 8 shows the
control overhead per successful data transmission according
to the traffic load. The simulation results show that MAER
outperforms AODV in all cases; specifically, when the traffic
load is heavier (packet traffic rate ≤2), MAER with 𝑇

𝑎
= 0.5

generates relatively less control overhead compared to the
case when 𝑇

𝑎
= 2. This indicates that the effect of updating

the cluster becomes less efficient under a light traffic load.
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Figure 8: The control overhead per successful data transmission.

5. Conclusions

We have presented a mobility-aware routing scheme for
mobile sensor networks, called MAER. The goal of MAER is
to adapt to mobile sensor networks by taking into consider-
ation the node’s level of mobility. Our scheme exploits a sink
cluster formed by slow nodes with low mobility to establish a
stable path between lessmobile entities. It also provides stable
paths in an efficientmanner using a query controlmechanism
based on themobility factor. Simulation results show that our
scheme outperforms AODV in terms of the packet delivery
rate and control overhead in mixed mobile sensor networks.
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With the development of sensor networks and emerging of various sensors, sensor networks are capable of acquiring mass data
to achieve much more complex monitoring tasks than ever. For example, image sensor nodes take photos using cameras, and
images are collected and processed or stored for further processing. So, mass data processing is required for these sensor networks.
However, low-power resource-constrained sensor nodes are normally equipped with kilobytes of RAMwhichmight be not enough
for storing large data for processing. In this paper, we propose an optimized virtual memory mechanism for large data processing
on low-power sensor nodes. We point out the major overhead of virtual memory for large data processing on sensor nodes and
introduce efficient solutions to address these issues. Evaluation shows that the overhead of the proposed virtual memory is reduced
to an affordable range. We further compare the energy consumption of data processing programs using virtual memory with other
means that process or transmit data. Data processing using virtual memory can be significantly more energy efficient than data
processing using rich-resource sensor nodes or transmitting data to powerful gateways for central processing.

1. Introduction

Sensor networks are used in various areas nowadays, like
environmentmonitoring, agriculture, video surveillance, and
so forth. Sensor nodes now collect not only scalar sensed
data from the environment, but also stream of mass data,
for example, videos and images. Fast in situ processing of
large data might be required to enable fast response or to
reduce transmission overhead. Sensor nodes are expected to
carry out large data processing with reasonable overhead.
However, low-power sensor nodes are known for their
limited resources. For instance, motes are equipped with
kilobytes of RAMwhich may easily be insufficient for storing
or processing images. Programs for large data processing on
sensor nodesmay requiremuchmorememory than the RAM
size of the microcontroller.

There would generally be three different methods to
address this problem listed below.

(1) Use more powerful microcontrollers with sufficient
RAM for large data processing.

(2) Employ virtual memory to increase the available
memory for data processing programs.

(3) Transmit large data to powerful gateway for central
processing.

Using more powerful microcontrollers equipped with
sufficient RAM for data processing would be a straightfor-
ward solution for large data processing. For example, Intel
Mote 2 is a sensor platformwith increased CPU performance
and improved radio bandwidth to acquire, process, and
transmit large data streams [1]. The platform provides 32MB
SDRAM on-board, which would be large enough for storing
images or videos. Unfortunately, SDRAM has been known to
be more expensive and energy consuming per bit compared
to other memory mediums (NOR flash, NAND flash, etc.).
This has led to the relative high power consumption of Intel
Mote 2 in deep sleepmode.The current in deep sleepmode of
IntelMote 2 is about 387𝜇Awhich is much larger than that of
traditional sensor nodes (about 10 𝜇A) (e.g., MicaZ, TelosB).
This would greatly reduce the lifetimes of the sensor nodes
since sensor nodes are expected to be in deep sleep mode
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most of time. So, sensor platforms with large RAM spacemay
not be suitable for long-term surveillance.

Virtual memory [2] is generally to provide flat isolated
memory address spaces for programs on conventional com-
puter architectures. With the support of Memory Manage-
ment Unit (MMU), page faults can be caught and out-of-
bound memory accesses can be protected from destroying
other programs or the operating systems. However, virtual
memory is generally used on resource-constrained sensor
nodes to expand its limited RAM space to provide enough
memory for complex programs, for example, TinyDB [3],
whosememory footprint outruns the physical RAMprovided
by low-power microcontrollers. This is different from con-
ventional virtual memory in that isolating memory errors
of programs from destroying other parts of system is not a
major concern. Without MMU, virtual memory cannot be
implemented on low-power sensor nodes easily. Software-
aided mechanisms must be used to allow transparent virtual
memory access. Generally, assembly instructions accessing
memory are replaced by snippets which redirect the mem-
ory accessing to read/write virtual memory. Despite the
significant benefits of virtual memory, traditional sensor
node programs do not employ virtual memory for its high
overhead.

Traditionally, sensor nodes collect data and transmit data
to central gateway for processing because sensor nodes are
generally supposed to be resource constrained. Transmitting
large data to gateway can be an option for sensor nodes if
data processing is limited due to insufficient RAM. However,
transmitting large data to gateway would incur much over-
head because network transmission is known to be about
1000 times more energy hungry than data processing. To the
best of our knowledge, there is currently no work to compare
the energy consumption of network transmission and data
processing using virtual memory in sensor networks.

We have been working on building an image sensor
network in which sensor nodes capture images of the target
object and do in situ image comparing to compress similar
images to minimize network traffic. We have developed an
image sensor node platform. STM32F103ZE [4] is used as
the microcontroller whose deep sleep mode current is about
20𝜇A, making our image sensor node platform suitable
for long-term surveillance. STM32F103ZE is equipped with
64 kilobytes of RAM. This is much larger than that of
ATMega128 [5] and MSP430 [6], however, still far from
enough for processing images taken from cameras. Without
enough memory, algorithms and existing programs must be
altered to work with limited memory. For example, image
operations can be carried out block by block, intermediate
results can be stored on external storage, and the final result
can be calculated from the intermediate results. This might
bring heavy overhead to the development of image sensor
node programs.Our primalmotivation for developing virtual
memory is to support large data processing and enable
long-term operation on sensor nodes at the same time. By
developing a virtual memory mechanism for the Cortex-
M3 [7] platform, existing algorithm implementations can
be used directly without adaptations. We tried to provide
megabytes of memory for programs to manipulate images

all in memory. The image sensor nodes are equipped with
NAND flash of size 2 gigabytes, and we use parallel NAND
flash as the secondary storage media for the virtual memory.
It is generally a valid assumption that image sensor nodes are
equipped with large NAND flashes, mainly for storing sensor
data.

The virtual memory mechanism is verified on our image
sensor nodes using various general data processing programs.
Evaluation shows that the overhead of virtual memory can be
reduced dramatically using these optimizations. Our contri-
bution lies in the fact that we prove that virtual memory can
be used for sensor nodes to achievemore energy-efficient data
processing than using high performance energy-consuming
microcontrollers or transmitting large data to resourceful
gateway and we have proposed a flash translation layer [8] to
use NAND flashes efficiently for secondary storage accessing.

Rest of paper is organized as follows. We describe the
challenges we have faced when developing the virtual mem-
ory mechanism in Section 2. Section 3 gives an introduction
of related work. Section 4 gives an overview of the proposed
virtual memory system. Section 5 describes the details of
C code virtualization, in which last-cache buffers are used
to accelerate address translations. Section 6 describes how
NAND flash is used as secondary storage and the design and
details of Lavish-FTL. Section 7 evaluates the overhead of the
proposed virtual memory mechanism with data processing
programs and compares the energy consumption of these
programs with other options. Conclusion and future work is
drawn in Section 8.

2. Challenges

Twomajor issues have beenmetwhenwewere trying tomake
the virtual memory implementation efficient enough to be
affordable for data processing programs. The two issues are
discussed in the following two subsections. Section 2.3 gives
our solutions for these two issues.

2.1. Code Virtualization. One requirement of the virtual
memory is that programmers develop their programs
unawares of the underlying virtual memory. Code virtualiza-
tion is used to make programs work with virtual memory on
MMU-less microcontrollers. For example, assembly instruc-
tions which access memory (i.e., LDR, STR in the ARM
instruction set) can be replaced by routines which access
virtual memory. We assume a flat address space provided
by the virtual memory, mapped linearly to the secondary
storage. It is reasonable when the size of the secondary
storage is much larger than the required virtual memory
size. Memory operations in programs are executed at virtual
address and the memory footprints of programs reside in
the secondary storage. Caches are used to eliminate most
secondary storage accessing. The replacement routines for
memory accessing in code virtualization mainly consist of
following steps:

(i) locate the page of accessing the virtual address in
caches;
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(ii) if the cache is not present, load cache data from
secondary storage page at virtual address;

(iii) issue the final read or write in the cache.

The code virtualization employs a progress in which
virtual addresses are translated to physical addresses to
caches, which is called address translation. The major part of
the execution overhead of virtual memory takes place among
address translations. The execution overhead of address
translation mainly consists of the following parts:

(i) execution overhead of the wrapper snippets,
(ii) execution overhead of cache searching,
(iii) execution overhead of handling cache misses.

The wrapper snippet is mainly responsible for saving
the current context and calling the cache searching routine.
The implementation and overhead of the wrapper snippet
are highly related to the specific instruction set used by the
microcontroller.

The overhead for searching cache depends on how the
caches are structured. The searching overhead would be
minor if the number of caches is small and the caches are
structured by cache sets [9], or if the caches can be located at
compile time [10]. However, our virtual memory is designed
to support complex data processing programs which have
large memory footprints, so there must be enough RAM
reserved for caches to achieve very low miss rate. We have
chosen to organize caches in a fully associative way. It is
known that using fully associative caches would achieve the
minimal miss rate [11]. However, it is generally slower to
search among fully associative caches because more caches
need be travelled before hitting the target cache. Although
the time of executing cache searching once is just tens to
hundreds of MCU cycles, the address translation needs to
be executed for every virtual memory access so the total
overhead is large.

Overhead of handling cache misses is practically equal
to the overhead of secondary storage accessing which is
discussed in the next subsection.

2.2. Secondary Storage Accessing. Ourwork uses large parallel
NAND flash with typically 64 sectors in one block as the
secondary storage medium. Different flash techniques have
been examined in [12] which gave an energy consumption
comparison as shown in Table 1, proving that parallel NAND
flash is very efficient in per-byte power consumption. To
our knowledge, there is currently no work in the area of
sensor networks which optimize secondary storage accessing
for large NAND flashes. This is probability due to the fact
that existing virtual memory mechanisms on sensor nodes
are mostly designed for motes using small, low-power serial
flashes which can be erased and written on a page basis.

We assume that the virtual address space ismapped to the
NANDflash storage space linearly.This is reasonable because
the size of NAND flash (gigabytes) is much larger than
the required memory space of sensor network applications
(megabytes). When accessing a variable at specified virtual
address, the virtual address can be mapped to a NAND

Table 1: Flash energy consumption read, write, and erase.

Read Write Erase Bulk erase
(Page count)

Atmel NOR 0.26 4.3 2.36 n/a
Telos NOR 0.056 0.127 n/a 0.185 (256)
Hitachi MMC 0.06 0.575 0.47 0.0033 (16)
Toshiba 16MB
NAND 0.004 0.009 n/a 0.004 (32)

Micron 512MB
NAND 0.027 0.034 n/a 0.001 (64)

flash address directly by adding a constant offset. The data
at the calculated NAND flash address is then loaded to a
RAM cache and is finally served to accomplish the memory
operation.

We however have observed some special features in
virtual memory secondary storage access. First, the memory
footprints of sensor node applications are much smaller
than the NAND flash size. So it would be preferable to
trade the flash space for reduced access time if possible,
since energy is the major concern on sensor nodes. Second,
the common knowledge that the access overhead of one
NAND sector byte and the access overhead of the whole
NAND sector are approximately equal does not hold for
sensor nodes since MCUs on sensor nodes are relatively slow
and the transmission time of command and data in NAND
flash operations is significant and is basically proportional
to the access size, although the underlying NAND flash
sector reading or programming time is constant for different
access sizes. Figure 1 shows the execution time of reading
and writing a NAND flash (Model: K9F1G08X0A) on our
image sensor node with different sizes for 16000 times. It can
be observed that the execution time increases as the size of
reading or writing grows and the command time (total write
timeminus write program time or total read timeminus read
transfer time) is proportional to the R/W size. The constant
execution time for data transfer of reading and programming
of writing is irrelevant to the R/W size. The data transfer
time and program time takes a minor part of the total
execution time which is particular for resource-constrained
sensor nodes. One may also notice that the readings are not
necessarily faster than writings. So, it is important for VM
secondary storage access to reduce extra reading and writing
due to their high overhead.

Besides the relative slow access speed, NAND flash has a
special access style that pagesmust be erased before rewriting.
NAND flashes are typically read and written on a page basis
and erased on a block basis and one block contains multiple
pages (typically 64).This requires an intermediate layer called
flash translation layer (FTL) to be introduced to adapt NAND
flashes to block devices and do wear leveling. State-of-the-
art FTLs [13–15] are generally designed and optimized for
file systems. Virtual memory secondary storage was not
a concern of the designers of these FTLs. FTLs designed
for file systems are usually concerned with the file system
consistence upon power shutdown, which is irrelevant for
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Figure 1: Execution time of reading and writing NAND flash with different sizes.
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(b) Estimated read overhead for cache misses

Figure 2: Evaluation of cache misses of programs using LRU with cache RAM footprint being 32KB.

VM secondary storage because data in virtual memory does
not need to persist after reboot. NANDflash has an erase limit
at about 10000 to 100000 times per block. So, it is critical
for virtual memory to reduce block erasing to prolong the
lifetime of sensor nodes.

The other issue is the mismatch between the cache size
and the NAND sector size. It is apparent that if the two sizes
are equal, caches can be read or written back by reading
or writing just one sector. However, the best cache size is
determined by the memory access pattern of the application
and the available RAM space for caches [11]. Figure 2(a)
shows the cache miss counts for some programs using LRU
cache replacement algorithm with RAM footprint of caches
being 32 kilobytes. As the cache size grows, the miss count
increases for the JPEG to BITMAP program and decreases
for other programs. This is because if the memory access
pattern is relatively sequential or the program’s working set
is small enough, using larger caches would not cause cache
misses, otherwise, larger cache size would lead to higher
cachemiss rate. Read overheads for the cachemisses for these
programs as shown in Figure 2(b). For the JPEG to BITMAP
program, the estimated read overhead grows dramatically

with increased cache size. However, for other programs, the
estimated read overhead is more or less the same for different
cache sizes. The estimated read overhead can be a rough
approximation for the secondary storage access overhead. So,
it is apparent that cache size smaller than the NAND sector
size can have better performance than larger cache sizes; thus
the NAND sector size is generally larger than the best cache
size. This issue is specific to sensor networks since the page
size of virtual memory on conventional computer systems
(typically 4 KB) is large and thus this issue does not exist.

2.3. Fast Transparent Virtual Memory for Sensor Nodes. We
have developed a fast transparent virtualmemorymechanism
named FaTVM [16] for our image sensor nodes. FaTVM
is implemented on Cortex-M3 microcontroller platform.
FaTVM aims to provide sensor network data processing
programs with an efficient memory space which can bemuch
larger than the physical memory.

To reduce the overhead of code virtualization, we allocate
last-cache buffers (LCBs) for lvalue accessing in C code. LCBs
are buffer variables which save the last matched caches for
lvalues.When an LCB is hit, the cache searching overhead can
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be eliminated. Our evaluation shows the probability of LCB-
Hit is generally higher than 90%. So, using LCBs can achieve
fast address translation for most virtual memory accessing.
LCB scheme is based on C code transformation which does
code virtualization on C code level rather than assembly
instruction level. C code transformation has further reduced
the execution overhead of the wrapper which was described
in Section 5.

We have designed and implemented an FTL named
Lavish-FTL which is best suited for sensor nodes with
large NAND flashes. The main idea of Lavish-FTL is to
trade NAND flash space for better performance. The main
configuration of Lavish-FTL, which we called the “lavish
degree,” determines how much NAND flash space is going
to be used for a fixed FTL size configuration. For example,
if the lavish degree is 2, Lavish-FTL needs 2 megabytes of
flash space to provide 1 megabyte of FTL address space. As
the lavish degree grows, the execution overhead of Lavish-
FTL can be reduced; however other FTLs’ overhead cannot
be reduced when more flash space is provided.The increased
flash space overhead is not an issue for sensor nodes with
large NAND flashes. Assuming that the virtual memory size
is 8MB and the lavish degree is 8, Lavish-FTL would need
64MB flash space served as secondary storage, which is
acceptable for largeNANDflashes. Lavish-FTL tries to reduce
the overhead of erasing and eliminate most extra readings or
writings which might be inevitable in block management.

We introduced two schemes to address the mismatch
between the cache size and the NAND sector size. One
solution is that when writing one cache back, other conjoint
dirty caches belonging to the same sector are searched in the
cache list so that these caches can be written back by writing
NAND sector only once. Evaluation shows that this scheme
reveals good performance when there are plenty of caches.
The other solution is that an adapting layer is used to reduce
the sector size of the FTL. Evaluation shows that this scheme
is more efficient than the former scheme if the number of
caches is limited.

3. Related Work

3.1. Virtual Memory for Sensor Nodes. Virtual memory has
been an important research subject in traditional operating
system research for decades. It provides applications with
isolated large flat address spaces which greatly simplify devel-
opment of reliable programs and prevent programs from
ruining each others’ address spaces. However, traditional
virtual memory systems are generally based on MMUs, so
they are not usable in MMU-less embedded systems.

Softvm [17] implements software-managed address trans-
lation without TLBs however it is still designed for conven-
tional computer systems.

MEMMU [18] proposed an automated compile-time and
run-time memory expansion mechanism to increase the
amount of usable memory in MMU-less embedded systems
by using data compression; however available memory can
only be increased by up to 50%.

There have already been several studies on virtual mem-
ory in sensor networks. Most previous work was trying

to support large complex programs like TinyDB on sensor
nodes. The virtual memory was generally assumed to be
relatively small and node interactivity was the major consid-
eration among application performance metrics.

t-kernel [9] provides software-based virtual memory
called DVM by which user applications can have flat virtual
memory spaces much larger than the physical memory space
of the host node. Data frames are used to cache virtual
memory accessing, which is the same as the caches in
FaTVM. t-kernel searches amongmultiple data frames to find
the hitting data frame. t-kernel searches among caches in a
round-robin scheme in which all data frames are arranged
in a data frame array and it starts searching from the
last used data frame. This scheme however could lead to
significant searching overhead if there are many data frames.
Assembly virtualization is used by t-kernel tomake programs
access virtual memory. However, assembly virtualization
introduces more overhead for context saving and restoring
comparedwithC code virtualization.According to our earlier
implementations, even more overhead will be introduced by
assembly virtualization on our image sensor nodes due to the
flexible addressing modes of the ARM instruction set.

Evaluation of t-kernel showed high efficiency in memory
access performance. Accessing heap without swap takes only
15 cycles. We believe it is because that address translation of
t-kernel DVM is simpler than that of FaTVM, which is partly
due to the simpler address modes of sensor platform MCU.
However, t-kernel DVM has a much higher miss rate than
FaTVM. The current t-kernel implementation allocates 64
data frames in RAM as buffer for flash access, and the miss
rate is about 10% for “slidingwin” application, tens of times of
themiss rate of FaTVM. So, we argue that the caching scheme
and the assembly virtualization method in t-kernel DVM are
not applicable for sensor network programs with complex
data processing because of the high overhead of secondary
storage access. We did not evaluate t-kernel’s performance in
this paper because t-kernel is not ported to STM32 MCU.

ViMem [10] brings virtual memory support to TinyOS
[19]. Developers add tags to nesC [20] source code to place
variables in virtual memory. ViMem creates an efficient
memory layout based on variable access traces obtained
from simulation tools to reduce virtual memory overhead.
The effect would be significant for traditional sensor node
programs; however it would be useless when programs access
large variables frequently, which is common in complex data
processing. Furthermore, it is not possible to reference a
variable in virtual memory using a normal pointer variable
in ViMem. Pointer variables in virtual memory have to
be tagged with the attribute “@vmptr.” Since data elements
in virtual memory are not necessarily contiguous, casting
variables to types of a different size is not allowed, neither
is pointer arithmetic. We argue that virtual memory trans-
parency and flexible pointer operation are vital for porting or
implementing complex data processing algorithms.

Recently, Enix [21] supplies software segmented virtual
memory for code memory by code modification and uses
Micro-SD cards as secondary storage. However Enix does not
provide virtual memory for data segments because of high
run-time overhead, which is the very issue FaTVM trying
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Figure 3: Block merge and switch in log based FTLs.

to address. Our earlier version of FaTVM also used Micro-
SD cards as secondary storage; however Micro-SD cards are
not as efficient as NAND flashes in energy consumption
and access speed according to our evaluations of both
implementations.

Our work differs from previous work largely in that we
are trying to provide a large efficient virtual memory for
mass data processing.Thevirtualmemorymechanism should
be able to increase the programs’ available memory for tens
of times or even hundreds of times. Most memory ranges
accessed in data processing programs on sensor nodes are
assumed to be in virtual memory. Directly applying previous
work would lead to unacceptable overhead. Our workmainly
focused on reducing the overhead of address translations and
secondary storage accessing.

3.2. Flash Translation Layers. Due to the characteristics of
NAND flashmemory, flash translation layers are used to hide
the inconvenient raw NAND flash interfaces and provide
a block device interface. Taxonomy and design decisions
of FTLs are not discussed in this paper due to paper size
limitation.

Log-based FTLs are known to be efficient in sector
writing. Log-based FTLs usually use one or more log blocks
for the data block to buffer sector writings. Merge and switch
are used to reclaim NAND blocks. Figure 3 shows the basic
concepts of block merge and switch in the Log-FTL [13].
In log block merge, valid sectors are copied from the data
block and log block to the free block, which brings about
copy overhead of valid sectors. One free block is obtained
after block merge with two erasings. When the log block
contains all the sectors sequentially, block switch can be used
which generates one free block with one erase and no copy
of valid sectors. Log blocks in Fast FTL [14] can be used
for any data block to increase the log utility. A dedicated
sequential block is used to handle sequential writes efficiently

with block switch. Superblock FTL [15] uses superblocks (a
superblock consists of a set of adjacent logical blocks) to
further exploit block-level spatial locality. Superblock FTL
increases the chances of partial or switch merge operations
instead of the expensive full merge operation.

4. FaTVM Overview and Architecture

We describe the overview of FaTVM in several aspects.
Section 4.1 describes our developing hardware platform of
FaTVM. Section 4.2 explains how source code is virtualized
and compiled to final executive. Section 4.3 describes how
virtual memory is accessed in programs.

4.1. Platform Description. We have been developing FaTVM
on our image sensor nodes of an image sensor network [22].
Image sensor networks acquire image data by camera, and
the sensor nodes are relatively more powerful than common
motes such as MicaZ [23], TelosB [24], and so forth. The
image sensor nodes are equipped with 32-bit ARM Cortex
MCUs [4] from STMicroelectronics.Themicrocontroller has
72MHz maximum frequency, 256 to 512 kilobytes of flash
memory, and up to 64 kilobytes of SRAM. Although FaTVM
is developed on our image sensor nodes with relative richer
resource, it should be straightforward to port FaTVM to
other platforms, since FaTVM is mostly implemented using
C programming language and does not employ any advanced
MCU features.

The image sensor nodes are equipped with large SLC
NAND flashes for storing acquired images. The size of the
NAND flash is 2 gigabytes. FaTVMuses a dedicated partition
of NAND flash as the secondary storage.

STM32MCUhas a 4GBmemorymap, in whichmemory
address ranges of different sizes are allocated for code, SRAM,
peripherals, external RAM, and so forth. FaTVM gives the
programmer a view of contiguous memory space and a
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dedicated range of address are used by application code
to access virtual memory. We have specified a subrange of
1 GB external RAM addresses to be used by virtual memory,
making it possible to determine address type to be virtual or
physical by comparing the address with the boundaries of the
dedicated address space.

4.2. Code Virtualization. FaTVM is developed without any
assumption of the underlying operating system. Program
code written in C programming language is transformed
to access virtual memory. This progress is called code vir-
tualization. Figure 4 shows how source files are virtualized
and compiled to objects, which are relocated and linked
to build the final executive. Programmers are responsible
for specifying which source files to be virtualized thus it is
possible to virtualize only a selected set of modules. Code
virtualizer transforms source code written by programmers,
who may not be aware of the virtual memory, to work
with FaTVM. Object relocator moves variables in physical
data sections to virtual data sections. It is still possible
for programmers to manually specify some variables to be
allocated in physical memory. This may bring significant
performance improvement if variables accessed frequently in
the program are allocated in RAM.

Assembly virtualization is commonly used in other
software-based virtual memory mechanisms [9, 21]. Instruc-
tions of memory load or store are replaced by subtle assem-
bly snippets to handle virtual memory accesses. It is a
straightforward software method for implementing virtual
memory. However, assembly virtualization has the following
drawbacks.

(i) the overhead of assembly virtualization is high;
(ii) the replacements for memory load/store instructions

are difficult to craft;
(iii) it is difficult to manually write complex assembly

routine;
(iv) assembly virtualization may bring issues related to

MCU instruction set specifics.

The current execution context (e.g., status register) needs
to be saved before accessingVMand restored afterwards, oth-
erwise the context will be ruined during accessing VM. Com-
plex functionalities like cache searching and management
are normally implemented in C, and invoking C routines
from assembly brings about function invocation overhead.
Cortex-M3 MCUs support many load/store instructions and
flexible addressing, so it is a big challenge to write assembly
VM accessing routines for all different memory load or
store instructions. Furthermore, it is extremely difficult to
implement sophisticated optimizations directly in assembly
without function invocation.

Through FaTVM supports assembly virtualization, C
code virtualization is preferred. C source files are transformed
by virtualizer and compiled to objects without assembly
transformations. C code virtualization enables more flexible
code transformation and we have taken advantage of it to
introduce last-cache buffers to fastly locate caches for virtual

Virtualizing
virtualizer

Virtualized
sources

Other Other
sources

Code

Compile

Compile Object
relocator

objects

objects
Final

executive

Figure 4: Program building process with FaTVM.

memory accessing. Section 5 describes details of the C code
virtualization. Assembly virtualization is neglected in this
paper.

4.3. Accessing Virtual Memory. FaTVM uses caches to boost
virtual memory performance. A configurable number of
block sized caches are used to store block data duringmultiple
accesses.When accessing virtualmemory, the page onNAND
flash containing the accessing bytes is first read to cache.
Then, the virtual address is converted to physical address to
the corresponding bytes in cache. This conversion is called
address translation. Finally the corresponding bytes in cache
are read or written to accomplish the access request. Caches
greatly reduce secondary storage accessing cost because
FaTVM reads or writes secondary storage only when it failed
finding a hitting cache.The number of cache blocks is limited
by available free RAM size. It is apparent that allocating more
cache blocks leads to less cache misses.

In general, application code accessing virtual memory
is translated to reading or writing of the secondary storage.
NAND flash must be read page by page, and they are cached
inmemory to acceleratemultiple accessing. Virtual addresses
are resolved to physical addresses located in cache blocks.
The address translation progress is shown in Figure 5. Each
cache block has a 4-byte field for storing per-cache control
information. The structure of per-cache control field is also
shown in Figure 5. The control field consists of an identify
flag and a dirty flag. The identify flag is the visual address
of the corresponding virtual memory block without lower
bits of cache offset. The dirty bit indicates whether the cache
block is written and needs to be written back to the secondary
storage. According to our evaluations, address translation can
be a major overhead of virtual memory in data-intensive
programs. We have employed specialized optimization in C
code virtualizationwhich is able to reduce address translation
overhead to a great extent.

The algorithms for cache searching and replacement have
great influences on the performance of virtual memory.
Rather than using set-associative caches [11], we use fully
associative caches in which any cache can be mapped to a
virtual memory data block. All cache blocks are linked in
a universal single linked list (hereafter called cache queue).
LRU is used for cache replacement algorithm. When resolv-
ing a virtual address, all cache blocks are traveled from the
most recent used to the least recent used to find the matching
cache. Searching in the cache queue is generally slower than
searching in set-associative caches because set-associative
caches can be implemented using efficient cache array data
structure. Nevertheless, fully associative cache is known for
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Figure 5: Address translation in FaTVM.

its lowest miss rates [11], and so it performs best in FaTVM
due to high miss penalty.

CFLRU [25] and other cache replacement algorithms can
also be employed easily to the current implementation; how-
ever they do not bring observable performance improvement
for data processing programs according to our evaluation.

5. C Code Virtualization

We use CIL (C Intermediate Language) [26] to transform
C code. Preprocessed C sources are passed to the C code
virtualizer and then compiled by C compiler.

5.1. Image-Based Lvalue Virtualization. C code reads or
writes memory in the form of lvalue, which means memory
is accessed when any lvalue is read or written. C compilers
normally translate lvalue access to assembly code that loads
or stores at the start address of the specified lvalue; however
in our virtualmemory,memory addresses of lvalues in virtual
memory are not located in physical memory, making direct
load or store invalid. C code virtualization transforms C code
so that lvalues in virtual memory are accessed using virtual
memory routines. Generally, when reading an lvalue, the start
address and size of the lvalue are passed to a predefined
virtual memory routine and the corresponding bytes are
read from virtual memory. Writing an lvalue is analogous to
reading.

To facilitate C code virtualization, we create local vari-
ables in functions, which we call them local images. Local
images are the copied values of the lvalues. Each different
lvalue has its local image if the lvalue access needs to be
virtualized and the type of the local image is the same as the
type of the lvalue. Generally, there are two different forms of
lvalue virtualization listed as belows:

(i) reading lvalue in an expression: read the lvalue to its
local image and replace the lvalue with its local image
in the expression;

vm write int(&vm var, local image);

another var = global var;

//read lvalue to local image
local image = vm read int
another var = local image;

int local image;

//write back vm var

vm var = 10; vm var is in virtual memory∗/

local image = 10;
// the local image of vm var

(&vm var);

Figure 6: C lvalue Virtualization.

(ii) assigning lvalue in an instruction: replace the lvalue
with its local image and write the local image back to
the lvalue after assigning.

A simple example of C code translation is shown in
Figure 6.Note that evaluating one expressionmay read two or
more lvalues resulting in multiple virtual memory accesses.

Not all lvalues need virtualization. For those lvalues
which can be inferred to be located in physical memory
(e.g., local variable lvalues), virtualization is not applied. The
current implementation is simply determined based on lvalue
type. Global or static variables are determined to be allocated
in virtual memory except those the programmer specified
to be in physical memory. Local variables are determined to
be in physical memory and accessed at native speed. lvalues
involving pointer dereferencing (e.g., lvalue “∗p”) are always
virtualized conservatively, because the target memory types
of pointers are unknown.

5.2. Lvalue Synchronization Algorithms. Local images need
to be synchronized to their lvalues when they are read or
written so as not to destroy the original logic of program.
Synchronization of an lvalue and its local image includes
reading the value of lvalue to local image and writing the
local image back to the lvalue. However, when an lvalue
is used in a piece of code for multiple times, it is not
necessary to synchronize the local image at all time. FaTVM
uses data dependence analysis to determine if local images
need to be updated or written back when they are used as
substitutes of their corresponding lvalues. The algorithms of
data dependence analysis for local image update and writing
back are shown in Algorithms 1 and 2. A local image is read
from the lvaluewhen itmay have been unsynchronized in any
execution path to the current statement. As in Algorithm 1,
the local image is updated when there exists a statement
which may be executed prior to the current statement and
may desynchronizes the local image, and there exists an
execution path from the desynchronizing statement and the
current statement in which no statement synchronize the
local image. The local image needs to be written back if
the value of lvalue affects any subsequent execution. As in
Algorithm 2, data dependence analysis is used to determine
if the subsequent executions depend on the synchronization
between the local image and the lvalue.These two algorithms
are able to avoid superfluous local image synchronizations,
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for each execution path to the current statement:
may not initialized = true
for each statement in execution path in reverse order:

if the statement synchronizes the local image:
may not initialized = false
break

if the statement desynchronizes the local image:
return true

if may not initialized:
return true

return false

Algorithm 1: Algorithm to determine if reading local images from lvalues is necessary.

for each execution path from the current statement:
reach end = true
for each statement in execution path:

if statement depends on the synchronization of local image:
return true

if statement change the lvalue value:
reach end = false
break

if reach end:
return true

return false

Algorithm 2: Algorithm to determine if writing local images back to lvalues is necessary.

which become significant if the program references the same
lvalue for many times.

There are four relations between code statements and
lvalues referenced in the above two algorithms, listed as
belows:

(i) the statement synchronizes the lvalue;
(ii) the statement desynchronizes the lvalue;
(iii) the statement depends on the synchronization of

lvalue and its local image;
(iv) the statement changes the lvalue.

A statement synchronizes a local image if any one of the
followings is true:

(i) the statement changes the lvalue;
(ii) the statement reads the lvalue.

For example, statement ∗p= val synchronizes both lvalues
∗p and val and its image since it changes the lvalue “∗p” and
reads the lvalue “val.”

A statement desynchronizes a local image if any one of
the followings is true:

(i) the statement changes some lvalue which is refer-
enced in the lvalue;

(ii) the statement changes an lvalue referring to the same
object with different but collided offset.

For example statement “p++” desynchronizes lvalue ∗p
since it changes variable “p” which is referenced in lvalue
“∗p.” Also the statement “union .field1 = 100” desynchronizes
lvalue “union .field2” if “union ” is of union type with two
fields named “field1” and “field2.”

A statement depends on the synchronization of an lvalue
and its local image if the effect of the statement will be
incorrect when the local image is not synchronized to the
lvalue. A statement changes an lvalue if the lvalue is assigned
in the statement. For example, statement “p = 100” changes
lvalue “p.” These however involve data dependence analysis,
which is difficult in the presence of pointers because pointers
can cause subtle and complex data dependences. [27, 28]. We
currently take a conservative strategy that assumes pointers
may point to arbitrary positions in memory. Statements
using pointer dereferencing lvalues depend on all lvalues and
statements always depend on pointer dereferencing lvalues.

5.3. Last Cache Buffers. Data-intensive programs in sensor
networks, like image processing, are generally featured by
high locality in memory accessing, which has been made
use of by the caches. Caching eliminates most secondary
storage access; however the address translation overhead is
high when VM is frequently accessed. Due to the rule of
spatial locality, most successive address translations refer to
the same cache block. A large portion of address translation
overhead can be eliminated if redundant address translations
can be suppressed.
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Figure 7: Address translation example of Lavish-FTL.

The flexibility of C code virtualization enables us to
take advantage of this feature. Last-cache buffers are used
to save the last matched cache of the resolving physical
addresses while reading or writing lvalues. Last-cache buffers
are variables of pointer type which are used to hold the
last caches. Different last-cache buffers are used for different
lvalues. Upon an lvalue access, the corresponding last-cache
buffer is passed to the virtual address translation routine and
the last matched cache is checked before the conventional
address translation progress. If the cache block pointed to by
the last-cache buffer matches the resolving virtual address,
the address translation progress is highly boosted because the
cache searching process is eliminated in this case.

We do not assign each lvalue an individual last-cache
buffer. Different lvalues may be within the same cache block,
so it would be reasonable and preferable to let two or more
lvalues share one last-cache buffer. FaTVM assigns last-cache
buffers to lvalues according to their “lvalue bases.” The lvalue
base of an lvalue can be derived using rules in Table 2. The
main idea is that two lvalues of the same lvalue base should
in high possibility be close to each other in memory.

Using last-cache buffers is able to eliminate most cache
searching and thus reduce the cost of address translations
which is responsible for a great portion of virtual memory
overhead. More detailed evaluation of cost reduction benefit-
ing from last-cache buffers is stated in Section 7.

6. Secondary Storage Accessing

In this section, we describe the proposed Lavish-FTL and two
adaptation schemes to address the aforementioned issues of
using NAND flash as VM secondary storage.

6.1. Lavish-FTL. Lavish-FTL was specially designed for sen-
sor nodes, to take advantage of the specific feature of
NAND flash as secondary storage. The major motivation
of developing Lavish-FTL is to trade NAND flash space
for better access performance and less erasing. Lavish-FTL
uses multiple NAND blocks to serve as one block, hereafter

Table 2: Lvalue base derivation rules.

Lvalue types Derived lvalue base
variable VarBase variable
variable.offset VarBase variable
array (index) VarBase array
∗pointer MemBase pointer
∗(pointer + val) MemBase pointer
∗(pointer).offset MemBase pointer

called a lavish block. The number of physical blocks in one
lavish block is defined to be lavish degree. The larger the
lavish degree is, the lower the NAND flash space utilization
is. Logical block numbers (LBNs) are mapped to lavish
block numbers (LABNs) rather than physical block numbers
(PBNs). Figure 7 shows an example of Lavish-FTL sector
address translation, where the sector with logical sector
number (LSN) being 9 is written sequentially for seven times,
with each write invalidating the previous write.

Sectors in a lavish block are written sequentially, from
the first sector of the first physical block to the last sector
of the last block. Each sector in the logical block is mapped
to a logical sector of the lavish block. Since lavish blocks
are written sequentially, the logical sectors in a lavish block
are out of order. So, an intra-lavish-block mapping (ILBM)
from logical sectors to physical sectors is required to search
efficiently in lavish blocks. The ILBM contains the sector
indexes in the lavish block (LASIs) for each logical sector
index (SI). Note that there are normally more sectors in a
lavish block than in a physical block.The ILBM information is
needed for both reading and writing of sectors. The ILBM of
a lavish block is saved in a sector of the lavish block itself, and
amap index ismaintained for each logical block to determine
in which sector its latest ILBM is saved at. An example of an
ILBM is also shown in Figure 7.

We use a configurable number of mapping caches to
reduce the overhead of reading and writing of ILBMs. The
caches are replaced using LRU algorithm. When a cache is
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evicted from the LRU list, the cached ILBM is then written to
the next unused sector of the corresponding lavish block, and
the map index of the logical block is updated to index the last
saved ILBM.

Same as the Log-FTL, we use log blocks for sector writing.
That is, when a lavish block is full, a log lavish block (LLB)
is allocated and subsequent writes are redirected to the
log lavish block. The first lavish block is called the data
lavish block (DLB). For simplicity, current implementation
allows only one LLB for each DLB. The LLB increases the
possibilities that the sectors in the DLB are invalidated when
block erasing is required. Note that, since the ILBMs are
maintained for logical blocks, there is only one ILBM for the
DLB and LLB.

6.1.1. Reading Lavish Sector. Reading sector data in Lavish-
FTL is simple. First, the logical sector number (LSN) is
divided into LBN and the sector index. Second, the LBN
is translated to LABN and the sector index is mapped to
the sector in the lavish block. If the LABN is invalid or the
sector was never written, the read buffer is filled with zeros.
Otherwise, the corresponding sector in the lavish block is
read to the read buffer.

Reading a specified sector in a lavish block is straightfor-
ward. If the sector index is smaller than the physical sector
count in a lavish block (hereafter called lavish sector count),
the sector is read from the DLB, and if the sector index is
larger than the lavish sector count, it is read from the LLB.
Figure 8 shows the lavish sector indexes for each physical
sector in the DLB and its LLB.

6.1.2. Writing Lavish Sector. Writing sector data in Lavish-
FTL is more complex than reading sector data. Same as the
sector data reading, LSN is divided into LBN and the sector
index. Second, the LBN is translated to LABN. If there is no
lavish block for the writing logical block, new lavish block is
allocated for the logical block and the mapping from LBN to
LABN is constructed. The data is then written to the lavish
block.

Lavish-FTL maintains a write cursor for each logical
block as shown in Figure 7 which points to the next unused
sector. The write cursor of a logical block is saved together
with the ILBM. When there are unused sectors in the
DLB, the data is simply written to the next unused sector.
Otherwise if theDLB is full, an LLB is allocated for theDLB. If
the LLB is also full, the DLB and the LLB are merged and the
data is written after then. The merging details are described
in Section 6.1.3.

6.1.3. Lavish Block Switching and Merging. There are two
situations where NAND blocks are erased, called lavish
switch and lavish merge.

When both the DLB and LLB are full in lavish block
writing, a lavish switch progress is carried out so that there are
free sectors in the DLB/LLB. Figure 9(a) shows an example of
lavish switch. The lavish switch consists of the following:

(i) a free lavish block is allocated;
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Figure 8: Lavish sector indexes of sectors in data block and log
block.
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Figure 9: Demonstrations of lavish switch and lavish merge.

(ii) valid sectors in the DLB are copied to the new lavish
block;

(iii) erase the DLB;
(iv) make the LLB as the DLB, and the new lavish block as

the LLB.

The lavish switch is customized for writing a lavish block.
Before lavish switch, the DLB always has valid sectors to copy,
otherwise the DLB should have been erased by a lavishmerge
progress described later in this subsection. Lavish switch
copies only the valid sectors in the DLB but not in LLB to
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Table 3: Symbol definitions for performance analysis.

Symbol Definition
LDEGREE Lavish degree

SECTOR COUNT Count of sectors in a NAND block
(typically 64)

EE Erase efficiency of FTLs
CPBW Number of sectors copied for every

SECTOR COUNT times of FTL writings

reduce sector copies. Since the LLB always has valid sectors
before lavish switch, the new LLB always has free sectors
after lavish switch even when lavish degree is 1, and thus the
writing proceeds. Since the sectors in both DLB and LLB are
out of order, the LLB can be used as DLB directly.

Lavish-FTL needs to make sure that there are always free
lavish blocks. Lavish merge is used to reclaim free lavish
blocks. There are currently three different types of lavish
merge for different occasions as shown in Figures 9(b), 9(c),
and 9(d).

Lavish merge type I is used when all sectors in the DLB
are invalidated. In this occasion, the DLB is erased and the
LLB is set as DLB. Valid sector counts of all lavish blocks are
maintained in a byte array. Lavish merge type I is carried out
whenever an DLB with no valid sector is found. It is similar
to the “switch” operation of other FTLs.

When the number of free lavish blocks is low, lavish
merge types II and III are used to reclaim free lavish blocks as
shown in Figures 9(c) and 9(d). Lavish-FTL currently chooses
the logical block among all logical blocks with both DLB and
LLB which has the least valid sector count in the DLB. Lavish
merge type II and type III differ in whether or not the LLB
has enough free sectors to hold valid sectors in the DLB. The
progress of lavish merge type II and type III can both be
described as follows:

(i) if there are enough free sectors in the LLB to store the
valid sectors in the DLB, set the old lavish block as the
“writing” lavish block, otherwise a free lavish block is
allocated to be the “writing” lavish block;

(ii) copy valid sectors from the DLB to the “writing”
lavish block;

(iii) if the “writing” lavish block is not the LLB, copy valid
sectors from the LLB to the “writing” lavish block;

(iv) erase the DLB;
(v) erase the LLB if the LLB is not the “writing” lavish

block;
(vi) set the “writing” lavish block as the DLB.

6.2. Performance Analysis of Lavish-FTL. In this subsection,
we analyze why Lavish-FTL can achieve better performance
than other state-of-the-art FTLs. Some symbols are defined
in Table 3 for clarification.

It has been stated by other researchers that the major
overhead of NANDFTLs is due to the block erasing and valid
sectors copying when merging multiple blocks [8, 13–15].

Erasing is generally the most expensive operation for
NAND flashes. For block erasing, the best possible per-
formance of FTLs is that each block erasing can get one
free block. We define the erase efficiency to be the average
number of free blocks to get per erasing. Apparently, the erase
efficiency has an upper limit of 1.

Lavish-FTL has a lower bound for erase efficiency. The
number of block erasing in lavish switch is the same as
the lavish degree. When the lavish switch is complete, only
the first NAND block of the new lavish block might be
written with copied sectors and other NAND blocks were not
touched. So, each lavish switch gets at least LDEGREE − 1
free NAND blocks. So the erase efficiency of Lavish-FTL
has a lower limit of (LDEGREE − 1)/LDEGREE. Lavish
merging has three different types. Lavish merge type I has
the highest possible erase efficiency of 1. In lavish merge
type II, where the valid sectors of the DLB is copied to the
LLB, the number of erases is equal to the lavish degree and
at most one NAND block in the LLB is used to store valid
sectors from the DLB. This leads to an erase efficiency of
(LDEGREE−1)/LDEGREE, same as that of the lavish switch.
In the third situation where a new lavish block is allocated to
store all valid sectors from both the DLB and the LLB, the
number of erasing is LDEGREE ∗ 2 and there are at most
one NAND block in the LLB wasted and at most one NAND
block in the final DLB used for storing valid sectors. So, the
erase efficiency has a lower limit of (2 ∗ LDEGREE − 2)/(2 ∗
LDEGREE), same as the first situation and the lavish switch.
So, Lavish-FTL has a lower limit of erase efficiency to be
(LDEGREE − 1)/LDEGREE as shown in (1). It is easy to tell
that, as the LAVISH DEGREE grows, Lavish-FTL becomes
more efficient in block erasing. One has

EELavish-FTL ≥
LDEGREE − 1
LDEGREE

. (1)

The other significant overhead of FTLs is due to copying
of valid sectors. This is especially the case on sensor nodes
since NAND data transmission for reading and writing is
time consuming. Evaluation has shown that copying of valid
sectors during block merging is the major overhead of FTL
implementations on sensor nodes.

Lavish-FTL was designed to reduce the count of sector
copying. We define the copy-per-block-write (CPBW) to be
the number of sectors copied for every SECTOR COUNT
time of FTL writing. For Lavish-FTL, there are no more than
SECTOR COUNT times of copies during lavish switch or
lavish merging. Since for each logical block, the lavish switch
or lavish merging are carried out per LDEGREE − 1 times
of block write at most and the number of sectors copied
is SECTOR COUNT at most. We can calculate the upper
bound of CPBW to be (SECTOR COUNT)/(LDEGREE−1),
as shown in

CPBWLavish-FTL ≤
SECTOR COUNT
LDEGREE − 1

. (2)

Another advantage of Lavish-FTL is that since a lavish
block contains multiple NAND blocks, the possibility of
sectors in DLB being invalidated by the time of lavish switch
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or lavishmerge is high, since LDEGREE∗SECTOR COUNT
number of sectors have been written to invalidate sectors in
DLB. So the possibility of lavish merge type I being used is
higher than that of the “switch” operation being used in other
FTLs.

In our current implementation, lavish degree is set to 8
and SECTOR COUNT is 64. So, the erase efficiency has a
lower bound of 7/8 and CPBW has an upper bound of 64/7.
In real world execution, Lavish-FTL performs better than
the worst-case bounds. So, Lavish-FTL is extremely efficient
and evaluation shows that Lavish-FTL is able to eliminate
most extra overhead (erasing/copying) of reading andwriting
sectors.

6.3. Adapting Cache Size and Sector Size. As aforementioned,
the best cache size is generally smaller than the sector size.
So, the caches cannot be read or written directly. We have
developed two schemes for addressing this issue, which are
efficient in different situations, respectively.

The first scheme is called the multicaches scheme which
enhances the LRU cache replacement algorithm by writing
multiple caches to the lavish block at one time when writing
back a dirty cache. Whenever the LRU algorithm chooses a
cache to write it back, it searches in the cache queue to find
dirty caches which belong to the same NAND sector with
the writing back cache. When the caches cover the whole
NAND sector, whichmeans the number of caches is (sector−
size)/(cache − size), these caches are written to the sector at
one time. Otherwise, the missing data must be read from the
sector before the caches being written to the sector. So, the
possibility of caches within the same sector being foundwhen
writing back a cache is the key to the performance of this
scheme. Evaluation shows that this scheme can be efficient
when there is enough RAM space for caches. The evaluation
details are left to Section 7.

The second scheme is called the sector-shrink scheme
which reduces the sector size of FTL interface. An adapting
layer is inserted between the FTL and the underlying NAND
flash driver to reduce the sector size. In this way, the sector
size of FTL is 1/2𝑛 of the NAND flash sector size. For
example, sector size of 2048 bytes can be adapted to 512
bytes. In this way, one physical NAND flash sector contains
4 adapted NAND sectors. Scheme II has its advantage and
disadvantage compared to scheme I. The advantage is that
since the FTL sector size is reduced, the overhead of extra
reading in the scheme I can be reduced or eliminated (when
the FTL sector size is adapted to be equal to the cache size).
The disadvantage is that oneNAND sector is writtenmultiple
times, cache by cache, which is not as efficient as writing
the whole NAND sector. Evaluation shows that the sector-
shrink scheme outperforms the multi-caches scheme when
the number of caches is not abundant. The details are left to
Section 7.

7. Evaluation

In this section, we evaluate the efficiency of FaTVM to verify
its usability. We examined the elementary cost of address
translation, cache performance, secondary storage accessing

cost, and so forth to verify our design choices. We also eval-
uated the performance of the proposed FTL and sector size
adaptation schemes. To evaluate the performance of real data-
intensive applications, we have ported several well-known
data processing algorithms to use FaTVM, and the execution
results are shown and analyzed. Energy consumption of data
processing programs using FaTVM is compared with other
data handling options.

7.1. Evaluation Platform Description. We evaluate the sec-
ondary storage access performance on our image sensor
nodes of an image sensor network. Image sensor networks
acquire image data by camera, and the sensor nodes are
relatively more powerful than commonmotes such asMicaZ,
TelosB, and so forth. The image sensor nodes are equipped
with 32-bit ARM Cortex MCUs from STMicroelectronics.
The microcontroller has 72MHz maximum frequency, 256
to 512 kilobytes of flash memory, and up to 64 kilobytes of
SRAM. The sensor nodes are also equipped with an SLC
NAND flash which is used by Lavish-FTL as the secondary
storage.

7.2. Caching Evaluation. Performance metrics of caching
include the following:

(i) cache searching overhead,
(ii) cache miss rate,
(iii) secondary storage accessing overhead.

Fully associative cache requires iterating in the cache
queue one by one to find the matched cache. It is thus
less efficient than set-associative cache. However, we do not
evaluate the exact cost of cache searching because last-cache
buffers in C code virtualization are able to eliminate most of
cache searching overhead.

7.2.1. Cache Miss Rate. Cache miss rate is of critical impor-
tance to the performance of virtual memory since secondary
access overhead is high. The miss rates for different cache
configurations are shown in Figure 10. The result is acquired
by emulating a memory access trace which is acquired by
running JPEG to BITMAP program on FaTVM. Obviously
miss rate raises as the memory footprint reduces. For each
fixed RAM overhead, we examined different cache way
settings to find the optimal setting. When the count of cache
sets increases, the way of cache decreases. Count of cache
set being 1 is equivalent to fully associative caches. The miss
rates increase as the count of cache sets increases, and fully
associative caches have achieved the least miss rates.

The figure shows that, with as much RAM as 32 kilobytes
reserved for caches, the miss rates reached a low bound
of about 0.28% for cache set counts less than or equal to
8. Set-associative caches can have smaller cache searching
time than fully associative caches. So if abundant RAM
is reserved for caches, the best cache configuration might
not be fully associative caches, but set-associative caches.
However, we did not examine cache configurations under
different cache footprints. We adopted the fully associative
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Figure 10: Cache miss rates of different configurations for JPEG to
BITMAP.

cache for its simplicity and having lowest miss rates under
all circumstances. Cache performance is also highly related to
the executing program’s work set andmemory access pattern.
Determining the best cache configurations for sensor node
programs can be our future research work.

7.2.2. Basic Virtual Memory Access Overhead. The overhead
of FaTVM accessing different memory regions is shown in
Table 4.This is acquired by executing thememory operations
for 2880000 times and recording the execution time. Note
that the MCU frequency is 72MHz. We also present the
overhead of virtualmemory access of t-kernel [9] andViMem
[10] for the ease of comparison. The data is copied directly
from their published work.

Local variables in functions and static or global variables
specified to reside in RAM are accessed at native speed.
These variables are accessed frequentlywithout incurringVM
overhead. STM32F103ZE MCUs can execute native memory
load/store instructions in 2 cycles. The measured 3 cycles
include the instruction for loading the RAM address to
registers. When last-cache buffers are not used, accessing
virtual memory takes about 24 cycles in the best case, which
means that the accessing virtual memory block is already
cached and the cache is the most recent cache of the cache
queue. When the accessing cache is not the most recent,
multiple caches have to be travelled before finding the hitting
cache, thus increasing the address translation overhead. If
last-cache buffers are used, the virtual memory accessing
overhead is reduced to 19 cycles when the last-cache buffer
hits. Otherwise, the accessing overhead raises to be 33 cycles
in the best case.

Recall that the overhead of “LCB-BestDisable” is the
overhead of the best case not using last-cache buffers. If
the accessing virtual memory block is not recently accessed,
the extra overhead for travelling through the cache queue

Table 4: FaTVM basic operation overheads.

Access type Loop Execute time Avg. cycles
Native 720000 30ms 3
FaTVM (LCB-BestDisable) 720000 240ms 24
FaTVM (LCB-Hit) 720000 190ms 19
FaTVM (LCB-Miss) 2880000 1320ms 33
t-kernel (AVR) 8388608 26.5 s 16
ViMem (AVR) 1 18.72 𝜇s 17
FaTVM (SWAP) 1 3.3ms 235714
LCB-BestDisable: best case when last-cache buffers are NOT used.
LCB-Hit: last-cache buffer hit when last-cache buffers are used.
LCB-Miss: last-cache buffer miss when last-cache buffers are used.
SWAP: swap due to cache missing.

would incurmore overhead. Although the overhead of “LCB-
Hit” seems not to be much less than the overhead of “LCB-
BestDisable” in best case, it eliminates much overhead of
cache queue travelling.

Note that the same overhead of cache searching also exists
in other virtual memory implementations. We believe this
has not been emphasized in any other work because of two
reasons shown below.

(i) The number of caches in the virtual memory imple-
mentations of this work is not as many as that in our
implementation. Since we are expanding the available
to megabytes, abundant caches must be provided to
reduce the cache miss rate, making secondary storage
accessing overhead tolerable.

(ii) This work tries to make the physical addresses of
variables fixed, so that the address translation process
can be simplified for these variables. That is, only one
cache needs to be checked for validation. We argue
that this technique does not work well for programs
with megabytes of memory footprints. If the caches
for some variables are fixed, accessing these variables
would replace caches of othermemory blocks, leading
to higher miss rates. In-depth analysis or simulation
is needed to determine the best cache assignments for
variables, but it is out of the scope of this paper.

So, the last-cache buffers are used to keep address
translation overhead small even when the cache is not the
most recent. We evaluate the hit rates of last-cache buffers in
real data processing programs, which can significantly affect
the effectiveness of last-cache buffers. We also evaluate the
effectiveness of last-cache buffers on real programs in later
evaluation.

7.2.3. Last-Cache Buffer Hit Rate. Table 5 shows the hit rates
of last-cache buffers on various programs. Two programs (i.e.,
FFT transformation and Red-block searching) reveal lower
hit rates of more than 80%. Other programs reveal hit rates
of larger than 90%. We believe that the program’s hit rate of
last-cache buffers is dependent on its access pattern of vir-
tual memory. FFT transformation and Red-block searching
operate on a small region of the data in virtual memory,
which may frequently cross cache boundaries, invalidating
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the last-cache buffer. For sequential accessing programs (i.e.,
BITMAP grayscaling), the hit rates can be larger than 99%.

7.3. Evaluating Flash Translation Layers. We run a selected
set of typical programs using virtual memory and profile the
performance of secondary storage access to test different flash
translation layers. We have also implemented the Log-FTL
and Superblock-FTL on our evaluation platform. 16 kilobytes
of RAM are used for caches and the size of virtual memory
is 8 megabytes. Table 6 shows the execution result of several
programs with different FTLs. The erase count, copy count,
and total execution time on secondary storage access are
reported in the table. Note that neither adaptation schemes of
the aforementionedmismatch issue is used in this evaluation.

Both Lavish-FTL and SuperBlock-FTL outperform Log-
FTL to an extent. Although Lavish-FTL and SuperBlock-FTL
have similar execution time for these programs, Lavish-FTL
achieves the least erase count, guaranteeing the long-term
operation of sensor nodes. The reduced ratio of erasing of
Lavish-FTL compared with SuperBlock-FTL can be more
than 30% for complex algorithms like JPEG decoding or
Huffman compressing.

Table 8 shows the RAM footprints of the implementation
of different FTLs. Lavish-FTL is most efficient in RAM
footprint since run-time information is generally maintained
for lavish blocks which are much fewer than the NAND
blocks. The saved memory can be used for caches to further
reduce the cache miss rate. Table 7 shows the execution
result of the same programs using different FTLs where the
whole available RAM is used for caches leaving sufficient
memory for programs stacks. Apparently, Lavish-FTL is the
most efficient in erasing and copying of valid sectors, and
Lavish-FTL outperforms SuperBlock-FTL in execution time
especially for complex programs like JPEG decoding.

7.4. Evaluating the Adaptation of Cache Size and Sector
Size. We have proposed two schemes for the adaptation of
cache size and sector size, because the best cache size is
generally smaller than the sector size. Figure 11 shows the
performance of secondary storage access with respect to
different schemes running JPEG decoding. The same image
used in Section 7.3 is used for evaluation. The cache size is
set to 256 bytes, eighth of the NAND sector size, and Lavish-
FTL is used for secondary storage access. When the RAM
footprint of the caches is higher than 16KB, multi-caches
scheme outperforms sector-shrink scheme and when the
RAM footprint of the caches is lower than 16KB, the sector-
shrink scheme outperforms multi-caches scheme, because
multi-caches scheme would cause extra readings raising its
overhead.

The secondary storage access takes about 1000ms for both
schemes when RAM footprint of the caches is 32 KB, which
is about 16 times faster than the case when adaptation is not
used and the cache size is set to the sector size (16382ms as
shown in Table 7).

7.5. Program Performance. We evaluate FaTVM perfor-
mances using a set of typical image processing programs.The
RAM footprint of caches is set to 32 kilobytes to reduce the

Table 5: Last-cache buffer hit rates of programs.

Program LCB-Hit rate
FFT transformation 80.63%
JPEG decoding 93.39%
Huffman compressing 91.99%
Red-block searching 83.33%
BITMAP grayscaling 99.87%

Table 6: FTL evaluations with 16 kB RAM for caches.

Log-FTL SuperBlock-FTL Lavish-FTl
Erase count

JPEG decoding 194 105 72
Huffman compressing 68 32 16
BITMAP grayscaling 389 295 264
BITMAP binarization 589 295 288

Copy count
JPEG decoding 6208 761 172
Huffman compressing 2176 0 0
BITMAP grayscaling 6144 44 0
BITMAP binarization 18816 0 30

Execution time (ms)
JPEG decoding 39344 32393 31425
Huffman compressing 10818 8076 8054
BITMAP grayscaling 65894 57910 57823
BITMAP binarization 82309 57995 58093

Table 7: FTL evaluations with all available RAM for caches.

Log-FTL SuperBlock-FTL Lavish-Ftl
Cache RAM footprint 26 KB 17 KB 32 KB
Erase count

JPEG decoding 194 105 32
Huffman compressing 34 15 0
BITMAP grayscaling 193 146 128
BITMAP binarization 294 149 136

Copy count
JPEG decoding 6208 761 97
Huffman compressing 1088 0 0
BITMAP grayscaling 3072 44 0
BITMAP binarization 9408 0 0

Execution time
JPEG decoding 35789 32400 16382
Huffman compressing 5456 4038 3990
BITMAP grayscaling 32909 28964 28515
BITMAP binarization 41154 28913 28631

miss rates. The size configuration of the virtual memory is
16 megabytes. The cache size is set to 512 bytes, which is an
efficient setting for the programs. Last-cache buffers are used
to reduce virtualization overhead.The total execution time of
a program consists of the following three parts:

(i) algorithm time: execution time of the algorithm
excluding memory accessing;

(ii) virtualization overhead: overhead introduced by C
code virtualization;
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Table 8: FTL RAM footprints.
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Figure 11: Execution overhead of the two adaptation schemes.
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Table 9: Operation conditions of the evaluation platform and Intel
Mote 2.

Intel Mote 2 Evaluation platform
MCU frequency 104MHz 72MHz
Sleep mode current 387 𝜇A 25𝜇A
Active mode current 53mA 37mA
NAND operating current N/A 15mA
NAND stand-by current N/A 10𝜇A
Battery voltage 5.5 V 3.3 V

(iii) secondary storage overhead: time spent on reading or
writing NAND flash.

We measure the program’s execution time using system
timer interrupts. A flag is set before invoking virtual memory
accessing and cleared after then. The system timer interrupts
are fired per millisecond. The interrupt handler checks the
flag and increases the corresponding counter by one. In
this way, we can measure the execution times of algorithms
and virtual memory. Figure 12 shows the execution times of
programs.
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Figure 13: Effectiveness of last-cache buffers (unit: ms).

Table 10: Image sizes in JPEG format.

Image name Image Size
big.jpg 43,584 bytes
small.jpg 27,504 bytes
tiny.jpg 3,080 bytes

Apparently, the algorithm time is different for each algo-
rithm. JPEG decoding is the most complex among the eval-
uated algorithms and the algorithm of BITMAP grayscaling
is the simplest. The virtualization overhead is relatively large
comparedwith the algorithm time. For simple algorithms, the
virtualization overhead is responsible for themajor execution
time of the programs. For complex algorithms, the virtualiza-
tion overhead is smaller compared with the algorithm time
and comparable to algorithm time for complex algorithms
(i.e., JPEG decoding, Huffman compressing). The secondary
storage overhead is much smaller than the virtualization
overhead. For more complex algorithms including JPEG
decoding, Huffman compressing, and FFT transformation,
the secondary storage overhead is also much smaller than the
algorithm time.

To verify the effectiveness of last-cache buffers, virtual-
ization overhead of these programs without using last-cache
buffers in virtualmemory ismeasured.The result is presented
in Figure 13. Last-cache buffers are able to reduce up to 40%
of virtualization overhead.

7.6. Energy Consumption. It is shown in Figure 12 that the
overhead introduced by FaTVM is significant compared with
the algorithm time despite many optimizations we have
adopted. To verify the availability of FaTVM, we compare
the energy consumption of image processing programs using
FaTVM with other options that process image or transmit
image to powerful gateway listed below:

(1) run image processing algorithms on sensor nodes
with sufficient RAM;

(2) send image to powerful gateway without processing.
We calculate and compare the energy consumption for

these programs in our evaluation platform with the Intel
Mote 2 platform which is equipped with 32 megabytes of
SDRAM. The operation conditions of both Intel Mote 2 and
our evaluation platform using STM32F103ZE is shown in
Table 9.The calculation is based on following assumptions or
conditions:

(i) the Intel Mote 2 runs 104/72 times faster than the
evaluation platform for all algorithms;
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Table 11: Image processing time of algorithms.

Image name JPEG decoding (NAND) Grayscale calculation (NAND)
big.jpg 11803ms (NAND 3096 ms) 1462ms (NAND 745 ms)
small.jpg 1118ms (NAND 140ms) 154ms (NAND 76ms)
tiny.jpg 60ms (NAND 1ms) 8ms (NAND 0ms)

(ii) energy consumption of peripheral devices is not
considered;

(iii) energy consumption of other tasks (e.g., communi-
cation, storage) of sensor nodes is assumed to be
irrelevant;

(iv) sensor nodes enter deep sleep mode most of the time
and the extra energy consumption of NAND flash
power up/down is neglected;

(v) the data processing algorithm is executed only once
in the one duty cycle of the sensor node.

Then, the energy consumption (EC) of data processing
and deep sleep mode of the sensor nodes regarding duty
cycle (𝑇) can be calculated using (3) and (4). ECIntelMote2 is
the energy consumption of Intel Mote 2 and ECFaTVM is the
energy consumption of the evaluation platformwith FaTVM.
AT is the algorithm time. SST is the NAND flash operation
time which is equal to the secondary storage overhead of the
virtual memory. TT is the total execution time using virtual
memory. One has

ECIntelMote2 = AT ∗
72

104
∗ 5.5V ∗ 53mA

+ (𝑇 − AT) ∗ 5.5V ∗ 387 𝜇A,
(3)

ECFaTVM = TT ∗ 3.3V ∗ 37mA

+ SST ∗ 3.3V ∗ 15mA

+ (𝑇 − TT) ∗ 3.3V ∗ 35 𝜇A.

(4)

The duty-cycle energy consumption of previously evalu-
ated data processing algorithms is shown in Figure 14. When
the duty cycle is small enough, the Intel Mote 2 platform is
more energy efficient than our evaluation platform because
the execution time of data processing is significant compared
with the duty cycle. However, due to higher sleep-mode
current, the energy consumption of Intel Mote 2 increases
much faster than that of our evaluation platform as the length
of duty cycle grows. Most energy is consumed in sleep mode
when the duty cycle is large enough in the Intel Mote 2
platform.The lengths of duty cycles withwhich two platforms
have the same energy consumption are also calculated and
shown in the figure, which are approximately between 5 and
20 minutes. This can actually be a threshold of the execution
frequency of data processing on sensor nodes to determine if
virtual memory should be employed. So, if sensor nodes have
short duty cycles and data processing is executed frequently,
high performance platforms like Intel Mote 2 with large
SDRAM should be preferred. On the other case where data
processing is infrequent, using STM32F103ZE MCU with

FaTVM is about 3 timesmore energy efficient than using Intel
Mote 2 for 1 hour duty cycles. We are developing an image
sensor network to enable long-termmonitoring of the surface
changing of mural paintings, in which sensor nodes take
photos of the mural painting per day. In scenarios like this,
using FaTVMto support data processing is dramaticallymore
energy-efficient than using Intel Mote 2 platform for sensor
nodes. So, it is verified that the proposed virtual memory
mechanism is helpful for constructing long-term sensor
networks with long duty cycles and mass data processing.

We further compare the energy consumption of FaTVM
with sensor nodes that collect and forward the sensed data to
powerful gateways. Assuming an occasion in which a sensor
network is constructed and sensor nodes collect images of
targets, only the gray scale of the targets is interested and
the image format given by cameras on sensor nodes is JPEG.
There would be basically two approaches on your evaluation
platform to do this task listed below:

(1) decode images in JPEG to BITMAP and calculate the
gray scale of the images using FaTVM; then, send
scalar gray scale values to gateways;

(2) send images in JPEG to gateways and let gateways do
gray scale calculations.

Energy consumption of approach 1 contains energy
consumption of image processing using FaTVM and data
transmission. Since the data size of scalar gray scale val-
ues is neglectable compared with the image size in JPEG,
energy consumption of transmitting scalar gray scale val-
ues is ignored. The energy consumption of FaTVM can
be calculated using aforementioned equation (4) without
counting in sleep mode energy consumption. Calculating
energy consumption of forwarding sensed data to gateway is
more troublesome in approach 2. We use data from others’
work directly. It has been mentioned in [12] that the energy
consumption (𝜇J/byte) for CC2420 [29] radio Tx/Rx is 1.8/2.1.
However, it is only a theoretical minimumwith 250 kbps data
rate. According to [30, 31], practical observed data rate is
only 40 kbps. Thus energy consumption of Tx/Rx is raised to
11.3 and 13.1 (𝜇J/byte). This data can be used to calculate the
energy consumption of single-hop data transmission. In real
sensor networks, reliable multihop transmission, network
collision, and so forth can impose significant overhead to net-
work transmission. So the energy consumption of network
transmission in real sensor networks ismuch higher than that
of single-hop data transmission.

We consider three different sizes for JPEG image, as
shown in Table 10. The image processing time is shown in
Table 11. So, the energy consumption for processing or trans-
mitting each image can be calculated. The result is shown
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in Figure 15. Despite the JPEG decoding, data processing is
still much more energy efficient than network transmission.
Energy consumption of image network transmission is 2
times that of image processing for big images and more
than 4 times that of image processing for smaller images.
Recall that the calculated energy consumption of network
transmission is just for one hop. Energy consumption of
image transmission can be multiples of that in real-world
sensor networks.

8. Conclusion and Future Work

We have designed and implemented a virtual memory
named FaTVM for data-intensive applications in sensor
networks, making it possible for sensor nodes to carry
out complex computation with heavy memory footprint
without using energy-hungry MCUs with large RAM. We
have been focusing on reducing virtual memory overheads
in different aspects including cache management, address
translation, secondary storage accessing, and so forth, to
achieve acceptable memory performance for sensor network
applications. We use C code virtualization to transform C
source code to work with virtual memory. Last-cache buffers
are used to accelerate address translations which contributes
to a great portion of virtual memory overhead. FaTVM uses
NAND flashes as secondary storage. Lavish-FTL is proposed
to reduce NAND flash accessing time and block erasing, so
as to prolong NAND flash lifetime. Two adaptation schemes
were introduced to write caches back to NAND sectors
efficiently. Our evaluation shows that the virtual memory
overhead is comparable to the algorithm time for typical data
processing algorithms on image sensor nodes.The secondary
storage overhead has been reduced to be the smaller part
of the virtual memory overhead. We compared the energy
consumption of the evaluation platform using FaTVM with
the Intel Mote 2 platform under reasonable assumptions.
The virtual memory solution is proven to be much more
energy-efficient for mass data processing programs on sensor
nodes with long duty cycles than high performance platforms

with large SDRAM. Energy consumption of data processing
programs using FaTVM is also proven to be much less than
that of large data transmission.

Despite the optimizations we have adopted to reduce
virtual memory overhead on various aspects, the overhead
introduced by code virtualization is still large compared with
the algorithm time. Reducing the overhead introduced by
code virtualization without increasing cache misses can be
our future research direction. Fat pointers are used to further
reduce virtualization overhead by storing cache information
for memory accessing. The memory access pattern of sensor
nodes is explored to improve cache performance. We have
also noticed that it is difficult to determine the best VM
configuration for performance and energy efficiency. Finding
an automatic solution to find the optimumVMconfiguration
can further improve the utility of FaTVM.
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In vehicular networks, sparse roadside vehicular communication (RVC) systems on highways are difficult to provide full coverage
of existing roadways because the distance between the roadside units (RSUs) is farther than the RSU’s transmission range. In
sparse RVC, collision-free communication is required because the time available for communication is very short. In addition, the
collision-free communication has an energy-efficient feature.Therefore, we propose an energy-efficient broadcastMAC protocol in
order to expand the service coverage in RVC systems and collision-free communication.The proposed protocol performs a hybrid
vehicular communication (HVC). It has a rebroadcast mechanism using a vehicle’s velocity, distance, and angle from nearby vehicle
for collision-free communication. Then, we show our protocol’s performance evaluation using ns-2.

1. Introduction

Vehicular communication is an integral part of intelligent
transport systems (ITSs). GPS/DMB device has been already
installed inmany vehicles, and communication device will be
also installed in most of vehicles in near future. The vehic-
ular communication systems are divided into intervehicular
communication (IVC) systems and roadside vehicular com-
munication (RVC) systems [1]. IVC systems are completely
infrastructure-free so that only onboard units (OBUs) are
needed. InRVC systems, communication takes place between
roadside units (RSUs) and OBUs. Hybrid-vehicular commu-
nication (HVC) systems are the hybrids of IVC and RVC
systems. The studies on IVC systems have been conducted
relatively more than the studies on RVC systems [2, 3].

This paper covers RVC systemswith focus on information
downloading service that provides information on road con-
ditions or traffic. The information downloading service
means seamless services such as multimedia streaming ser-
vice [4]. RVC systems are divided to ubiquitous RVC (URVC)
systems and sparse RVC (SRVC) systems. For URVC systems,
RSUs are installed on all roads to ensure that communica-
tion with RVC systems, while a vehicle is moving, is not
disconnected. Unfortunately, a URVC system may require a
considerable investment to provide full coverage of existing

roadways. On the contrary, for SRVC systems, RSUs are
installed at a certain interval of distance, which is practical
since it requires less investment cost than URVC systems.
A weak point of SRVC system is that downloading service
is unavailable if a vehicle is out of the RSU’s transmission
range because the distance between RSUs is large. Most of
the studies on RVC systems had put focus on how to improve
performancewhen a vehicle arrivewithin theRSU’s transmis-
sion range [5–7]. However, if the RSU’s transmission range
is 1 km and a vehicle’s speed is 100 km/h, the time available
for communication is 72 seconds at the maximum, which is
very short. Therefore, in order to provide an energy-efficient
downloading service, the following study is necessary. First,
themethod expanding the service coverage is needed in order
to extend the time available for communication. Second,
collision-free communication is required in order to avoid
the unnecessary delay occurred by the retransmission of the
frame collisions. Minimizing the number of retransmissions
means the energy-efficient features. From these motivations,
this paper proposes an energy-efficientmultihop relay broad-
cast MAC (MRB-MAC) protocol.

The remainder of this paper is organized as follows. In
Section 2, a description of related research studies is pro-
vided. An application scenario is presented in Section 3.
And an overview of our protocol is presented in Section 4.
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The simulation validation is presented in Section 5. Finally,
Section 6 concludes the paper.

2. Related Work

The routing protocols using the various metrics already have
been studied for the multihop communication in the wireless
networks [8, 9]. However, this paper focuses on the MAC
layer protocol in order to reduce the routing overhead of the
frequent topology changes according to a vehicle’s movement
characteristics.

Sloted-1 [10], which is a beaconless approach method,
classifies the broadcast range locally and designates it as one
“slot.”And it allocates a shorterwaiting time to theOBU in the
farthest region based on the OBU that transmits data in order
to avoid collision. The DDB [11] utilizes the distance of the
OBU that an OBU will transmit after receiving data in order
to calculate the cover additional area (AC) and the delay time
for rebroadcasting. Unlike the case with the aforementioned
study, the BCF [12] is a beacon-based approach method.
This protocol periodically broadcasts the beaconmessage that
includes the location, direction, and speed. And when a car
accident happens, it selects a forwarder using the information
of the beacon message.

RVC systems have the higher bit error rate (BER) than
IVC systems because of the damage ofwireless channel fading
caused by the difference in high speed between an RSU and
an OBU. Since communication in case of movement in the
same direction is considered in IVC systems, the difference
in speed is not greater than that of RVC systems. As a
way to solve the problem, protocols that use cooperative
communication (CC) were proposed. VC-MAC [5] proposed
the mechanism to select relay node in order to avoid collision
with otherOBUs in consideration of the signal to noise (SNR)
of the OBUs that received frame normally from the RSUs.
ADC-MAC [6] uses CoopTable of CoopMAC [13] to select
helper node and provides support for direct transmission
(DT), cooperative relay (CR) transmission, and two-hop relay
(TR) transmission based on the RTS-HRTS-CTS-HCTS-
HACK mechanism. On the assumption that the location of
the RSU is known to all vehicles, PVR [7], which does not use
CC, proposed the method to select proxy node based on the
information on neighbor nodes until it reached the RSU and
to collect the information on nearby nodes in order to trans-
mit data to the RSU.The authors of [14] presented the cluster-
based mechanism employed for multimedia transmissions
and the cluster head selection algorithm in HVC systems.

The problems found by the related works can be summa-
rized as follows.

(i) There are insufficient studies on SRVC systems. In
case of downloading service in SRVC systems, the
RSU does not have enough time to provide service to
the OBU because of having the limited transmission
range.

(ii) Most of the studies did rarely take two-way street
into consideration. In the two-way street, since the
relative speed of a vehicle in the opposite direction
is very high, there is a higher possibility of collision

if the network topology changes more quickly in the
contention mode.

(iii) The beacon-based mechanism to know the status of
neighbor nodes such as BCF, VC-MAC, and ADC-
MAC and the cluster-based mechanism causes wast-
ing of bandwidth and frequent collisions.

3. Application Scenario

Before explaining the MAC protocol designed in this paper,
this section explains an application scenario to which our
protocol is applied. The application scenario presented in
this paper is similar to information downloading scenario
presented inVC-MAC [5].Thedetails, similar to those ofVC-
MAC, are as follows.

(i) In our scenario, we only consider the downlink,which
means that an RSU sends data to an OBU.

(ii) In vehicular networks, every vehicle is equipped with
a wireless device.

Their differences are as follows.

(i) Vehicles are equipped with the GPS, which is used for
velocity/distance/direction calculation and time syn-
chronization function. They are aware if the moving
direction is on an upline or a downline.

(ii) Vehicle communication is assumed on the two-way
highway as the system is SRVC system with RSUs
installed at a certain interval of distance.

(iii) All RSUs are aware of the pre/post-RSU reaching
distance, and intercommunication between them is
possible.

In Figure 1, the upper road means a downline while the
lower road means an up line. In this case, when the RSU
in the left transmits data, almost every vehicle within the
transmission range can receive the data. And a vehicle in
the upline uses data forwarding mechanism to send data
to other vehicle ahead. If vehicles in the upline/downline
continue data forwarding onward, possibility of collisionmay
increase due to data transmission by vehicles in the opposite
direction. However, if the restricted region on the downline is
designated as A and the one on the upline is designated as B,
before vehicles in each direction within the restricted region
stop data forwarding, almost all of the vehicles can be within
the communication coverage without any collision as shown
in Figure 1. In addition, even though the SNR is not used as
the case with cooperative communication, it is possible to
have the advantage of spatial reusability in case of having a
relatively high BER.

4. MRB-MAC Protocol

This section presents the design details on the proposedMAC
protocol. MRB-MAC is based on the time division multiple
access (TDMA) and the IEEE 802.11 PHY. The reason why
we select the TDMA instead of the IEEE 802.11p MAC is
in order to prevent frame collisions among OBUs during
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Figure 1: Application scenario.

multihop relay broadcast period. The protocol is composed
of two components: RSU’s broadcast period and OBU’s relay
broadcast period. In the RSU’s broadcast period, the RSU
broadcasts the frames to OBUs. In the OBU’s relay broadcast
period, the OBUs wait for the delay time calculated by the
proposed algorithm for the rebroadcast delay time.Then, the
OBU with the shortest delay time rebroadcasts the received
data frame.

4.1. Restricted Region. In PVC, the restricted region is used in
order to prevent frame collisions between the next RSU and
the OBU approaching to the RSU. In addition, the restricted
region improves in order to prevent frame collisions between
the OBUs on the opposite lane.

Let TRRSU and TROBU denote the transmission range of
the RSU and OBU. The restricted region presented by PVR
is the distance from the RSU location to 3 × TRRSU [7]. If
the OBUs are in the restricted region, they do not transmit
anything. As shown in Figure 2(a), if there is no vehicle
in the opposite direction, consideration is taken only into
collision-free RSU data frame (RDF) of the RSU. Therefore,
the restricted region becomes the distance from the location
of the RSU to 2 × TRRSU. Figure 2(b) shows that a vehicle in
the opposite direction leaves from the RSU later than vehicles
that move to the right direction. In this case, in order to
prevent collision of the OBU’s data frame in the opposite
direction, the restricted region is set as the distance from the
location of the RSU to OBU’s 2 × TROBU. Lastly, Figure 2(c)
shows that vehicles move appropriately on both of the two
directions of the road. In this study, the restricted region is
designated as the distance from the next location of the RSU
to TRRSU + half of the distance between the RSUs.

The distance from the point which a vehicle passes the
RSU to the predicted point which the vehicle meets another
vehicle on opposite side is computed as

𝐷 =
𝑣
1
× 𝐷RSUs + 𝛼 × 𝑣1 × 𝑣2
𝑣
1
+ 𝑣
2

, 𝛼 = 𝑡
2
− 𝑡
1
, (1)

where 𝑣
1
and 𝑣
2
are the velocities of vehicles, 𝑡

1
and 𝑡
2
are the

departure time fromRSUs, and𝐷RSUs is the distance between

RSUs. Then the restricted region arrival distance (RAD) is
computed as

RAD =
{{{{

{{{{

{

𝐷RSUs − 2 × TRRSU, 𝑛 = 0,

𝐷 − 2 × TROBU, 𝐷 >
𝐷RSU
2
,

𝐷RSU
2
− TROBU, otherwise,

(2)

where 𝑛 is the number of the vehicles which depart in the
opposite direction from the next RSU. Each RSU computes
the RAD using (2) with the information of OBUs received
from the next/previous RSUs. Then, this value is set to
up/down RR distance field when broadcasting the RDF.

4.2. RSU’s Broadcast Period. In this period, the RSU broad-
casts the RDF periodically, and time slot begins from that
point. Figure 3 shows the frame exchange mechanism that
takes place after the RSU transmits the RDF. The time slot
for the broadcasting of the RDF and the ODF is expressed
as 𝑇RDF and 𝑇ODF, respectively. 𝑇RDF, which is the time slot
period of the RDF, is calculated as follows:

𝑇RDF = 𝑇 (RDF) +Max prop. delay + SIFS, (3)

where 𝑇(RDF) means the time that is taken for transmitting
the RDF. And 𝑇ODF is calculated as follows:

𝑇ODF = 𝑇RDF +Maximum delay time. (4)

Then, the RSU’s broadcasting interval time is𝑇RDF+3×𝑇ODF.
Figure 4 shows frame format of the RDF. In the figure,

lane count field means the one-way maximum lane count of a
highway where the RSU is installed. Time stamp field means
the time when the RSU has broadcast, while the OBU uses
the field to calculate the time slot period of the TDMA. RSU
location fieldmeans the location of the RSU that transmits the
RDF, while up/down RR distances field means the reaching
distance up to the restricted region (RR) of up/downline,
respectively. The OBU that receives the RDF uses a restricted
region distance that is required according to the moving
direction.

4.3. OBU’s Relay Broadcast Period. TheOBU that received the
RDF uses GPS device to determine if the OBU is on an upline
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or a downline before performing the proposed rebroadcast
mechanism. If the OBU is on an upline, it performs the
rebroadcast mechanism immediately after the time of 𝑇RDF
has passed since the time point of RDF’s time stamp field
value just as the OBU1 in Figure 3. If the OBU is on a down-
line, it waits for the time of 𝑇ODF before performing the
mechanism.This prevents theODFs that were broadcasted by
theOBUs that receiveRDFon the up/downline fromcolliding
in the RSU.The RSU calculates the restricted region based on
location and velocity of the ODF that it received.

The values of time stamp field and RR distances field of
an ODF shown in Figure 4 are identical to the field values in
the RDF that an OBU received. Based on this fact, if the OBU
receives the ODF, procedures as below are taken.

(i) If the OBU receives the ODF that does not have the
recent time stamp field value or the ODF of an OBU
in the opposite direction, the OBU discards it.

(ii) If the OBU is within the restricted region, it does not
perform the rebroadcast mechanism.

(iii) Otherwise, the OBU performs the rebroadcast mech-
anism.

(iv) If a carrier sensing occurs during the rebroadcast
mechanism of the OBU, the mechanism stops.

4.4. Rebroadcast Mechanism. The key to the proposed
rebroadcast mechanism is the RDF/ODF rebroadcast delay
time algorithm (RDTA).The RDF RDTA is used by the OBU
that received the RDF to calculate delay time. The direc-
tion and location of the OBU1 are used to induce a linear
equation in the two variables while the location and trans-
mission range of the RSU can be used to induce a circle’s
equation as shown in Figure 5(a).TheRSU should be installed
to ensure that the road traverses the transmission range of
the RSU so that the two equations have the two solutions.
And one of the two solutions becomes close according to
the direction that the OBU moves, which becomes the RSU
departure location that is the boundary that determines if it
goes out of the transmission range of the RSU. For example,
the departure distance between the OBU’s current location
and the RSU departure location is OBU1’s D1 and OBU2’s D2
in Figure 5(a). And the OBU calculates the RSU departure
time (RDT) based on

RDT = OBU’s departure distance
OBU’s velocity

. (5)

According to [15, 16], a safe headway is at least 2 seconds or
more because it is impossible to follow a vehicle safely with a
headway less than 2 seconds. For example, the safe headways
of 100 km/h and 80 km/h are 54 m and 44m, respectively. Let
𝑇safe denotes the safe headway (second).Then, when theOBU
receives the RDF, its delay time value (DTV) is computed as

DTVRDF =
{

{

{

MDT × RDT
𝑇safe
, 0 ≤ RDT ≤ 𝑇safe,

∞, otherwise,
(6)

where MDT is the maximum delay time. If the RDT of the
OBU is smaller than𝑇safe, this means that the probability that
there is no vehicle in front of it in the TRRSU area is very high.
This reduces the number of competing OBUs, which results
in reduction of collision probability.

The ODF RDTA is used to calculate the delay time of
the OBU that received the ODF. While most of the related
research works propose the algorithms based on the distance,
the proposed RDTA uses the velocity and angle as well as the
distance. Using the safe headways, the vehicles that received
the ODF compute the number of vehicles in front of them in
the same lane in the transmission range by

VC = ⌊
TROBU − 𝐷OBUs

VelocityOBU × 𝑠headway
⌋ , (7)

where the unit of VelocityOBU is “𝑚/𝑠”, and 𝐷OBUs is the
distance between OBUs, as shown in Figure 5(b). And the
OBU that received the ODF calculates the lane number (LN)
of the received OBU in

LN = ⌊
𝐷OBUs × sin (𝜃OBUs)

 − 𝐿width/2

𝐿width
⌋ , (8)

where 𝐷OBUs is the distance between OBUs, 𝐿width is the
width of a lane, 𝜃OBUs is the angle between the direction of the
transmitting OBU and the location of the OBU that received
the ODF as shown in Figure 5(b). For example, if the value
of LN is 0, this means that the OBU is in the same lane as
that of the transmitting OBU. If the value of LN is 2, this
means that the OBU is in the second lane above or below.
In Figure 5(b), the OBU can tell if it is in the lane above or
below the transmitting OBU because sin(𝛼) is larger than 0,
and sin(𝛽) is smaller than 0. However, even though a vehicle
is equipped with a GPS device, it is difficult to find out which
lane it is on. Therefore, in the proposed algorithm, the OBU
that received the ODF based on the transmitting OBU uses
the following to calculate its virtual lane number (VLN):

VLN = {2 × LN, sin (𝜃) ≤ 0,
2 × LN + 1, otherwise.

(9)

For example, when D, E, and F in Figure 6(a) receive the
ODF that A transmitted, H in Figure 6(b) becomes the trans-
mitting OBU while the receiving OBUs are K, L, and M,
respectively. As a result, the VLNs of K, L, andM are 0, 2, and
4, respectively. In the same way, when C in Figure 6(a) trans-
mits the ODF, I, J, and K in Figure 6(b) receive the ODFwhile
the VLNs are 3, 1, and 0, respectively.

The ODF delay time value (DTV) is computed using the
results of (7) and (9) as

DTVODF = 𝑇tick × VC ×MLC + 𝑇tick × VLN, (10)

where MLC is the maximum virtual lane count, and 𝑇tick
means the minimum time unit. This provides that if a driver
keeps the safe headway, then DTVODF has a unique value
and the collision-free communication becomes possible. If
DTVODF is larger than the maximum delay time, the OBU
that received the ODF stops the rebroadcast mechanism.
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Table 1: Simulation parameters.

Parameter Value
Maximum delay slot time count 15
Lane width (m) 4
Safe headway (second) 2
RSU count 2
Simulation time (second) 150

5. Simulation Results

In this section, we show the performance evaluation of the
proposed MRB-MAC protocol. The simulation experiments
are conducted by ns-2 with version 2.35-RC7 [17].

The main parameters of our simulations are shown in
Table 1. The physical layer model is a two-ray ground inflec-
tion model, and the application is set to be a constant bit rate.
In order to set up the other parameters, we refer to “tcl/ex/
802.11/broadcast validation.tcl” file in ns-2.

The deployment of the vehicles is assumed to be uniform
because they move on highways. The number of the vehicles
decreases as the distance between them increases when the
speed of the vehicles becomes high with the safe headway
being the same. The time available for communication with
RSU increases as their speed becomes low.

Figure 8 shows the aggregated throughputs ofMRB-MAC
and the no-relay, which received only RSU frames, by the
velocitywith the distance betweenRSUs being 1 km (scenario:
Figures 7(b) and 7(c)). From the result, as the velocity of a
vehicle increases, the service time for downloading decreases,
which leads to the decrement of the throughput.

Figure 9 shows the changes of the aggregated throughput
of MRB-MAC as the distance between the RSUs changes at
4-lane roadway with 80 km/h velocity (scenario: Figure 7(c)).
From the figure, it can be known that the throughput reduces
sharply at the distance between the RSUs of 500 meters and
600 meters. This is because the interference occurs when
moving vehicles in two-way directions relay the packets with
the maximum sensing range being approximately 220 meters
in the simulation configuration.
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Figure 10 shows the results with the only change in 1-
lane roadway from 4-lanes (scenario: Figure 7(a)). In the
results, however, it is checked that the sharp reduction of the
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Figure 10:The Aggregate throughput by the distance between RSUs
(1-lane, 80 km/h).

throughputs does not occur at the distance between the RSUs
of 500 meters, because the vehicles move in one direction.

Figure 11 shows that the average delay increases as the
packet length does (scenario: Figure 7(a)). It is known that
as the increment of the data packet length makes both 𝑇RDF
and 𝑇ODF longer, too big packet makes the interval of RSU
receiving RDF take longer as well, which in turn leads to the
performance degradation.

6. Conclusion

In this paper, we have proposed an energy-efficient multihop
relay broadcast MAC protocol, which is designed for RSU
downloading service in RVC systems. The RVC system has
a disadvantage that its service coverage is small. In order
to overcome it, we first present the restricted region for
collision-free communication among RSUs and OBUs.Then,
we design a protocol with a rebroadcast mechanism using a
vehicle’s velocity, distance, and angle from nearby vehicles.
Simulation results show that the proposed protocol provides
the expanded service coveragewith energy-efficient collision-
free communication.
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A disadvantage of our protocol is that network connec-
tivity may not be guaranteed in a scenario with low vehicle
density. However, by adjusting the distance between RSUs
adequately depending on traffic volumes when an RSU is
installed under a SRVC system, our protocol is expected to
provide the good performance. In the future, we will focus
on the cooperative communication in the urban scenario as
well as the highway scenario.
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The paper studies the cooperative spectrum sharing amongmultiple secondary users (SUs) in a clustering cognitive ad hoc network.
The problem is formulated as a repeated game with the aim of maximizing the total transmission rate of SUs. Firstly, a clustering
formation procedure is proposed to reduce the overhead and delay of game process in cognitive radio network (CRN). Then the
repeated game-inspiredmodel for SUs is introduced.With themodel, the convergence condition of the proposed spectrum-sharing
algorithm is conducted, and the convergence performance is investigated by considering the effects of three key factors: transmission
power, discount factor, and convergence coefficient. Furthermore, the fairness of spectrum sharing is analyzed, and numerical
results show a significant performance improvement of the proposed strategy when compared to other similar spectrum-sharing
algorithms.

1. Introduction

The scarcity of spectrum has become a major bottleneck of
the development of next generation wireless communication
system. Cognitive radio (CR), which allows unlicensed or
secondary users (SUs) to share the spectrum with licensed
or primary users (PUs), shows great promise to enhance
the spectrum utilization efficiency [1, 2]. The CR technology
enables the SUs to opportunistically access the available
spectrum bands through four main functionalities: spectrum
sensing, spectrum managing, spectrum mobility, and spec-
trum sharing [3]. Among these, spectrum sharing is one
of the most important functions in cognitive radio, which
allows SUs to share the available spectrum bands among the
coexisting PUs [4]. It is essential for improving spectrum
utilization.

There exist some research efforts on the problem of spec-
trum sharing in CR. Among these studies, a centralized
spectrummanagement schemewas proposed in [4]. It greatly
improves the system performance over the (iterative water-
filling) IWF scheme by utilizing a centralized spectrumman-
agement center (SMC). However, due to the heterogeneous
and dynamic nature of cognitive radio, centralized approach

is not practical. Instead, in some studies, the distributed
approach which does not need any central controller is sug-
gested [5]; in [5], asynchronous distributed pricing scheme
is proposed, based on the signal exchange via coordination
between users to compensate the ascendant interference
level. Distributed approach provides the better adaptation
capability to CR in the dynamically changing heterogeneous
environment, but the coordination among SUs results in
significant amount of coordination delay. In [6], a novel
distance-dependent MAC protocol for CRN is proposed,
which attempts to maximize the CRN throughput. Regret-
fully, these protocols do not consider the fairness of the
spectrum sharing.

Game theory,which analyzes the conflict and cooperation
among decision makers (users), has widely used in designing
efficient spectrum sharing. A dynamic game model is pre-
sented in [7], in which the SUs can iteratively adapt their
strategies in terms of requested spectrum size. The stability
condition of the dynamic behavior for the spectrum-sharing
scheme is investigated. In [8, 9], the authors investigate
whether spectrum efficiency and fairness can be obtained
by modeling the spectrum sharing as a repeated game. In
[10], the authors model the channel assignment and power
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Figure 1: Repeated game-inspired spectrum-sharing model.

control problems as a noncooperative game, in which all
wireless users jointly pick an optimal channel and power
level to minimize a joint cost function. A no-regret learn-
ing algorithm using the correlated equilibrium concept to
coordinate the secondary spectrum access is considered in
[11]. In [12], a self-enforcing truth-telling game mechanism
is used to suppress cheating and collusion behavior of selfish
users for spectrum sharing. It is shown that the SUs can
get the highest rate utility only by announcing their true
private information under the assumption that all the SUs
have the same maximal transmission power. Based on the
Nash bargaining in cooperative game, an improved utility
function is proposed in [13] to maximize the profit product
of all the SUs.

Consider that the CRN is characterized by a lack of
centralized control and the restriction that global information
is not available, which requires that the game algorithms for
spectrum sharing should be completely distributed relying on
local information. It motivate us to employ local interaction
games [14], which have been recently introduced in CRN
research known as graphical games in [15]. In [16], two cases
of local interaction game are proposed to cope with the lack
of centralized control and local influences. The first is local
altruistic game, in which each user considers the payoffs of
itself as well as its neighbors rather than considering itself
only.The second is local congestion game, in which each user
minimizes the number of competing neighbors. It is shown
that, with the local games, global optimization is achieved
with local information. Although some progresses have been
achieved in the above approaches, the problem of spectrum
sharing more efficient and fair is not yet solved.

In this paper, a repeated game theoretic model is pro-
posed, with the aim to maximize the total rate revenue of
SUs in cognitive ad hoc network. Clustering is executed
firstly in the model to avoid frequent collisions and to reduce
the coordination delay between SUs. With the model, the
convergence condition for the total revenue maximum is
studied. The transmission power, discount factor, and con-
vergence coefficient, which impact the convergence behavior,
are explored. Besides, the fairness of spectrum sharing is
investigated.

The rest of the paper is organized as follows. In Section 2,
the system model is introduced. In Section 3, the total rate
revenue of the spectrum-sharing algorithm, the convergence

behavior and fairness of the algorithm are analyzed. In
Section 4, the performances of the rate revenue, convergence,
and fairness are simulated and evaluated. Finally, conclusions
are drawn in Section 5.

2. System Model and Descriptions

Spectrum-sharing model based on repeated game theory is
presented in Figure 1. In the scenario, N secondary users
compete to access the available spectrum to transmit data.
Note that the wireless channels are assumed to be quasistatic
for each time slot, that is, channels remain unchanged within
the time slot duration, but they vary from one slot to another
one.

The model consists of two parts: cluster formation and
spectrum sharing. With no clustering in a cognitive network,
the collision happened as long as 𝐿 (𝐿 ≥ 2) SUs in the trans-
mission range of each other have data to transmit simul-
taneously [17]. By introducing the idea of clustering in the
network, ordinary (cluster-member) SU communicates with
only cluster-head (CH) SU, and collisions between SUs can
be decreased greatly. A combined weight metrics to elect the
CHs is considered in the cluster formation process.

For the spectrum sharing, a static repeated game among
SUs can be used to obtain the Pareto optimality in a clustering
fashion by the “grim trigger” strategy.

Definition 1. The Nash equilibrium is a set of strategies,
one for each player, such that no player has incentive to
unilaterally change her action. Players are in equilibrium if a
change in strategies by any one of themwould lead that player
to earn less than if she remained with her current strategy.
For games in which players randomize (mixed strategies), the
expected, or average payoff (also termed as revenue, utility
or outcome) must be at least as large as that obtained by any
other strategy.

Definition 2. The Pareto optimality is a measure of efficiency.
An outcome of a game is Pareto optimal, if there is no other
outcome that makes every player at least as well off and at
least one player strictly better off. That is, a Pareto optimal
outcome cannot be improved upon without hurting at least
one player. Often, a Nash Equilibrium is not Pareto optimal
implying that the players’ payoffs can all be increased.
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In order to stimulate cooperation among selfish players
(SUs) and achieve the Pareto optimality, the “grim trigger”
strategy is adopted in our spectrum-sharingmodel.The “grim
trigger” is a trigger strategy employed in a repeated game [18].
Initially, a player using grim trigger will cooperate, as soon as
the opponent defects (thus satisfying the trigger condition),
and the player using grim trigger will defect for the remainder
of the iterated game. Since a single defect by the opponent
triggers defection forever, grim trigger is the most strictly
unforgiving of strategies in an iterated game.

2.1. Clustering Formation. In this section, a clustering pro-
cedure that exploits combined weight metrics is proposed.
The idea of using combined weight metrics, including the
ideal degree, transmission power, and battery power, has been
considered in the literature [19]. In this paper, in addition to
the above weight metrics, the clustering stability and node
type have also been considered as weight metrics to elect the
cluster-heads (CHs). The clustering stability is used to retain
the stability of the network topology, and node type helps to
reflect the realistic characteristics of multiple types of nodes
in cognitive ad hoc networks.

The network formed by the SUs and transmission links
can be represented by an undirected graph 𝐺 = (𝑉, 𝐸), where
V represents the set of SUs and E represents the set of links
𝑒
𝑖
. Clustering can be thought as a graph-partitioning problem

with some constraints. Look for the set of vertices 𝑆 ⊆ 𝑉(𝐺),
such that

⋃

𝑣∈𝑆

𝑁[𝑣] = 𝑉 (𝐺) , (1)

where𝑁[𝑣] is the neighborhood of SU-𝑣. The set S is called a
dominating set such that every vertex ofG belongs to S or has
a neighbor in S. The dominating set of the graph is the set of
CHs. It might be possible that a node is physically nearer to a
CH but is the member of another CH.

The following metrics are considered in our clustering
procedure for a cognitive ad hoc network.
(i) Ideal Degree. Each CH can ideally support 𝑑ideal (a pre-
defined threshold) nodes to ensure that CHs are not over-
loaded, and the efficiency of the system is maintained at the
expected level. If the CH tries to serve more nodes than it
is capable of, the system efficiency decreases in the sense,
because the nodes have to wait longer for their turn to get
the share of the resource. A high system throughput can be
achieved by limiting or optimizing the degree of each CH.

The degree difference from the ideal degree helps in
efficient MAC functions and load balancing because it is
always desirable for a CH to handle up to a certain number of
nodes in its cluster.

The neighbors of each SU-𝑣 (i.e., SUs within its transmis-
sion range) is defined as the degree of node 𝑣, 𝑑

𝑣

𝑑
𝑣
= |𝑁 (𝑣)| = ∑

𝑣

∈𝑉,𝑣

̸=𝑣

{dist (𝑣, 𝑣) < 𝑡𝑥range} . (2)

The degree difference Δ
𝑣
for every node 𝑣 is computed as

Δ
𝑣
=
𝑑𝑣 − 𝑑ideal

 , (3)

where 𝑑ideal is the number of nodes that a CH can handle
ideally.
(ii) Transmission Power. It is known that more power is
required to communicate to a larger distance. As the nodes
move away from the CH, the communication may become
difficult due mainly to signal attenuation with increasing
distance.

The usual attenuation in the signal strength is inversely
proportional to some exponent of the distance, which is
usually approximated to 4 in cellular networks, where the
distance between mobiles and base stations is of the order
of 2-3 miles. In ad hoc networks, the distances involved
are rather small (approximately hundreds of meters). In this
range, the attenuation can be assumed to be linear [20].

For every node, the sum of the distances, 𝐷
𝑣
, with all its

neighbors can be computed:

𝐷
𝑣
= ∑

𝑣

∈𝑁(𝑣)

{dist (𝑣, 𝑣)} . (4)

(iii) Battery Power. The battery power can be efficiently used
within certain transmission range; that is, it takes less power
for a node to communicate with other nodes if they are
within close distance to each other. A CH consumes more
battery power than an ordinary node, since it has extra
responsibilities to carry out for its members.

We consider a heterogeneous network with multiple
initial energy levels. The cumulative time, 𝑃

𝑣
, during which

an SU-𝑣 acts as a CH, implies how much battery power has
been consumed.
(iv) Clustering Stability. In order to avoid frequent CH
changes, it is desirable to elect a CH that does not move
very quickly. The focus of the most existing literatures has
mostly been on absolute mobility of the nodes without taking
into consideration the relative mobility. Thus, the stability of
the network is perturbed. Our clustering procedure achieves
the network stability by considering the relative mobility of
nodes.

The average distance for every node 𝑣 from its neighbor 𝑢
till current time T is calculate as

𝑑
𝑣𝑢
=
1

𝑇

𝑇

∑

𝑡=1

𝑑
𝑡

𝑣𝑢
, (5)

where 𝑑𝑡
𝑣𝑢

is the distance between node 𝑣 and 𝑢 at time 𝑡.
Let LS

𝑣𝑢
represent the link stability between 𝑣 and 𝑢,

expressed by

LS
𝑣𝑢
=
1

𝑇

𝑇

∑

𝑡=1

(𝑑
𝑡

𝑣𝑢
− 𝑑
𝑣𝑢
)
2

. (6)

The average of the link stability for every node 𝑣, with all
its neighbors [21], is given by

LStab
𝑣
= 𝐸 (LS

𝑣𝑢
| 𝑢 ∈ 𝑁 (𝑣)) =

1

𝑑
𝑣

∑

𝑢∈𝑁(𝑣)

LS
𝑣𝑢
. (7)

The cluster stability can be obtained as

CStab
𝑣
=
1

𝑑
𝑣

∑

𝑢∈𝑁(𝑣)

𝐸(LS
𝑣𝑢
− LStab

𝑣
)
2

. (8)
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From (8), we can see that the CStab
𝑣
is somewhat like that of

variance, which reflects the relative mobility of the nodes.
(v) Node Types. In many realistic ad hoc networks, multiple
types of nodes do coexist [22]. For example, in a battlefield
network, portable wireless devices are carried by soldiers,
and more powerful and reliable communication devices
are carried by vehicles, tanks, aircrafts, and satellites; these
devices/nodes have different communication characteristics
in terms of transmission power, data rate, processing capabil-
ity, reliability, security level, and so forth.

In heterogeneous ad hoc networks, it would be more
realistic to elect CHs for considering the different types of
nodes. For simplicity, two types of nodes are considered in
the network. One type of node has larger transmission range
(power) and data rate and better processing capability and is
more reliable and robust than the other types. Accordingly,
the mapping values of the two types of nodes 𝑇

𝑣
might be

denoted by 1 and 2.
The combined weight𝑊

𝑣
for each SU-𝑣 can be calculate

by

𝑊
𝑣
= 𝑤
1
Δ
𝑣
+ 𝑤
2
𝐷
𝑣
+ 𝑤
3
𝑃
𝑣
+ 𝑤
4
CStab

𝑣
+ 𝑤
5
𝑇
𝑣
. (9)

Subject to:

𝑤
1
+ 𝑤
2
+ 𝑤
3
+ 𝑤
4
+ 𝑤
5
= 1, (10)

where 𝑤
1
, 𝑤
2
, 𝑤
3
, 𝑤
4
, and 𝑤

5
are the weighing factors for the

corresponding metrics.
The contribution of the individual metrics can be tuned

by choosing the appropriate combination of the weighing
factors [21]. The node with the smallest𝑊

𝑣
would be selected

as the CH. All the neighbors of the chosen CH are no
longer allowed to participate in the election procedure. The
clustering procedure continues until the remaining nodes are
selected as CHs or assigned to a cluster.

The first component in (9), Δ
𝑣
, contributing towards

the combined metric𝑊
𝑣
helps in efficient MAC functioning

because it is always desirable for aCH tohandle up to a certain
number of nodes in its cluster.Themotivation of𝐷

𝑣
is mainly

related to energy consumption. A CH is able to communicate
better with its neighbors having closer distances from it
within the transmission range. The third component, 𝑃

𝑣
,

is measured as the total (cumulative) time a node acts as
a CH. As a heterogeneous network with multiple initial
energy levels is considered, the power currently available
at the node depends on the node’s initial power, the actual
network traffic, and the length of the links. The component
of CStab

𝑣
is measured as the clustering stability, which is

mainly related to the velocity and direction of the mobile
nodes, especially the mobility relative to CHs. The nodes’
association and dissociation to and from clusters perturb the
stability of the network, and thus reconfiguration of CHs is
unavoidable. It is desirable to elect a CH that does not move
very quickly relative to its neighbors. The last component 𝑇

𝑣

is related to the types of nodes. The more powerful, the more
responsibility for communication nodes must be taken. As
a result, it would be more appropriate for a node with more
powerful capacity to be a CH.

Table 1: Execution of the clustering strategy.

Node ID Δ
𝑣

𝐷
𝑣

𝑃
𝑣

CStab
𝑣

𝑇
𝑣

𝑊
𝑣

1 1 3 1 3 2 1.85
2 0 6 2 3.8 1 1.84
3 1 3 2 3.6 2 1.93
4 1 9 4 4.13 2 3.26
5 1 3 2 3.81 2 1.94
6 0 6 0 2.92 1 1.7
7 0 7 3 3.54 2 2.42
8 0 7 2 3.73 1 2.04

The proposed clustering strategy is demonstrated with
the help of Figures 2(a)–2(d). All numeric values obtained
from clustering process are given inTable 1. Figure 2(a) shows
the initial configuration of the nodes (SUs) in a cognitive
radio network, where an edge (link) between two nodes in
the figure signifies that the nodes are neighbors of each other,
and the length of a link represents the distance of two nodes.
In the figure, the degree difference, Δ

𝑣
, of each node with

ideal node degree 𝑑ideal = 2 is computed. The arrows in
Figure 2(b) represent the speed and direction of movement
associated with every node. A longer arrow represents faster
movement, and a shorter arrow indicates slower movement.
Some arbitrary values for 𝑃

𝑣
are chosen which represent the

amount of time a node has acted as a CH. The values for
𝑇
𝑣
are chosen randomly. If 𝑇

𝑣
= 1, it implies that a node

is more reliable and robust than the nodes whose 𝑇
𝑣
= 2.

The weighting factors are chosen with satisfying (10). The
weighting factors considered are 𝑤

1
= 0.35, 𝑤

2
= 0.2,

𝑤
3
= 0.05, 𝑤

4
= 0.05, and 𝑤

5
= 0.35. Figure 2(c) shows how

a node with minimum 𝑊
𝑣
is selected as the CH, where the

pink solid nodes represent the CHs elected for the network.
Figure 2(d) shows the initial clusters formed by execution
of our clustering strategy and the achieved connectivity in
the network, where a dashed ellipse is used to express a
cluster.We can see that no twoCHs are immediate neighbors,
since all the neighbors of the chosen CH belong to the same
cluster. The network connectivity is achieved through the
higher power transmission range of CHs. Also, it can be noted
that a single component graph is obtained in this case which
means that there is a path from a node to any other node.
For simplicity, the ideal node degree is set to 2 in this paper.
Without loss of generality, the ideal node degree can be set as
an arbitrary positive integer.

2.2. Repeated Game-Based Spectrum Sharing. The SUs shar-
ing the spectrum of licensed users (PUs) may lead to the
following conflicting problems: (i) limitation on the trans-
mission power in each channel for minimum interference to
coexisting PUs and (ii) certain signal-to-noise ratio (SNR)
required for data transmission of SUs without substantial
performance degradation. Cooperation among SUs has been
proved to be beneficial in solving such conflicting interests
[23]. Such cooperation can be achieved with the application
of the concepts of game theory. But, cooperative game faces
scalability problem to be implemented in CR networks. In a
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Figure 2: (a) Initial configuration of nodes and neighbors identified. (b) Velocity of the nodes. (c) CHs identified. (d) Clusters identified and
connectivity achieved.

large CRnetwork, the overhead and delay of the game process
will be unbearable, if all the SUs play a single game; on the
other hand, it is not reasonable to let SUs that are set apart
far way (thus has little direct mutual impacts) play the same
game. So it is necessary and reasonable to group the cognitive
radios network into multiple clusters firstly.

In order to model and analyze long-term interactions
among players, the repeated game model is used where the
game is played for multiple stages. A repeated game is a
special form of an extensive-form game in which each stage is
a repetition of the same strategic-form game. Particularly, the
spectrum-sharing problem can be modeled as the outcome
of a repeated game, in which the players are the SUs their
strategies (actions) are the choice of spectrum resources.

In a repeated game, a normal-form game is mathemati-
cally defined as

𝐴 = {𝑉, {𝐵
𝑣
}
𝑣∈𝑉
, {𝑈
𝑣
}
𝑣∈𝑉
} , (11)

where V is the finite set of SUs and 𝐵
𝑣
is the set of strategies

associated with SU-𝑣. Define B = ×𝐵
𝑣
𝑣 ∈ 𝑉 as the strategy

space and 𝑈
𝑖
: B → R as the set of utility functions that the

SUs associate with their strategies. For every SU-𝑣 in game
A, the utility function, 𝑈

𝑣
, is a function of 𝑏

𝑣
, the strategy

selected by SU-𝑣, and of the current strategy profile of its
opponents: 𝑏

−𝑣
.

In analyzing the outcome, as the decision of one SU is
influenced by the other SUs’ decisions, we are interested to
determine, if there exists a convergence point, that is, Nash
equilibrium (NE), for the spectrum-sharing algorithm, from
which no SU would deviate anymore. A strategy profile for
the SUs, 𝐵 = [𝑏

1
, 𝑏
2
, . . . , 𝑏

𝑉
], is an NE if and only if

𝑈
𝑣
(𝑏
𝑣
, 𝑏
−𝑣
) ≥ 𝑈
𝑣
(𝑏


𝑣
, 𝑏
−𝑣
) , ∀𝑣 ∈ 𝑉, 𝑏



𝑣
∈ 𝐵
𝑣
. (12)

If the equilibrium strategy profile in (12) is deterministic, a
pure strategy NE exists.

When there is more than one NE in the repeated game
process, it is natural to ask whether there exists an optimal
one, that is, Pareto optimality. In order to stimulate coopera-
tion among selfish SUs and achieve the optimality, the “grim
trigger” strategy is adopted. For the case of no deviation from
cooperation in a repeated game, the utility function at every

stage for SU-𝑣 is unchangeable. The overall utility for SU-𝑣
in a repeated game is represented as the discounted sum of
immediate utilities from each stage; that is,

𝑈
𝑣
(∞) = 𝑈

𝑣
+ 𝛿𝑈
𝑣
+ 𝛿
2
𝑈
𝑣
+ ⋅ ⋅ ⋅ =

∞

∑

𝑘=1

𝛿
𝑘−1
𝑈
𝑣
, (13)

where 𝛿 (0 < 𝛿 < 1) is the discount factor which measures
how much the SUs value the future utility over the current
utility. The larger the value is, the more patient the SUs are.
In general, 𝛿 is close to 1 for cooperative spectrum sharing in
a repeated game. For finite K-(𝐾 > 1) stages repeated game,
(13) can be rewritten as

𝑈
𝑣
(𝐾) =

𝐾

∑

𝑘=1

𝛿
𝑘−1
𝑈
𝑣
. (14)

Without loss of generality, consider a repeated game
with two SUs (one is CH and the other is cluster-member)
competing for the limited spectrum resources. If an SU
senses the PU at the licensed spectrum, it moves to another
spectrum hole or stays in the same band without interfering
with the PU by adapting its communication parameters such
as transmission power or modulation scheme. For this paper,
the total transmission power is constrained for SUs to make
them stay in the same band during the spectrum sharing.

Figure 3 illustrates the utility region of a repeated game
with two SUs for the Gaussian interference channel. 𝑈

1
and

𝑈
2
are utility functions of user 1 and 2, respectively. Point

B can represent that both users transmit with very high
power levels and suffer from severe interference, point C
or D represents that one user transmits with high power,
while the other one uses low transmission power, and point
A represents that the two users cooperate by transmitting
with appropriate power levels to alleviate interference and
improve utility. If the game is only played for only one stage,
the NEwill correspond to point B, and thus is very inefficient;
however, if the game is played for multiple stages, Pareto
optimality point A can be achievable, according to the folk
theorems.
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Figure 3: The feasible utility region of a repeated two-player game.

3. Performance Evaluation

The cognitive ad hoc network considered consists of multiple
SUs is illustrated in Figure 1. In the figure, TDMA scheme
is suggested for every cluster; that is, the TDMA frame is
divided into M time slots, and every cluster is assigned one
unique spectrum-sharing slot in a frame. The mth cluster
always transmits in slots assigned to it.

For a cluster containing only one SU, the SUmight occupy
the assigned slots for transmission. However, if two or more
SUs exist in a cluster, the repeated game should be executed to
compete for the assigned slot. Take SU-1 and SU-2 in Figure 1
as an example; they consist of a set of two transmitting-
receiving (T-R) pairs with channel gain of 1 for each T-R pair.
Assume that the sharing channels, width is normalized to 1,
which is divided into two independent channels with width
of 1/2 and with the external noise power of𝑁

0
. It is noticeable

that the transmission powers for SU-1 and SU-2 are𝑃
1
and𝑃
2
,

respectively, and the total power constraint P for two users
is constant with respect to threshold interference power of
interference temperature mechanism for CRs.

3.1. Rate Utilities and Total Rate Revenue. When the two users
transmit over the same channel, the interference is looked as
the Gaussian noise, and the Gaussian interference game was
defined in [24, 25].

The interference measured at the receiver 𝑢 associated
with transmitter 𝑣 is shown to be [26]

𝐼
𝑣,𝑢
=

𝑉

∑

𝑢=1,𝑢 ̸=𝑣

𝑔𝑃
𝑣
𝑓 (𝑠
𝑣
, 𝑠
𝑢
) , (15)

where 𝑃
𝑣
denotes the set of transmission power associated

with user 𝑣 over the transmission channel and 𝑔 the interfer-
ence gain with symmetric and identical channel conditions.

𝑓(𝑠
𝑣
, 𝑠
𝑢
) is the interference function characterizing the inter-

ference caused by SU-𝑣 to SU-𝑢 and is defined as

𝑓 (𝑠
𝑣
, 𝑠
𝑢
)

=

{{

{{

{

1 if transmitters 𝑣 and 𝑢 are transmitting
over the same channel,

0 otherwise.

(16)

It is apparent that utilities of SUs are closely related to
interferences. Moreover, the performance of the spectrum-
sharing algorithm depends significantly on the choice of the
utility function which characterizes the preference of a user
for a particular channel. The choice of a utility function is
not unique. It must be selected to have physical meaning for
the particular application and also to have appealing math-
ematical properties that guarantee equilibrium convergence
for the game process. Our objective is to maximize the total
rate revenue of SUs by cooperatively sharing the spectrum.
Let 𝑈
1
and 𝑈

2
be the utility functions of SU-1 and SU-2 for

each stage of the repeated game, respectively, according to
Shannon theory, which can be obtained by

𝑈
1
= 𝑅
1
=
1

2
log
2
(1 +

𝑃
1

𝑁
0

) ,

𝑈
2
= 𝑅
2
=
1

2
log
2
(1 +

𝑃
2

𝑁
0

) ,

(17)

where 𝑅
1
and 𝑅

2
are the transmitting rates available for SU-1

and SU-2 and𝑃
1
and𝑃
2
are the transmission power of the two

SUs.
By substituting (17) into (14), 𝑈

1
(𝐾) and 𝑈

2
(𝐾) are given

by the following equations:

𝑈
1
(𝐾) =

𝐾

∑

𝑘=1

𝛿
𝑘−1
𝑈
1
=
1

2
log
2
(1 +

𝑃
1

𝑁
0

)

𝐾

∑

𝑘=1

𝛿
𝑘−1
,

𝑈
2
(𝐾) =

𝐾

∑

𝑘=1

𝛿
𝑘−1
𝑈
2
=
1

2
log
2
(1 +

𝑃
2

𝑁
0

)

𝐾

∑

𝑘=1

𝛿
𝑘−1
,

(18)

whereK is the number of stages for repeated game and𝑈
1
(𝐾)

and𝑈
2
(𝐾) are the rate utilities of SU-1 and SU-2 for repeated

game spectrum sharing.
Then the total rate revenue is

𝑈 (𝐾) = 𝑈
1
(𝐾) + 𝑈

2
(𝐾)

=
1

2
log
2
(1 +

𝑃
1
+ 𝑃
2

𝑁
0

+
𝑃
1
𝑃
2

𝑁
2

0

)

𝐾

∑

𝑘=1

𝛿
𝑘−1
.

(19)

3.2. Convergence Analysis. As mentioned, revenue stability
is closely related to the number of stages. The definition is
following: when the revenue differences Δ𝑈(𝑘) between k-
stages repeated game, and (𝑘−1)-stages repeated game is less
than convergence coefficient 𝜀 (𝜀 ≥ 0) that is, Δ𝑈(𝑘) satisfies;

0 ≤ Δ𝑈 (𝑘) ≤ 𝜀. (20)
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Figure 4: (a) Total rate revenue compared with [13]. (b) Total rate revenue versus number of stages for different discount factors.

It is believed that the spectrum sharing achieves convergence.
According to (19), Δ𝑈(𝐾) is shown to be

Δ𝑈 (𝑘) = 𝛿
𝑘−1
(𝑈
1
+ 𝑈
2
) =

1

2
𝛿
𝑘−1log

2
(1 +

1

𝑁
0

+
𝑃
1
𝑃
2

𝑁
2

0

) .

(21)

Then, the convergent condition of the algorithm is written as

0 ≤
1

2
𝛿
𝑘−1log

2
(1 +

1

𝑁
0

+
𝑃
1
𝑃
2

𝑁
2

0

) ≤ 𝜀. (22)

The convergent condition is satisfied, if and only if

𝑘 ≥ log
𝛿
(

2𝜀

log
2
(1 + 1/𝑁

0
+ 𝑃
1
𝑃
2
/𝑁
2

0
)
) + 1⋅ (23)

Let𝐾cvg denote the number of stages for convergence; that is,

𝐾cvg = ⌊log𝛿 (
2𝜀

log
2
(1 + 1/𝑁

0
+ 𝑃
1
𝑃
2
/𝑁
2

0
)
) + 1⌋ ⋅ (24)

3.3. Fairness Analysis and Improvements. To maintain reli-
able communication, a certain transmitting rate threshold
required for SUs is necessary. If one user transmits with high
power while the other uses low transmission power (as point
C or D in Figure 3), the normal communication is not well
guaranteed.

How to improve the fairness of spectrum sharing is an
urgent issue to be settled. It is assumed that 𝑈

1
or 𝑈
2
is

smaller than the given rate threshold, 𝑅min, at the beginning.
The rate utilities 𝑈

1
and 𝑈

2
can be changed by adjusting the

transmission powers. The power adjustment procedure for
SU-i is executed as follows.

Let the fixed-step size of power adjustment, ΔP, be

Δ𝑃 =



𝑃ini − 𝑃min
𝑚



, (25)

where 𝑃ini is the initial transmission power of the user, 𝑃min
is the minimum power required correspondence with the
rate threshold 𝑅min for reliable communication, and m is

the number of times for power adjustment. The transmission
power for the kth game can be expressed by

𝑃
𝑘
= 𝑃
𝑘−1
+ Δ𝑃, (26)

where 𝑃
𝑘−1

is the transmission power of the (𝑘 − 1)th game.

4. Simulation Results

It is assumed that the noise power 𝑁
0
= 0.01W and the

total power constraint 𝑃 = 𝑃
1
+ 𝑃
2
= 1W. Figure 4(a)

shows the impact of the number of stages K on the total
rate revenue with varying transmission powers for 𝛿 = 0.95.
When the transmission powers for SU-1 and SU-2 are equal
(i.e., ratio of transmission powers 𝑟 = 𝑃

1
: 𝑃
2
= 1),

the total revenue reaches the maximum. It can be seen that,
as expected, with the number of stages K increasing, the
total revenue increases. It is noticeable that the total revenue
changes slowly when K is more than 30. This is because
the revenue is tending towards stable condition. Compared
with the spectrum allocation algorithm in [13], it is shown
clearly that our spectrum-sharing strategy outperforms the
algorithm in [13], and the algorithm in [13] only performswell
at high SNR.

The total rate revenue versus different number of stages
with varying discount factors for 𝑟 = 1 is plotted in
Figure 4(b). We can see that the total revenue increases with
𝛿 increasing.

Figure 5(a) shows the impact of transmission power on
the convergence rate when the noise power 𝑁

0
= 0.01W,

discount factor 𝛿 = 0.95, and convergence coefficient 𝜀 = 0.1.
The number of stages for convergence 𝐾cvg increases when
the difference between 𝑃

1
and 𝑃

2
is large enough (i.e., 𝑟 <

0.4). Nevertheless, with r increasing, the number of stages for
convergence almost remains unchanged. In this case, the total
revenue can reach the maximum (as shown in Figure 4).

Figure 5(b) plots the convergence behavior with varying
discount factor 𝛿 for noise power 𝑁

0
= 0.01W, ratio of

transmission powers 𝑟 = 1, and convergence coefficient 𝜀 =
0.1. There is a significant increase in the number of stages
for convergence 𝐾cvg with 𝛿 increasing. This is because the
larger the value 𝛿 is, the more patient the players are, and the
convergence rate becomesmore slowly. Specifically,𝐾cvg is an
exponential function of 𝛿when the value 𝛿 is more than 0.96.
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Figure 5: (a) Convergence performance versus different transmis-
sion powers. (b) Convergence performance versus discount factor.
(c) Convergence performance versus convergence coefficient.

Figure 5(c) depicts the number of stages for convergence
𝐾cvg in terms of convergence coefficient 𝜀, for noise power
𝑁
0
= 0.01W, ratio of transmission powers 𝑟 = 1 anddiscount

factor 𝛿 = 0.95. It can be seen that the smaller value 𝜀 is, that
is, more stringent convergence condition, the more slowly
convergence rate is.

The rate utilities 𝑈
1
and 𝑈

2
for different transmission

powers are presented in Figure 6. It is observed that when the
transmission power difference between the two users is large
at the beginning of a repeated game, that is,𝑈

1
or𝑈
2
is smaller

than the given rate threshold (a predefined value), then the
reliable communication is not to be guaranteed. Spectrum
sharing is only one side for this case, and the fairness of SUs
is nothing to speak of. However, with the transmission power
difference decreasing, the fairness is improved.

The adaptation of rate utility due to the transmission
power adjustment is shown in Figure 7. As expected, when
the rate utility 𝑈

1
is smaller than the given threshold, 𝑈

1
can

be changeable for meeting the requirement of transmitting
rate with very little rate utility loss of𝑈

2
. Thus, the fairness of

the algorithm is well guaranteed.
The total revenue comparison between the proposed

algorithm with the method (LAG) in [16] is plotted in
Figure 8. It can be observed that the total rate revenue
increases with better fairness (i.e., larger ratio of the trans-
mission powers, r). Especially, the total revenue is maximum
when 𝑟 = 1. It is also noted from the figure that when the
access probability 𝑃 is less than a value, that is, 𝑃 ≤ 0.7

the obtained total rate revenue of the proposed algorithm
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Figure 6: Initial rate utilities for different transmission powers.
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Figure 7: Rate utilities adaptation to power adjustment.

outperforms the LAG algorithm. As the access probability
increases, that is, 𝑃 > 0.7, there is an increasing revenue
gap for LAG algorithm. However, as mentioned in [17],
the collision happened as long as 𝐿 (𝐿 ≥ 2) SUs in
the transmission range of each other has data to transmit
simultaneously. That is, larger access probability is hardly
guaranteed in CRN.

5. Conclusions

In this paper, the spectrum sharing is modeled as a repeated
game under which cluster-member SU communicates with
only cluster-head SU, and frequent collisions between SUs
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are avoided than that under no-cluster policy. The aim of
this work is to maximize the total rate revenue of SUs under
the repeated gamemodel, while meeting the fairness require-
ments for transmitting data. The first step toward this work
is to analyze convergence condition under which the total
rate revenue of SUs is maximized. The analysis shows that
the transmission powers, discount factor, and convergence
coefficient affect the total rate revenue.The analysis continues
by considering the fairness of spectrum sharing, and the
fairness is improved by adjusting the transmission powers.
Simulation results demonstrate that the proposed spectrum-
sharing algorithm can achieve better performance than the
preexisting ones in terms of the total rate revenue and fairness
of spectrum sharing.

For future research, theQoS (Quality-of-Service) require-
ment for SUs will be considered for spectrum sharing.
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In wireless sensor networks, clustering is effectively used for many applications, including environment monitoring, because it
promises efficient energy consumption for inexpensive battery-operated sensors. The most famous clustering protocol, LEACH
(Low Energy Adaptive Clustering Hierarchy), enables the balanced consumption of energy to prolong a network lifetime. In
LEACH, however, extra energy and time are consumed to reform clusters at the setup phase of every round. This side effect is
worse as the number of clusters increases. This paper presents a novel energy-efficient clustering scheme called COTS (Clustering
with One-Time Setup) which removes the cluster-reforming process required at every round after the first round. The proposed
COTS allows that the role of the cluster head is rotated among members in a cluster without cluster reforming. By removing
the cluster-reforming process, the number of transmissions per round is decreased accordingly. As a result, energy consumption
is significantly reduced, resulting in prolonged network lifetime. The simulation study shows that the network performance and
lifetime are much improved as the number of clusters is increased.

1. Introduction

Wireless sensor networks (WSNs) consist of many battery-
powered sensor nodes (SNs) that monitor their physical
surroundings and send the resulting data to a sink node.
Since the battery resource directly affects the operation time
of sensors, it is very important in prolonging the lifetime of a
WSN to design energy-efficient protocols.Thus,many studies
in WSNs have focused on delivering the sensed data to the
destination while being energy efficient.

Routing in WSNs means that the information from SNs
is forwarded to the base station (BS) regularly or on demand.
There are two types of routing, classified as flat and hierar-
chical routing. A clustering approach can be regarded as a
hierarchical routing technique. As reported in many studies,
clustering schemes can save a lot of energy in WSNs [1, 2].
The clustering associated with data aggregation improves
network performance by decreasing the amount of data to
be delivered and the number of hops from sensors to the
BS. In such networks, however, more energy is consumed in

the cluster head (CH) nodes because more computing and
communication loads are assigned to the CHs. This non-
uniformity of energy consumption among nodes results in
some nodes dying earlier than others.

LEACH (Low Energy Adaptive Clustering Hierarchy)
is the most famous clustering protocol that resolves the
energy unbalancing problem among nodes [3]. In LEACH,
nodes are classified into two groups: CHs and SNs. The
main idea of LEACH is to reform clusters once every period
of time, called a round, in order to rotate the role of the
CH among members in a cluster. There have been many
studies in the past ten years exploring the LEACH protocol
to improve performance. However, there has been no work
to address energy consumption during the cluster-reforming
process. Since LEACH was developed, many works have
been reported. LEACH-C (LEACH Centralized) [4] is one of
LEACH’s variations, in which cluster heads are elected by a
base station to prevent energy imbalance. In HEED (Hybrid,
Energy-Efficient Distributed) clustering [5], residual node
energy is taken into consideration for the dispersion of energy
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consumption. In BCDCP (Base station Controlled Dynamic
Clustering Protocol) [6], cluster heads are selected from a set
of candidate nodes. In TEEN (Threshold sensitive Energy-
Efficient sensor Network protocol) [7], a threshold value is
set on the basis of LEACH to reduce the energy consumption
of CHs and sensor nodes. In APTEEN (Adaptive TEEN) [8]
which is a combination of LEACH and TEEN, a time period
is set for transmitting data periodically for data accuracy and
reliability.

In this paper, we take repetitive cluster reforming over the
network lifetime into account for reduced energy consump-
tion and prolonged lifetime inWSNs. During the setup phase
of every round in LEACH, the cluster reforming process
is carried out by all the nodes in a cluster. That is, every
SN transmits at least once, either to inform others that it is
a CH or to request to join a chosen cluster. Furthermore,
the CH broadcasts the TDMA schedule to all members.
Notice again that the setup phase, including communications,
is performed at every round in the conventional LEACH
protocol.

In this paper, we propose an energy-efficient clustering
scheme called COTS (Clustering with One-Time Setup)
by removing the cluster-reforming process and adding a
rescheduling slot to the end of every round. Usually, the
setup phase is composed of hundreds of slots, even though it
depends on the number of nodes and the pattern of random
access. By skipping this cluster-reforming process, energy is
significantly saved. In COTS, the role of the CH is rotated
among the members in a cluster by transmitting the cluster
head order at the rescheduling slot. As a result, energy con-
sumption is significantly reduced, and the network lifetime is
increased accordingly. Our simulation study shows that the
proposed COTS remarkably improves network performance
and lifetime.

Themain idea of the proposed COTS can be summarized
in the following steps.

(i) A cluster is formed just one time at the setup phase of
the first round.

(ii) Once a cluster is formed, the CH creates a cluster head
list. This list consists of all the other member nodes
in order of the closest to the furthest away. This list is
used to rotate the role of CH among all other member
nodes.The list is broadcasted to all the othermembers
during the setup phase at the first round.

(iii) In the steady-state phase, the CH collects data from
members as in other protocols. If a CH cannot receive
data from a member, the CH regards the member as
a dead node.

(iv) At the rescheduling slot every round, the CH creates
a new cluster head order based on the last set of
collected data packets and then broadcasts the new
cluster head order to members. If a member does
not receive the order, it simply invalidates the current
cluster head order.

The rest of this paper is organized as follows. In the follow-
ing section, the LEACH protocol’s strengths and weaknesses
are reviewed in brief. Section 3 presents the proposed COTS

FrameSetup Steady state

Round

Figure 1: Operation of the LEACH protocol.

algorithm with respect to design principles and operations.
The performance of the proposed COTS is evaluated via
simulation and compared to the conventional protocol in
Section 4. Finally, this paper is concluded in Section 5.

2. Preliminaries

A lot of studies on clustering-based protocols in WSNs have
been published. LEACH [3] is one of the most famous
clustering techniques. It divides an entire network into groups
called clusters. A cluster consists of many SNs and a CH.
The CH collects sensed data from SNs and then aggregates
and transmits them to the BS. Hence, SNs do not need to
communicate with the base station, resulting in a decreased
communication burden. Therefore, energy consumption is
reduced and network lifetime increased.

In hierarchical approaches such as clustering, the data
at the higher levels of hierarchy is more important than
those at the lower levels. Thus, communications between
CH and BS need more attention compared to intracluster
communications, because packet loss between CH and BS
means a loss of all the data in a cluster. Therefore, the CH-
to-BS signal uses a Carrier Sensing Multiple Access (CSMA)
technique, and it is broadcasted to the entire network to
avoid the hidden terminal problem. On the other hand,
the sensor-to-CH signal uses Time Division Multiple Access
(TDMA).

The LEACH protocol repeats a series of setup and steady-
state operations with the static time interval called round. As
shown in Figure 1, each round consists of two phases: a setup
phase and a steady-state phase.

2.1. Setup Phase. In the setup phase, clusters are formed, and
the TDMA schedule is created for the steady-state phase.
Every node wakes up and initializes its internal state as
default.Then each node generates a randomnumber between
0 and 1 and compares the number with the T(n) value. If it is
smaller than T(n), the node will be a new CH; otherwise, it is
a member of a cluster. T(n) can be defined as

𝑇 (𝑛) =
{

{

{

𝑝

1 − 𝑝 (𝑟 mod 1/𝑝)
if 𝑛 ∈ 𝐺

0 otherwise,
(1)

where p is the desired percentage of CHs over the total
number of nodes, 𝑟 is the identifier of the current round, and
G is the set of nodes that have not clustered in the last 1/𝑝
rounds [3, 9].

After the election of CHs, all the nodes in a network
perform the operation depicted in Figure 2. The left-hand
side of Figure 2 represents the behaviors of CHs, while the
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Figure 3: Rounds of the LEACH protocol.

right-hand side represents those of cluster members. The
elected CHs broadcast their existence to all the nodes of the
network. SNs receive these advertisements and choose one
of the nearest CHs as their CH. An SN sends the cluster
join message to the selected CH. Hence, CHs can know
all of their members. Each CH creates a TDMA schedule
for the steady-state phase and broadcasts the schedule to
its members. Finally, cluster members receive the schedule.
During the setup phase, every member node sends the Join-
Request message to its CH as shown in Figure 2. This causes
long delay because a CHhas to receive Join-Requestmessages
from its member nodes in a serialized fashion. In COTS,
however, the long delay is permanently removed after the first
round because there is only one-time setup in COTS, which
will be presented in Section 3.

2.2. Steady-State Phase. In the steady-state phase, cluster
members sense the surroundings and transmit the sensed
data to their CH depending on the TDMA schedule received
at the setup phase. SNs go into sleep mode to save energy
for other slots. As shown in Figure 3, a steady-state phase
consists of a few frames, and a frame can be divided in two
time slots: the time slot for the SNs and the time slot for CH.
SNs transmit sensed data to their CH in the time slot for CH.

The CH compresses (or aggregates) this data and transmits it
to the BS. Since a cluster operates in a frame unit, if it does
not have enough time for a frame, the cluster will not work in
the time left.

2.3. Weaknesses of the LEACH Protocol. Figure 3 shows the
rounds of the LEACH protocol. Black squares indicate the
setup phase, squares with diagonal lines are multiple TDMA
time slots for sensors, and dark gray squares represent the
time taken by CHs to compress data and transmit it to the
BS.The left side of the dotted line is the initial round, and the
right side represents the final round at the end of the network
lifetime. It shows a LEACH weakness that the transmission
interval depends on the number of members in a cluster [10].
For example, we assume that the time of a steady-state phase
is 5 seconds, and all time slots spend 0.1 seconds equally. If
the number of members is 10, each SN has 5 transmission
time slots. On the other hand, if the number of members is
5, each SN can occupy 10 slots. The fewer the number of alive
nodes, the greater the number of detections will happen for a
member.

If the detection distance for sensing is not changed, it does
not have any advantage to increase the number of detections
because decreasing the sensing interval of nodes causes more
energy consumption.Thus, creating a TDMA schedule based
on the number of living nodes can be disadvantageous in
terms of energy efficiency.

Another weakness is caused by the repetitive election of
CHs based on the changed probability of the total number
of living nodes. Hence, there are differences in the number
of clusters between rounds. An increment of the number of
CHs decreases total network lifetime, and a reckless decrease
causes unbalanced energy consumption between nodes in the
entire network.

3. Clustering with One-Time Setup

In this section, we present the operational principles of the
proposed COTS. Clusters are formed at the setup phase of the
first round, and the first round only.This results in significant
energy savings.

Unlike the conventional approaches such as LEACH, the
proposed COTS does not require cluster reforming, and
thus the cluster membership is not changed over rounds.
The CH order is determined at the setup phase of the first
round. Every member of a cluster simultaneously changes
its CH according to the CH order in the next round. This
practicemay run into a problem as the number of dead nodes
increases over time. That is, if a dead node is to be a CH
at the next round, it results in the loss of all packets of a
cluster during that round. There is no such problem in the
conventional protocols, because clusters are newly formed
at every setup phase. In order to avoid this phenomenon,
a new or updated cluster head order should be created
and broadcasted when nodes are dead. Thus, we introduce
a new time slot for rescheduling CHs called a reschedul-
ing slot, which is positioned just before the new round
starts.
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3.1. One-Time Setup. After all data is received from member
nodes, each CH compresses the aggregated data into a single
message and then transmits it to the BS. In LEACH, however,
this method has a weakness in that the CH cannot send the
message to the BS when the CH does not receive any data
from members within the steady-state phase. In the actual
code of the MIT uAMPS project [3], if CH did not receive
the last node’s data, it does not compress and transmit data
for the BS. This is one of the reasons for LEACH to carry out
reclustering per round. However, the proposed COTS does
not have a setup phase after the first round, and the cluster
membership and the TDMA schedule are not changed at all.
So, the TDMA schedule can include unavailable time slots
that have been assigned to dead nodes. This is trivial when
compared to the significant reduction of energy consumption
by removing the setup phase and does not affect performance
at all.

3.2. Clustering. COTS is subject to a network topologywhose
nodes are distributed evenly in the same way as the LEACH
protocol. Once clusters are formed after the setup phase,
the cluster member is not changed for a network lifetime,
even if there are high density areas of nodes that encourage
inefficient energy consumption of the specific area. If nodes
are distributed uniformly, the network has a lower risk of
node concentration.

Figures 4(a) and 4(b) show the cluster state immediately
after the setup phase in the network using a LEACH protocol
on nodes that are distributed evenly. White points represent
SNs, red points areCHs, and black points indicate the best CH
position required by each cluster.Thebest CHpositionmeans
the CH location that minimizes the total communications
cost. A transmission range is a critical factor that affects the
energy consumption of nodes. It should be noted that almost
all CHs are located in a relatively good position in LEACH,
but are not always as good as in Figure 4(a). In the process of
cluster reforming, each nodemeasures the distances between
CHs and chooses a cluster made by a CH with the shortest
distance. Thus, some nodes have no choice but to select the
CH located at the relatively bad position from outside the
cluster, if the distances to other CHs are longer than the
CH. There is the probability that some nodes located in the
corner of a network cluster become CHs. Figure 4(b) shows
a network with the CHs located in the corner. One glance is
enough to know that the position of the CHs is not good. In
this case, the transmission length between nodes of a cluster
becomes the longest, resulting in higher energy consumption.
On the other hand, the black points represent the ideal CH
position with the most efficient energy consumption.

We can explain the features of the networkwithout cluster
reforming by using Figure 5, which shows the state of the
clusters in Figure 4(a) after a round. There are three different
phenomena as contrasted with the LEACH protocol having
reclustering, and we explain these as the three clusters drawn
in the figure. The blue cluster shows the worst case of CH
positions made by rotating the role of CH within the cluster.
If the width and height between two adjacent nodes are taken
as 1 unit, the total length for communications of the blue
cluster of Figure 4(a) is about 8.4 and for Figure 5 is 16.8. The

(a) A good example

(b) A bad example

Figure 4: Clustering examples of the LEACH protocol.

length of Figure 5 is two times as long as Figure 4(a), but this
does not indicate the doubled energy consumption. Accord-
ing to the LEACH energy consumption model, the energy
consumption increases as the second or fourth power of the
distance, so it has a bad effect on network lifetimes. Thus, we
need to know the effect of the longer communication length
and the effect of not reforming clusters, comparing the worst
cases in cluster nonreforming and reforming, because the
worst case affects the lifetime of a network more than the
best case. The difference of the members between the two
blue clusters is 1, and the difference of the total length is also
just 1. If the number of nodes of a network increases, these
differences will also increase. The more important thing is
that the cluster with fixed cluster members for rounds will
inevitably have all cases, including the worst case, when the
network has enough rounds. Otherwise, the network that
reforms hasmore good cases, because the new elected clusters
have newmembers, which join depending on distance.Nodes
(1, 1) and (2, 2) of Figure 5 belong to the blue cluster,
although these are closer to the green cluster. Likewise,
node (5, 2) also cannot join the blue cluster. Removing
cluster reformation removes the chances for some nodes to
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(1, 1)

(2, 2)

(5, 2)

Figure 5: Clustering example of the COTS protocol.

participate in reasonable clusters and therefore increases the
total communication length. In other words, the flexibility of
clustering is decreased by fixing the members of a cluster. For
these reasons, a protocol without cluster reformation needs
to minimize the negative effects of fixed clusters. To do so,
COTS creates the CH order based on how far each node is
from all other nodes in the cluster during the setup phase.
Once the setup phase is finished, the CH knows which other
node has the next best position to be the next CH.Thus these
nodes can be selected as CHs for the remaining rounds to
reduce the negative effects of outlying CHs. The red cluster
of Figure 5 has the best positioning compared with those of
Figure 4. And with a cluster head order determined by better
geographical positioning, the flexibility decrease problems
are delayed for as long as possible to only appear near the end
of a network’s lifetime.

3.3. Dynamic Rescheduling. Figure 6 shows the operational
procedure of the steady-state phase in the proposed COTS.
CHaggregates the sensed data and transmits it to the BS every
round. In the meantime, CH saves a list of living member
nodes from which sensed data is successfully received. From
the list of living members, a new or updated order of CHs is
built. This list will remain in effect until a new CH order is
created during another round.

The order of CHs is rotated for balanced energy con-
sumption. Figure 7 shows the rounds of the COTS protocol
including the rescheduling slot.The proposedCOTS includes
a rescheduling slot every round. In the rescheduling slot, CH
has a chance to announce the living status of clustermembers.
If dead nodes are detected by a CH, the CH announces a
new or updated cluster head order to all of the members
within the cluster.Themember nodes receive the cluster head
order. The cluster head order is updated, when there is any
difference between the current cluster head order and a new
cluster head order. Otherwise, the CH sends alive messages
to members to inform them of its survival when any node
is not dead during the current round. Hence, every member
can know the status of all of the other members, and no
dead node is chosen as CH, as depicted by the light gray

Aggregate data
and send to BS

Wake up 
at assigned slot time

Go to sleep mode

Wait for packets 
of SNs and make 
a new CH order

rescheduling slot time

Sense and 
send to CH

Steady-state phase
start

Whether or not cluster 
head

Rescheduling slot
start

Yes No

Current time + frame time
< start time of next round −

Yes

No

Figure 6: The steady-state phase in COTS.

Rescheduling slot

· · ·

Figure 7: Rounds of the COTS protocol.

squares in Figure 7. Figure 8 shows the node operation at the
rescheduling slot. The left-hand side of the first question of
the flow represents the operation of the current CH, and the
right-hand side represents that of member nodes.

4. Performance Evaluation

In this section, the performance of the proposed COTS
is evaluated via extensive simulations using ns-2 [11] and
compared with the conventional protocol.

4.1. Simulation Environment. The simulation parameters are
shown in Table 1. The initial battery energy assigned to
each SN is assumed to be 1 and 2 Joules for different
scenarios of energy resource in our simulation. In another
simulation, the number of CHs is assigned as 5 and 10 to
know what effect the difference of the cluster area has. The
ns-2 simulator automatically regulates a limit of transmission
of a node described as transmission range by calculating the
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Send current CH order 
to cluster members

Remove current CH
from the CH order

Rescheduling slot
start

Whether or not cluster 
head

New round
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Is new CH order
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Whether or not
new CH order
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CH order

to current CH order

No

Yes No

Yes No

Yes

Figure 8: Operation at the rescheduling slot.

Table 1: Parameters for simulation.

Parameter Value
Number of nodes 100
Number of CHs 5 (default), 10
Initial energy 1, 2 (default)
Round interval 10 sec
𝐸da 5 nJ/bit/signal
𝐸elect 50 nJ/bit
𝐸sense 5 nJ/bit
𝜀fs 10 pJ/bit/m2

𝜀mp 0.0013 pJ/bit/m4

Location of BS (125, 75)
Network area 100 × 100m2

Transmission range 136m

length between base station and the farthest node. It is for
minimizing inefficiency in the energy consumption caused
by the cluster head advertisement in setup phases. Note here
that, as in most WSNs, the transmission power of nodes is
fixed, and their communication range is also fixed.

For our experiment, we used the energy consumption
model [12, 13] provided with the LEACH source code. The
propagationmodel is the same as that of the LEACHprotocol,

which does not consider errors in wireless channels. Power
control can be used to invert this loss by appropriately setting
the power amplifier. That is, if the distance is less than a
threshold 𝑑

0
, the free space (fs) model is used; otherwise, the

multipath (mp) model is used [14]. Thus, to transmit a k-bit
message along the distance 𝑑, radio power consumption is
given by

𝐸Tx (𝑘, 𝑑) = 𝐸tx−elect (𝑘) + 𝐸Tx−amp (𝑘, 𝑑)

= {
𝑘𝐸elect + 𝑘𝜀fs𝑑

2
, 𝑑 < 𝑑

0

𝑘𝐸elect + 𝑘𝜀mp𝑑
4
, otherwise.

(2)

The first function of (2) is an energy consumption value
spent by the transmission of an electronic device, and the
second function is the value by the transmission amplifier.
Since receivers do not need to have any amplifiers, it only
spends energy for an electronic device as shown in (3).
The radio energy consumption for receiving 𝑘-bit data is
calculated as

𝐸Rx (𝑘, 𝑑) = 𝐸Rx−elec (𝑘) = 𝑘𝐸elec, (3)

where 𝐸elec is the radio electronics transmission/reception
energy, which depends on factors such as digital coding,
modulation, filtering, and spreading of the signal, 𝜀fs

2 and
𝜀mp
4 are constant values for the amplifier energy depending
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Figure 9: The number of living nodes.

on the distance to the receiver and acceptable bit-error rate,
and 𝐸da is the energy consumption of data aggregation.
In this paper, the communication energy parameters are
set as follows: 𝐸elec is 50 nJ/bit, 𝜀fs is 10 pJ/bit/m2, 𝜀mp is
0.0013 pJ/bit/m4, and 𝐸da is 5 nJ/bit/signal.

4.2. SimulationResults andDiscussion. InWSNs, the ultimate
goal of energy saving is to prolong the network lifetime.
In other words, “reduced energy consumption” means “pro-
longed lifetime” in WSNs. The network lifetime is indicated
by the number of living sensor nodes. The two graphs of
Figure 9 show the network lifetime for the different initial
energies of 1 and 2 Joules, respectively. For the two scenarios
of energy resources, there is an improvement of 34% and 37%,
respectively.

In the graphs, the number of living nodes in COTS is
less than that in LEACH until 75 and 150 seconds for initial
energies of 1 and 2 Joules, respectively. This indicates that
the energy is consumed faster. This is due to the beneficial
improvement in COTS, which is as follows. Given a period
of time, more rounds are carried out in COTS compared to
LEACH, because the setup phase is removed every round
after the first round in COTS. More rounds mean both more
sensing and more transmissions, resulting in more energy
consumption during the same period of time. Conceptually,
COTS replaces the setup phase by just one time slot, called the
rescheduling slot. As a result, the number of frames in COTS
is more than that in LEACH. So, both the configuration time
and the energy are remarkably decreased.

The two graphs of Figure 10 represent the number of
packets accepted by BS. Note that the curves of LEACH
and COTS end at the network lifetime of them, respectively,
because no packets are accepted by BS after the lifetime. At
the beginning of simulation, all nodes in the network are

alive, so there is no difference between COTS and LEACH
with respect to the number of packets accepted by BS. We
can confirm it from the early slope of the two lines drawn as
COTS and LEACH in Figure 10. At the middle phase of the
simulation, the curve for COTS is more smoothly saturated.
The decrease of the slope is based on the fixed frame size,
and it shows that our approach works well. Later on in the
simulation, the slope of COTS decreased then converged on
zero. The longer time in COTS is thanks to the increased
lifetime as shown in Figure 9.

In Figure 10, we should pay attention to the relative height
of the two graphs, but not the values. The height of the two
figures is based on the accepted packets of LEACH. The
vertical axis was divided into seven parts by the dotted lines.
When the number of cluster heads (CHs) is small, the number
of packets accepted by BS is slightly decreased in comparison
to LEACH because the communication environment and
parameters between sensor nodes (SNs) and their CHs are
fixed at the first round and not averaged over the rounds
resulting in some undelivered packets in COTS. Note that the
cluster-reforming process may probabilistically average the
communication environment and parameters between SNs
and their CHs over the rounds in LEACH.However, when the
number of CHs is large, the number of packets accepted by BS
in COTS is more than that in LEACH as shown in Figure 13.
Note here that the communication length is relatively short as
the number of CHs increases, and, thus, the communication
environment and parameters between SNs and their CHs will
be more stable. Since the round interval is 10 seconds in these
simulations, the system with 2 Joules has about two times
as much as the simulation with 1 Joule, so the saved energy
affects the total packets sent.

Figure 11 shows the total energy consumption per round.
As shown in the figure, COTS consumes much less energy
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Figure 10: The number of packets accepted by BS (with 5 CHs).
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Figure 11: The total energy consumption per round.

than LEACH.As explained earlier, the setup phase is removed
at every round after the first round, and just one time
slot for rescheduling is added in COTS, resulting in sig-
nificantly saved energy. Accordingly, except for the begin-
ning of network lifetime, COTS consumes less energy than
LEACH.

Figure 12 is the result of a simulation with 10 CHs that can
be compared with Figure 9(b), which has 5 clusters. If the end
of the network lifetime is defined as 90% of total nodes being
dead, the end of lifetime of Figure 9(b) is 150 seconds, and the
lifetime of Figure 12 is 300 seconds. The network in Figure 12
lives twice as long as that in Figure 9(b). This is because the

fixed members in a cluster decrease flexibility as mentioned
in Section 3.2. Increasing the number of clusters indicates
the decreased area of each cluster. Therefore, the entire
communication length also decreases, resulting in reduced
bad effects.The reverse of the bad performance of Figure 9(b)
is shown at 60 nodes, and the reverse of Figure 12 is at
80 nodes. Moreover, the staircase phenomenon comes more
sharply into focus. It is caused by the energy-aware operation
of CH at the steady-state phase. That is, CH stops when the
energy of the battery is not enough to send a message to
BS. The saved energy will be used at the rescheduling slot
to guarantee an agreement of the CH orders among cluster
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Figure 12: The number of living nodes (with 10 CHs).
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Figure 13: The number of packets accepted by BS (with 10 CHs).

members. It is a fact that the more the number of clusters is,
the clearer this phenomenon will be.

Figure 13 draws the number of packets accepted by BS.
We can realize that the higher CH allows COTS to show
its advantages by comparing Figure 13 and Figure 10(b).
The greatest strength is the relative increase of the total
number of accepted packets.Theperformance of the accepted
packets is reversed, when the network has ten CHs, and it
is less than LEACHs when the network has five CHs. This
suggests that the network saves more energy than before.
It is somewhat surprising that the entire network lifetime
is significantly improved even though the total number of
packets is higher than that of LEACH during the network
lifetime. As estimated from COTS’s features, which are the

static number of clusters and the data sent at regular intervals,
the COTS has much higher reliability than LEACH. This is
shown in the higher slope in the graph.

5. Conclusions

The proposed COTS significantly reduces energy consump-
tion incurred by the setup phase of every round by real-
izing novel clustering without repeated setup, resulting in
improved performance and prolonged network lifetime.
Once a cluster is formed at the setup phase of the first round,
the CH creates the cluster head order and broadcasts it to
all the members in the cluster. As a result, the role of CH is
rotated among members in a cluster without requiring any
cluster-reforming process. The cluster head order is updated
and announced to members at the rescheduling slot of every
round, after it is checked against any dead member. The
features of the COTS protocol can be summarized as follows.

(i) Some nodes die faster than others when using
LEACH, but the entire lifetime is remarkably im-
proved.

(ii) The more CHs there are, the less the lifetime is
decreased.

(iii) The higher the initial energy is, the more energy is
saved.

According to our simulation results, the network lifetime
is prolonged more than 1.37 times in comparison to LEACH.
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Multichannel communication protocols have been developed to alleviate the effects of interference and consequently improve
the network performance in wireless sensor networks requiring high bandwidth. In this paper, we propose a contention-free
multichannel protocol to maximize network throughput while ensuring energy-efficient operation. Arguing that routing decisions
influence to a large extent the network throughput, we formulate route selection and transmission scheduling as a joint problem
and propose a Reinforcement Learning based scheduling algorithm to solve it in a distributed manner. The results of extensive
simulation experiments show that the proposed solution not only provides a collision-free transmission schedule but alsominimizes
energy waste, which makes it appropriate for energy-constrained wireless sensor networks.

1. Introduction

Recently envisioned applications of wireless sensor networks
(WSNs) exhibit more stringent Quality of Service demands
in parallel with the traditional lifetime optimization prob-
lem. For example, Wireless Multimedia Sensor Networks
(WMSNs), which enable new surveillance, trafficmonitoring,
and healthcare systems [1], clearly require large bandwidth.
As the hardware costs are continuously decreasing, the
number ofWSN deployments is expected to grow drastically.
Network density will increase greatly, resulting in high levels
of inter-WSN interference. A new challenge needs to be
addressed: the increased bandwidth demand in the presence
of higher levels of interference.

The challenges stem from the fact that the bounded
wireless channel capacity needs to be shared between nodes
within the same geographical area. Meanwhile, most sensor
nodes available on the market are equipped with IEEE
802.15.4 compliant transceivers which are able to operate on
16 nonoverlapping channels in the 2.4GHz ISM band. Thus,
using the available multiple channels efficiently to exploit
parallel transmissions in WSNs becomes very attractive.

Although multichannel communication is quite well-
investigated inwireless network [2–4],most proposals are not
directly applicable to WSNs. Firstly, a sensor node is a low-
power device with a single interface transceiver incapable
to operate on several channels simultaneously, unlike other
wireless devices such as laptop computers or personal digital
assistants. As a consequence, a transmission will fail if the
sender and its intended receiver are not on the same chan-
nel, which is called the deafness problem in multichannel
communication. Secondly, dynamic channel negotiation or
RTS/CTS (request to send/clear to send) exchange used in
some approaches [5, 6] causes large overhead, as the size of
WSN packets is much smaller (30 Bytes) than the packet size
of the IEEE 802.11 standard (512 Bytes). Last, the bandwidth
of sensor radios is limited compared to other wireless devices,
for example, 50Kbps to a maximum value of 250Kbps.

Recently, several multichannel protocols have been
designed specifically for WSNs. Fixed channel assignment
approaches often divide the network into clusters or subtrees
[7, 8] to which different channels are assigned to alleviate
interference among clusters or subtrees. Those approaches
cannot reduce interference efficiently because they do not
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fully exploit the routing topology which has a large influence
on the interference in the network. In [9], Yu et al. propose
a game theoretic based channel assignment algorithm in
which they take into account the routing information to
reduce the interference more effectively but they do not
fully achieve interference-free communication. Some other
approaches schedule transmissions both in the time and
frequency domain to achieve collision-free access [10, 11].The
scheduling algorithm proposed in [10] operates in a central-
ized manner, which causes extra overhead to communicate
the assignment to each node. Moreover, they do not support
heterogeneous traffic patterns.

A common application of WSNs is data gathering,
where themany-to-one/converge-cast communicationmode
is usually taking place. In a multihop scenario, sensed data
from nodes, called source nodes, are all relayed through
one or several intermediate nodes, towards one or several
base stations, called sinks. Therefore, the routing topology
is often in the form of a tree or a forest, in which a node
has one or several parent nodes. In fact, it is difficult to
fully exploit routing information to achieve a collision-free
channel assignment and transmission schedule since nodes
must share information dynamically and be involved in the
channel assignment or scheduling process. In such cases, the
problem becomes NP-hard [9, 10].

Reinforcement Learning (RL) opens up a new path for
practical WSN approaches. RL has already been applied to
several problems in clustering, routing and neighbourhood
management, medium access control, and radio duty cycling
[12, 13]. It is a decentralized technique of goal-directed
learning by trial and error [14]. Every node behaves as
an autonomous agent, acting independently, obtaining the
feedback from its environment, and learning as a result of
this feedback. The feedback is in fact the result of the actions
of all nodes in the system. Based on the obtained feedback,
the agent adjusts its action in pursuit of its goal set by
the system designer. In this paper, we aim at maximizing
parallel transmissions to improve the network throughput by
scheduling nodes’ transmissions in order to avoid the colli-
sions and the deafness problem in multichannel operation
for data gathering WSNs. The elimination of the collisions
and the deafness problemminimizes the energy consumption
at each node. We show how sensor nodes learn to achieve
successful transmissions and receptions in a decentralized
manner, while minimizing energy consumption.

In this paper, we propose a multichannel protocol for
data gathering WSNs with a Reinforcement Learning based
scheduling algorithm.Theproposed protocol exploits routing
information for scheduling collision-free transmissions over
multiple channels. The algorithm operates in a distributed
manner and especially reduces the energywasted by collision,
idle listening, and deafness problem. Its performance has
been evaluated through extensive simulations.

The rest of the paper is organized as follows: in Section 2,
we present the background of the multichannel problem in
energy-constrained WSNs and the formulation of the joint
routing and scheduling problem in Section 3. The RL based
scheduling algorithm and the details of the multichannel
protocol are presented in Sections 4 and 5, respectively. In

Section 6, the results of extensive experiments are presented
to assess the performance of the proposed protocol. A dis-
cussion on the advantages and disadvantages of the proposed
protocol is given in Section 7. Section 8 concludes this paper.

2. Preliminaries and Problem Formulation

2.1. NetworkThroughput andMultichannelOperation. In data
gathering wireless sensor networks, the overall bound on the
average network throughput per node is 𝑊/𝑛, in which 𝑛
is the number of source nodes and 𝑊 is the transmission
capacity [15].Note that source and sink nodes are all equipped
with half-duplex transceivers. However, it is proved that
the maximum throughput can be reached only if the sink
is 100% busy receiving packets and if the schedules of
all nodes are aligned for interference-free communication
for the given network topology. The main reason for the
limitation on network throughput is the interference in the
shared wireless medium. As depicted in Figure 1(a), while
node 1 is transmitting to the sink, node 2must be inactive and
nodes 3, 4 can be inactive or communicate with each other on
a different channel. Otherwise, theywill create collision to the
transmission between node 1 and the sink since they are all in
the same collision domain.

Enabling interference-free spatial reuse of the shared
wireless medium to improve network throughput has been
an important research topic in the wireless networks domain
[16]. There exist many different medium access control
(MAC) methods designed for coordinating communication.
The main techniques used to share the wireless medium and
alleviate conflicts are contention based (carrier sensemultiple
access (CSMA)) or schedule based, such as time division
multiple access (TDMA), frequency division multiple access
(FDMA), and code division multiple access (CDMA). In
addition, some approaches use power control and directional
antennas to further reduce interference.

Figure 1(b) illustrates a schedule of TDMA collision-free
transmissions for all source nodes to forward their data
to the sink using a single channel/frequency for the line
topology network in Figure 1(a). They are all in the same
collision domain hence only one transmission can happen
at one moment and the maximum achievable throughput
is 𝑊/5. Higher network throughput can be achieved using
multiple channels, depicted in Figure 1(c) (two channels in
this case). Multichannel usage allows parallel transmissions
within a single collision domain, which results in increased
throughput, decreased collision probability, and thus better
energy efficiency.

However, as the half-duplex transceivers of the sensor
nodes are only capable of operating on a single channel
at any time, a transmitter and a receiver must tune their
radios to the same channel to communicate successfully.
Given the same geographical network topology but different
routing trees, the maximum achievable network throughput
can differ as illustrated in Figure 2. When node 1 is chosen
as the common parent of node 3 and node 4 for relaying
their data, the maximum achievable network throughput is
𝑊/5, since node 1 cannot receive simultaneously from nodes
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Figure 2: The influence of routing topology on achievable network throughput in the presence of half-duplex transceivers. In (a) a fixed
routing structure is depicted in which nodes 3 and 4 have node 1 as relaying node. In this case, multichannel operation cannot increase
throughput since node 1 can only receive or transmit on a single channel at any time. When nodes 3 and 4 select a different relaying node,
as depicted in (b) the transmissions can be scheduled to maximize the number of concurrent parallel transmissions and the achievable
throughput is𝑊/4. (The arrows point from sender to receiver.)

3 and 4. In order to maximize the number of concurrent
parallel transmissions, nodes 3 and 4 should forward their
data to nodes 1 and 2, respectively. Therefore, it is possible
to schedule node 1 transmitting to the sink while node 2
receiving packet from node 4 as depicted in Figure 2(b).
It results in a maximum achievable network throughput of
𝑊/4. This proves that the routing topology can be managed
for maximizing throughput.

2.2. Energy Efficiency and Channel Coordination. As can be
seen in Figures 1 and 2, achieving a successful transmission
between a pair of nodes in a multichannel wireless network
requires the coordination between the sender and the receiver
to transmit and to listen, respectively, at the same moment
on the same channel. Furthermore, at that moment all other

nodes in range must refrain from transmitting on that chan-
nel to avoid interference with the ongoing transmission.This
coordination of transmissions provides opportunities to save
energy at both the sender (no retransmissions due to collision,
elimination of hidden-terminal and deafness problem) and at
the receiver (no idle listening and overhearing).

The deafness problem occurs when a transmitter sends
a control packet (e.g., request to send RTS) to initiate a
transmission and the transceiver of the destination is tuned
to another channel. After sending several requests, if the
transmitter did not get any response (e.g., clear to send CTS)
it may conclude that the receiver is not reachable anymore.
Besides being confronted with the hidden-terminal problem
as known in single channel, a multichannel operated network
has to deal with the effect of the inability to receive control
packets sent on a different channel than the one the node’s
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transceiver is currently tuned to. This phenomenon is called
the multichannel hidden-terminal problem [3]. The nodes
that miss the control packets might thus falsely conclude
the channel is idle and start transmitting on that channel
which will cause a collision. The overhearing of messages
happens when a node receives messages that are destined to
other nodes. The energy spent for receiving a message can
even be a bit higher than the energy spent for transmitting a
message [17]. These problems are the main sources of energy
wasted in communication, which is themajor contribution of
energy consumption inWSNs, and shorten the lifetime of the
network significantly.

The above-mentioned problems require the coordination
of the transmissions between nodes. Several approaches have
been proposed and [16] provides a detailed survey. For
example, the dedicated control channel approach, a subset
of dynamic channel assignment, uses a channel exclusively
for control purposes [18]. On this control channel, nodes
negotiate which channel to use for the actual data trans-
mission. The dedicated control channel acts, however, as a
bottleneck and results in a maximum achievable network
throughput equal to the one of a single channel network.
The frequency-hopping approach used in [5, 6] improves
the network throughput by allowing parallel rendezvous
transmissions without channel negotiation or information
exchange. However, it encounters difficulties in dealing with
the deafness and multichannel hidden-terminal problems.
The well-known (Carrier Sense Multiple Access with Colli-
sion Avoidance) CSMA/CA handshaking process, RTS/CTS
exchange, used in [5] cannot solve these problems completely.
An RTS/CTS scheme is furthermore not suitable for WSNs
due to the small packet size of IEEE 802.15.4, which would
impose a large control overhead.

3. Model for Joint Routing and
Transmission Scheduling

We aim to design a multichannel protocol that not only
addresses the problems of collision, idle listening, overhear-
ing, deafness, and hidden terminal, but also maximizes the
network throughput. Taking into account the effect of the
routing topology on the number of parallel transmissions, a
node should select simultaneously towhich parent to forward
and on which channel to transmit. The problem becomes a
joint routing and transmission scheduling problem.

The proposed protocol is based on a combination of
TDMA and FDMA techniques. TDMA is known to provide
collision-free operation and excellent energy efficiency due to
the minimization of idle listening and overhearing. However,
a practical implementation of TDMA in sensor networks is
not trivial due to time synchronization requirements and
scalability issues which will be discussed in Section 7.

Time is discretized into fixed length frames composed of
a number of time slots. The length of a slot allows the trans-
mission of a single data message and an acknowledgement
message. Instead of using a fixed frequency assignment for
each node, a channel-hopping scheme is used as follows.

(i) In each frame, a node periodically switches its channel
at each time slot according to a chosen channel-hop-
ping pattern, called the default sequence. A pseudo-
random number generator is used to generate this
sequence, in which the address of the node serves
as the seed. In the sequence, there can be several
broadcast slots in which all nodes hop to the same
frequency. They can be used for local broadcast
communication required by many upper-layer appli-
cations, for example, for updating a route metric.

(ii) In order to establish communication, the sender tunes
its radio to the receiver’s current channel and trans-
mits the data. The sender can reproduce the listening
channel of the receiver when it knows the receiver
address. Therefore, it allows parallel transmissions
between several pairs of nodes without exchanging
information or negotiating a communication channel
which pose a major challenge for energy and band-
width constrained WSNs.

In each time slot, a node can be in three states, listening on
its default channel, deviating to another channel to transmit
data, or being radio-off to save energy resource.

We consider a multihop data-gathering network com-
prising a single base station and many sensor nodes sens-
ing/monitoring data (e.g., environment parameters) which
has to be forwarded to the base station over a routing tree.
Each node has a nonempty set of parent nodes; otherwise,
the node is disconnected from the network. The generated
traffic at each node is assumed to be periodic with respect
to the frame length, but the pattern may be different. Thus,
heterogeneous traffic loads within the network are allowed.
A collision occurs at a receiver when more than one node
in the receiver’s collision domain is transmitting on the
channel the receiver is listening on. It also includes the
hidden-terminal problem. For reliable communication, a
transmission is considered successful if the sender receives
the acknowledgement from the intended receiver.

Since a node normally has several parent nodes (each
hopping according to their respective default frequency
sequence), a node might have several channels to switch to.
As illustrated in Figure 2, a fixed routing structure might
prevent an optimal exploitation of themultiple channels.This
problem can be addressed by letting the nodes decide which
parent they should forward their data to depending on which
channel the parent is listening. The selection of the parent
hence may be different for each time slot.

During a frame, each node has a “pool” of actions it
can perform. A node should specify the exact action, stay
on its home channel, or deviate to a chosen channel to
transmit in a certain time slot of the frame or withdraw from
communication.

It is clear that without coordination, the transmission can
fail because of collision, deafness problem, or (multichannel)
hidden-terminal problem, see Section 2.2. The objective of
the schedule algorithm is to coordinate the action of each
node in each time slot to avoid as much as possible failed
transmissions while forwarding all the generated data toward
the sink.
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4. Reinforcement Learning Based
Scheduling Algorithm

The proposed scheduling algorithm is based on Reinforce-
ment Learning (RL). Among machine learning methods, RL
has shown to be suitable for WSNs since it is fully distributed
and its implementation requires minimal memory space and
communication overhead.

The sensor network is a multiagent learning system in
whichnodes can be considered as autonomous agentsmaking
distributed decisions, called strategies, on how to use the
shared wireless medium. An agent learns from interactions
with its environment, including the other agents, which
strategies to play in order to improve its own long-term
reward. When needed, a node has to compete with its
neighbours for access to the shared radiomedium.Moreover,
the intended receiver node should be ready to listen on the
same channel and thus not to be transmitting its own data.
This translates to learning which action to perform, that is,
transmit, listen, or refrain from communication (or sleep)—in
each time slot. Through the success or failure of their actions,
the nodes learn to adapt their strategies to coordinate the
transmissions on the appropriate channels.

A formal description of our multiagent learning system
consists of the following components.

(i) Each sensor node, denoted as 𝑛, is considered an
autonomous agent that has a set of parent nodes,
denoted as 𝑃

𝑛
, which can relay data of node 𝑛 towards

the sink.
(ii) The number of time slots in a frame is denoted as 𝐾

and the current slot index is denoted as 𝑘, with 0 <
𝑘 ≤ 𝐾.

(iii) A pseudorandom number generator function 𝑐(𝑛, 𝑘)
is available to determine onwhich channel node 𝑛will
listen in slot k.

(iv) In each slot 𝑘, node 𝑛 can derive the set of default
channels; its parent nodes will listen on 𝐶

𝑛𝑘
=

{𝑐(𝑝, 𝑘) | 𝑝 ∈ 𝑃
𝑛
}.

(v) In each slot k, node 𝑛 executes an action 𝑎
𝑛𝑘

from
its set of available actions 𝐴

𝑛𝑘
: listen on its own

channel 𝑐(𝑛, 𝑘) (denoted as action 𝑎
0
in Figure 3), or

transmit on one of its parents’ default channels 𝑐
𝑥
in

𝐶
𝑛𝑘
(denoted as action 𝑎

𝑥
in Figure 3).

(vi) For each slot k, node 𝑛 keeps track of the probabilities
of successfully performing respective actions in that
slot, 𝑃suc(𝑎𝑥) for all 𝑎𝑥 ∈ 𝐴𝑛𝑘.

Note that the sink, equipped with a half-duplex transceiver as
well, listens in each slot for incoming data.

The flowchart in Figure 3 depicts how the learning pro-
cess operates in every slot. Initially, each node chooses an
action at random for all slots. In each slot, the nodes perform
their actions simultaneously and the combined actions of all
nodes result in a specific state of the network. Some pairs of
nodes might have successfully established communication,
while the actions of other nodes are unsuccessful due to
collisions or unresolved coordination. Note that the data
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Figure 3: The learning process for scheduling collision-free trans-
mission, which is operated in all nodes.Theprocess is repeated every
frame.

Table 1: Overview of why actions might fail.

Action Reason for failure
Listen Nobody sending (idle listening), collision

Transmit Receiver not listening (deafness problem), collision
(including hidden terminal)

mentioned in Figure 3 is the pseudo-data packet and the
acknowledgement packet is the confirmation of receiving the
pseudo-data packet.

When a node’s action is successful, it will receive positive
feedback either in the form of a data packet destined for itself
(when listening) or an acknowledgment (when transmitting).
The reason of a failed action is listed in Table 1.

To update the actions of the nodes, a trade-off between
exploitation and exploration is made based on the “win-
stay lose-shift” policy proposed in [19]. A successful action
will be repeated in the same slot in the next frame (“win-
stay”), while an action from the set of available actions will
be randomly selected when the executed action failed (“lose-
shift”). Different methods of action selection, based on a
uniform or biased probability distribution, can be applied. In
the uniform scheme, all actions in the set of available actions
have equal selection probability. With the biased scheme, the
probability of an action being chosen as the next action to
perform is exponentially proportional to the probability of
successfully performing that action (a parameter which has
been updated in every frame). The policy used to balance
exploitation and exploration influences to some extent on the
optimality of the found solution.

To assure that nodes do not interfere with an already
successfully coordinated communication, nodes perform a
Clear Channel Assessment (CCA) check before transmitting.
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At the beginning of each slot, a contention window is used in
which the CCA is performed. The length of this contention
window is decreased when a node has previously established
successful transmissions in that slot.Themechanismwill thus
give privilege to nodes that performed successful transmis-
sions before.

Individual nodes are not able to detect when the learning
mechanism has converged, since it is fully distributed and
nodes do not exchange their state information. The learning
process is stopped after a fixed number of frames, set by the
user of the system. After the learning process, the best action
in each slot is chosen based on the success probabilities of the
actions, in the following way:

𝑠𝑒𝑙𝑒𝑐𝑡 𝑎
∗
𝑤𝑖𝑡ℎ 𝑃suc (𝑎

∗
) > 𝑃suc (𝑎𝑥) ∀𝑎𝑥 ∈ 𝐴𝑛𝑘.

𝐼𝑓 𝑃suc (𝑎
∗
) > 𝑃 th 𝑡ℎ𝑒𝑛

𝑎
𝑛𝑘
← 𝑎
∗

𝑒𝑙𝑠𝑒

𝑎
𝑛𝑘
← 𝑠𝑙𝑒𝑒𝑝

𝑒𝑛𝑑 𝑖𝑓.

(1)

If the success probabilities of all actions are lower than or
equal to a given threshold value (𝑃th), then the node infers
that it cannot communicate successfully in that slot.The node
can then turn off its radio in that slot, that is, sleep, to save its
energy resource. The threshold value 𝑃th is fixed by the user
of the WSN.

5. Protocol Design

Time is discretized into fixed length frames composed of
a specified number of slots. To achieve energy-efficient
operation, the nodes duty cycle their radios in each slot.
The length of the active period at the beginning of the slot
is fixed and is long enough to allow a single IEEE 802.15.4
maximum length packet (of 128 bytes) to be transmitted
and acknowledged. In every frame, each node periodically
switches its channel at each time slot according to its pseudo-
randomized channel-hopping sequence.

The protocol is divided into 3 phases as follows.

Initialization Phase. All nodes initially operate on the same
default channel to allow initial synchronization and neigh-
bour discovery. During network initialization, a minimum
hop cost field is built. Each node learns its minimum hop
distance to the sink and knows its set of candidate parent
nodes through which it can relay data. If network density is
high enough, this set will include more than one parent.

Scheduling Phase. Each node independently runs the learning
process described in Section 4. Nodes learn how to coordi-
nate their transmissions to achieve the goal of transferring the
generated data message toward the sink while saving energy
from failed transmissions and receptions.The achieved result

is the schedule of actions (listen, transmit on a specified
channel, or sleep) for all nodes in each time slot.

Operation Phase. According to the obtained schedule after
the learning phase, nodes knowwhether they should turn the
radio off or on andwhich channel to switch to.They all follow
the strategies which the learning process converged to. The
main advantage of the proposed scheme, the characteristic
of Reinforcement Learning technique, is that nodes do not
need to share their own schedule to others. The coordination
among nodes is achieved without central authorization or
completely sharing information.

The obtained nodes’ schedule is considered an “optimal”
solution when all the generated packets in a frame can be
delivered successfully at the sinkwithin a frame.The schedule
of each node is traffic adaptive since nodes only contend for
channel access when they have packets in their queue (see
Figure 3). The traffic-adaptive mechanism can be illustrated
by the behaviour of the leaf nodes. Since the leaf nodes do
not have to forward any data, they only need to transmit
in a specific number of slots according to their own traffic
load. In all other slots, the leaf nodes will enter in sleepmode
and turn their radios off in order to avoid idle listening and
overhearing.

In the proposed protocol, nodes do not need to exchange
RTS/CTS messages. Since a node either wins access to the
channel (and hence does not need RTS/CTS) or fails and
then attempts to find another free slot during the scheduling
phase, nodes actively avoid the deafness and hidden-terminal
problems.

6. Experimental Study

6.1. Evaluated Parameters. A Matlab simulation program
was developed to evaluate the performance of the proposed
multichannel protocol. The following metrics are measured.

(i) The end-to-end packet delivery ratio (PDR) is the
ratio of the number of packets delivered at the sink to
the total number of generated packets.This parameter
indicates the optimality of the schedule obtained by
the scheduling algorithm.

(ii) The end-to-end latency is the average of the end-
to-end delay of all packets received by the sink.
Combined with the end-to-end PDR, this indicates
the achieved network throughput.

(iii) The energy waste factor is measured as the average
amount of collisions, overhearing, and idle listening
happening in one node per frame during the opera-
tion phase.

We compare the performance of our protocol with the
multiple rendez-vousMcMACwhich is a frequency-hopping
protocol.

We define the parameter 𝛼 as the ratio of the number
of time slots per frame to the number of generated data
messages at all source nodes in the network. We investigate
the relationship between the parameter 𝛼 and the probability
of converging to an optimal solution.
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Figure 4: The performance evaluation in terms of (a) end-to-end packet delivery rate, (b) the probability of converging to optimal solution,
(c) end-to-end latency, and (d) energy waste factor. The experiments have been done on grid topology of 25 nodes, in different settings,
uniform or biased selection rule, uniform or heterogeneous traffic pattern, and different levels of transmission range.

We run simulation experiments with 25 nodes which are
placed in an area of 80m ∗ 80m in two kinds of topologies,
grid and random topology. The sink is positioned at the
leftmost upper corner. Nodes are randomly deployed in the
area or uniformly deployed at a distance of 20 meters from
each other. We set the transmission range of nodes at two
levels, 30 meters and 50 meters.

To illustrate the performance of the network at high data
rates, we assume that each node generates messages every 10
seconds. The length of the frame is set to 10 seconds. Each
node generates 1 message per frame (uniform pattern) or 1 to
4 messages per frame (heterogeneous pattern). Messages are
generated at random time slots within frame.

The scheduling phase is set to 200 frames, which is long
enough for the algorithm to converge. A good value for the
success probability threshold 𝑃th was empirically determined
to be 0.4.The results are averaged over 30 simulation runs and
are represented as function of the parameter 𝛼.

6.2. Evaluation. As illustrated in Figure 4(a), when 𝛼 is
increased, the average of end-to-end PDR is increased. In
grid topology, uniform or heterogeneous traffic pattern, and
biased selection rule, the average of end-to-end PDR is larger
than 99.5% when 𝛼 is larger than 1.25. Even though, the error
bar of standard deviation is very small (less than 0.5%). The
result indicates that in most simulation runs, a contention-
free schedule capable of delivering all messages to the sink
has been achieved by the RL based scheduling algorithm.The
probability of converging to such optimal solution is nearly
100%, as depicted in Figure 4(b). When the number of time
slots per frame is equal to the number of generated messages
(𝛼 equals to 1), the nodes have less possibilities to arrange
their transmission.

The high value of end-to-end PDR and high probability
of converging to an optimal solution in heterogeneous traffic
pattern show that the attained schedule is adaptive with the
heterogeneous traffic demand of each node. It comes from
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Figure 5: Performance evaluation of 25 nodes on random and grid topology and wireless link quality variation environment (average packet
loss of 10%): (a) end-to-end packet delivery rate and (b) end-to-end latency.

the fact that a node only contends for the channel when
it needs to send a message; otherwise, it listens or refrains
from using the channel to save its own power and to give
opportunity to others.

An increased communication range imposes a greater
interference region as well. The nodes will thus have to
overcomemore constraints when they try to learn a collision-
free schedule. Increasing the number of time slots per frame
will alleviate this problem (when the number of parent nodes
is about 3 to 5 in a grid topology with communication range
of 50 meters, a good value for 𝛼 is about 1.7).

The results of applying different rules for exploration, uni-
form or biased selection probability, show that the optimality
of the obtained schedule is influenced by the exploration pol-
icy.With the uniform selection rule, the result is worse, lower
average value and larger standard deviation of the end-to-end
PDR parameter, which means that the attained solutions are
often not optimal (not all nodes find the complete paths to
send their messages). Figure 4(b) shows that the probability
of converging to an optimal solution is a bit lower.The reason
is that with a uniform selection rule, each action has equal
probability to be chosen as an explored action. Nodes do
not exploit the accumulated knowledge obtained during the
learning process, which can be the number of successfully
done trials of each action in the proposed scheme, which is
used in biased probability selection rule.Therefore, the results
are more fluctuating and not optimal.

Figure 4(c) shows the average number of time slots that
a packet needs to be delivered to the sink. Equivalently to
Figure 4(a), the performance is better when 𝛼 is larger. For
example, in grid topology, when the transmission range is set
at 30 meters, the maximum hop count is 4 hops. The packets
from the forth tier require 4 slots to be delivered to the sink
while those from the first tier require only 1 slot, which is the
optimal achievable latency.

The energy waste factor of each test scenario in
Figure 4(d) illustrates the energy expenditure in useless
activities of nodes. The higher the value of 𝛼 is, the higher
the energy waste becomes. In detail, nodesmainly waste their
energy on the idle listening. The overhearing rarely happens
and collisions are only found in nonoptimal schedules.

Figure 5 shows the performance comparison in different
topologies, grid and random topology, and in link quality
variation environment. In a random topology, a somewhat
lower performance is perceived even when the number of
slots per frame is high (𝛼 = 2).The reason is that in random
topology, the numbers of neighbour nodes and parent nodes
are very different from node to node. Therefore, a fixed
sleep threshold (𝑃th) appears unsuitable. We presume that a
variable sleep threshold in relation with the number of parent
nodes of each node will be more appropriate.

In real-world application, the quality of wireless link often
varies, which means that the average of packet delivery rate
at each link is less than 100%. We set up a simulation in
which the average packet loss ratio of every link is 10%.
To compensate for packet loss, the retransmission scheme
is applied to assure reliable communication. In the learning
phase, we set up each node to learn with the double of its
own generated traffic. Hence, nodes contend more for access
channel and might get more slots for transmissions. It would
help nodes to have redundancy slots for retransmission if
the transmission has failed because of low link quality. The
effectiveness of the redundancy scheme for link variation has
been proved by the very high end-to-end PDR and the one
frame-bounded end-to-end delay illustrated in Figure 5.

The proposed protocol outperforms McMAC since
McMAC does not provide contention-free access (see
Figure 6). The receiver-centric contention resolution of
McMAC is not enough to assure a decent packet delivery
ratio.The average end-to-end latency is much higher because
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Figure 6: Comparison of Reinforcement Learning based scheduling in multichannel protocol with McMAC on grid topology of 25 nodes,
traffic pattern of one packet per frame in terms of (a) End-to-end packet delivery rate and (b) End-to-end latency.
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Figure 7: The energy waste factor of (a) Reinforcement Learning based scheduling in multichannel protocol on random or grid topology
and link quality variation scenarios and (b) in comparison with McMAC.

of CSMA/CA scheme in McMAC. The proposed collision-
free schedule protocol especially shows a very impressive
energy efficiency compared toMcMAC (see Figure 7(b)). For
example, in McMAC protocol, on average a node has wasted
its energy in 3 time slots every frame of 36 time slots (𝛼 =
1.5). In the proposed protocol, the result is 1 time slot every 3
frames, which is 9 times less than McMAC. In the adaptive
learning scheduling protocol, most of energy waste comes
from idle listening, while in McMAC, the collision, idle
listening, and overhearing all happen much more frequently.

7. Discussion

The experimental results indicate that the performance of
the proposed protocol depends on the parameter 𝛼, which is

the ratio of the number of slots per frame to the number of
generated data messages per frame. When 𝛼 is large enough,
the optimal solution is achieved more easily and more often,
latency is lower and less packet loss is experienced. However,
increasing 𝛼 will result in more idle listening. When the
number of slots per frame is larger, nodes might try to
transmit in more slots before converging to a specified
one to make some receiver node conclude that the action
of listening is a good one. In addition, the conclusion of
nodes also depends on the sleep threshold. To ensure a
high packet delivery rate, the parameter of sleep threshold
(𝑃th) should not be set too large; otherwise, a lot of nodes
might decide to sleep. The value of 𝑃th reported in Section 6
is obtained experimentally. Further investigation should be
done to explore this issue.
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The proposed protocol is based on schedule-based
approach, which will require network-wide time synchro-
nization which has been a well-investigated research topic
in wireless sensor networks since it is essential for any
kind of distributed components [20]. Among that, Time-
Synch Protocol for Sensor Networks (TPSNs) [21] providing
network-wide time synchronization with a master clock is
emerging as a promising protocol.

In TPSN, the hierarchical-structured tree is used to
distribute the global time of the master clock at the sink.
Along the routing tree, nodes, receiving timing information,
estimate their clock offset with the master clock and adjust
their clock information when needed. Hence, nodes are time
synchronized with the sink node. In [22], the experimental
result on real testbed of a derivation of TPSN has proved
the feasibility of tight requirement in synchronization for
schedule-based approach protocol with reasonable overhead.

We observe that the operation of TPSN is suitable for
our schedule-based multichannel protocol. The network is
also built in a tree form in which each node knows its
minimum distance to the sink. The timing information from
the sink can be distributed to source nodes in broadcast slots.
During periodic traffic forwarding to the sink, a sender node
can receive timing information from the receiver which is
its parent node in the routing tree and keep synchronized.
Future work will present the detailed extension of TPSN
for a practical time synchronization scheme supporting the
proposed protocol operation on real hardware.

8. Conclusions

In this paper, we proposed a multichannel protocol for high
bandwidth wireless sensor networks. The proposed protocol
is based on the combination of TDMA and FDMA and pro-
vides collision-free scheduling of transmissions by applying
a Reinforcement Learning technique for the joint scheduling
and routing process in each node. The joint problem comes
from the motivation that a fixed routing structure may result
in suboptimal exploitation of the multiple channels. The
medium access resolution is combined with route selection
to make nodes learn not only to which parent but also on
which channel they should forward their data.The scheduling
algorithm works in a distributed manner on each node,
resulting in an optimal solution of collision-free transmission
for all nodes. Moreover, the obtained schedule is traffic
adaptive and energy efficient.

We have investigated the performance of the proposed
protocol with extensive simulation experiments. The results
show that the optimal solution is obtained in nearly 100% of
the simulation runs when the number of time slots per frame
is greater than the traffic demand.

Taking into accountwireless link quality variation, redun-
dant traffic pattern learning is applied. It assures high end-to-
end packet delivery rate and bounded end-to-end latency.

In comparison with McMAC, another frequency-
hopping approach, our proposed protocol shows a better
performance in terms of end-to-end delivery rate, end-to-end
latency, and much higher energy efficiency.

In the future, we plan to implement the proposed protocol
in combination with the appropriate time synchronization
protocol on an operational sensor node testbed and evaluate
its performance on the real devices.
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tralised reinforcement learning for energy-efficient scheduling
in wireless sensor networks,” International Journal of Commu-
nication Networks and Distributed Systems, vol. 9, pp. 207–224,
2012.

[14] R. Sutton and A. Barto, Reinforcement Learning: An Introduc-
tion, The MIT Press, Cambridge, Mass, USA, 1998.

[15] E. J. Duarte-Melo and M. Liu, “Data-gathering wireless sensor
networks: organization and capacity,” Computer Networks, vol.
43, no. 4, pp. 519–537, 2003.

[16] O. D. Incel, “A survey on multi-channel communication in
wireless sensor networks,” Computer Networks, vol. 55, no. 13,
pp. 3081–3099, 2011.

[17] http://www.ti.com/product/cc2420.
[18] J. Li, Z. Haas, M. Sheng, and Y. Chen, “Performance evaluation

of modified IEEE 802.11 MAC for multi-channel multi-hop ad
hoc network,” inProceedings of the 17th International Conference
on Advanced Information Networking and Applications (AINA
’03), pp. 312–317, 2003.

[19] M. Posch, “Win-stay, lose-shift strategies for repeated games—
memory length, aspiration levels and noise,” Journal of Theoret-
ical Biology, vol. 198, no. 2, pp. 183–195, 1999.

[20] I. K. Rhee, J. Lee, J. Kim, E. Serpedin, and Y. C. Wu, “Clock
synchronization in wireless sensor networks: an overview,”
Sensors, vol. 9, no. 1, pp. 56–85, 2009.

[21] S. Ganeriwal, R. Kumar, and M. B. Srivastava, “Timing-sync
protocol for sensor networks,” in Proceedings of the 1st Interna-
tional Conference on Embedded Networked Sensor Systems, pp.
138–149, Los Angeles, Calif, USA, November 2003.

[22] B. Lemmens, K. Steenhaut, P. Ruckebusch, I. Moerman, and
A. Nowe, “Network-wide synchronization in wireless sensor
network,” in Proceedings of 19th IEEE Symposium on Com-
munication and Vehicle Technology in the Benelux (SCVT ’12),
Eindhoven, The Netherlands, November 2012.



Hindawi Publishing Corporation
International Journal of Distributed Sensor Networks
Volume 2013, Article ID 421084, 13 pages
http://dx.doi.org/10.1155/2013/421084

Review Article
Intelligent Optimization ofWireless Sensor Networks through
Bio-Inspired Computing: Survey and Future Directions

Sohail �a��ar��a�ia Iram���id�li�inhas� ImranSha��Shehzad�halid� and�u�eet�hmad

Bahria University Wireless Research Center, Bahria University, 44220 Islamabad, Pakistan

Correspondence should be addressed to Sohail Jabbar; sjabbar.research@gmail.com

Received 14 July 2012; Revised 15 December 2012; Accepted 17 December 2012

Academic Editor: Jiman Hong

Copyright © 2013 Sohail Jabbar et al. is 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.

is survey article is a comprehensive discussion on Intelligent Optimization of Wireless Sensor Networks through Bio-Inspired
Computing. e marvelous perfection of biological systems and its different aspects for optimized solutions for non-biological
problems is presented here in detail. In the current research inclination, hiring of biological solutions to solve and optimize different
aspects of arti�cial systems’ problems has been shaped into an important �eld with the name of bio-inspired computing. We have
tabulated the exploitation of key constituents of biological system for developing bio-inspired systems to represent its importance
and emergence in problem solving trends. We have presented how the metaphoric relationship is developed between the two
biological and non-biological systems by quoting an example of relationship between prevailing wireless system and the natural
system. Interdisciplinary research is playing a splendid contribution for various problems’ solving. e process of combining the
individuals’ output to form a single problem solving solution is depicted in three-stage ensemble design. Also the hybrid solutions
from computational intelligence-based optimization are elongated to demonstrate the emergent involvement of these inspired
systems with rich references for the interested readers. It is concluded that these perfect creations have remedies for most of the
problems in non-biological system.

1. Introduction

Aer exhaustive effort in gaining maximum productivity
from brainstorming solutions, researchers are now inclining
towards biologically inspired solutions. Each and every cre-
ation of the One has the invitation to the researchers and
thinkers to ponder. is creation is perfect in its own life
and needs. e ultimate ideological convergence of scientists
to this perfect creation for �nding the relevant traces of
problems and their solutions is in fact moving to “the best.”
Giving insight attention to the nature and the creation gives
the glow to thoughts due to its miraculous architecture. Ibn
al-Haitham, a 10th-century mathematician, astronomer, and
physicist, invented the �rst pin-hole camera by understand-
ing the mechanism that light enters the eye, rather than
leaving it [1]. In the 9th century, Abbas ibn Firnas was the
�rst person to make a real attempt to construct a �ying
machine and �y. He designed a winged apparatus, roughly
resembling a bird costume [2]. Moreover, Newton’s theory of
gravity, Wright brothers’ in�uenced work of �ying, Einstein’s

theory of relativity, and John von Neumann’s abstract model
of self-reproduction are just the names of few. e intense
exploitation of these miraculous creations of the One in
Human’s problems solving has now organized as a complete
�eld naming biological-inspired computing. e word com-
puting encompasses the activities of using and improving
the computer technology, computer hardware, and computer
soware. e technique of formulating the views, ideas,
technologies, and algorithms for unknotting the issues as
well as introducing the innovation in computer technology,
hardware, and soware that are motivated by the biological
systems is called biologically inspired computing or bio-
inspired computing. Its typical consortium is shown in Tables
1 and 2. ree key sub�elds are loosely knit together to form
the core of bio-inspired computing which are connectionism,
social behavior, and emergence. ough biological systems
exhibit complex, intelligent, and organize behavior, they are
comprised of simple elements governed by simple rules. It is
highly cost effective to hire the complex and in-networked
processing-based simple rules inman-made systems.e real
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effort that comes in this synergistic solution is in �nding
the similar patterns of issues in arti�cial (man-made) and
real (natural) creation and later their solutions. is invites
the interdisciplinary research which is an essential driver for
innovation.

e rest of the paper is organized as follows. Section 2
summarizes the intelligent optimization in biological sys-
tems. Bio-inspired intelligent optimization for non-biological
system is discussed in Section 3. Section 4 shows the opti-
mization in wireless sensor networks’ domain. In continua-
tion to this, in Section 5 a connection is tried to be established
between real and arti�cial systems to show how different
arti�cial systems have been developed from the real system
and what are the constituents of this establishment. Solution
of various problems from the wireless sensor networks’
domain from different bio-inspired systems is discussed and
tabulated in Section 6. Future direction and conclusion are
given in the subsequent sections.

2. Intelligent Optimization in
Biological Systems

e real creation of any natural system has marvelous traits
in it. e source of inspiration is the traits which provide
a guiding light to lead us towards the optimal solution
for inspired systems. As the traditional optimization prob-
lems need more memory and computational power and
are directly exponentially related with the problem size,
optimization can be an interdisciplinary approach for �nding
the best solution of a problem among alternatives. Better
computer systems and improved performance of computa-
tional tasks such as �exibility, adaptability, decentralization,
and fault tolerance can be achieved in the form of bio-
inspired algorithms from the principles evolved from Nature.
As far as modeling of a problem with respect to the bio-
inspired algorithms is concerned it enables the problem to
solve according to the principles evolved from nature by
understanding nature‘s rule the complex problems. Figure
1 below shows the optimization techniques classi�cation to
solve optimization issues based on three categories, that is,
search space, problem, and form of objective function.

One of the key features of biological systems in searching
the best solution is optimization. Most of the time, optimiza-
tion process needs iteration of working sessions. Foraging
behavior in ants and bees systems, �ocking, herding, and
schooling process in birds, animals, and �sh, respectively,
are some of the typical examples of iteration of working
sessions for the optimal respective solutions. Optimization
is the scienti�c discipline that raises the winning �ag for the
solution which gives the optimal result among all available
alternatives in resolving the particular problem. Swarm intel-
ligence (SI) is one of the aspiring solutions from bio-inspired
computing for such heuristic optimization problems, for
example, routing. Swarm refers to the large no. of insects or
other small organized entities, especially when they are in
motion. Global intelligent behavior to which the individuals
are entirely unknown is emerged due to the local, self-
organized, and decentralized interaction of swarm’s agents.

Search 

space

Problem

Objective 

function

Optimization

• Discrete

• Combinatorial

• Continuous

• Global

• Mixed integer

• Dynamic

• Multiobjective

• Linear

• Nonlinear

• Convex

• Quadratic

• Stochastic

• Nonconvex

F 1: Optimization categories.

Natural examples of SI include ant colony, bird �ocking,
animal herding, bacterial growth, �sh schooling, drop water,
and �re�ies. Examples of algorithms under the head of SI are
Ant Colony Optimization (ACO), River Formation Dynam-
ics (RFD), Particle SwarmOptimization (PSO), Gravitational
Search Algorithm (GSA), Intelligent Water Drop (IWD),
Charged System Search (CSS) and Stochastic Diffusion
Search (SDS). Among all genus under swarm intelligence,
autonomously social and extremely well-organized as well as
colony-based life is of Ants. Inspired algorithm from ants is
Ant Colony Optimization. Number of combinatorial opti-
mization problems are targeted by theACO technique such as
asymmetric travelling salesman [3], graph coloring problem
[4], and load balancing in telecommunication networks [5].
Ant Colony Optimization has been formalized into a meta-
heuristic for combinatorial optimization problem. A meta-
heuristic is a set of algorithmic concepts that can be used to
de�ne heuristic methods applicable to wide set of different
problems. Examples of meta-heuristic include tabu search
[6–8], simulated annealing [9, 10], iterative local search
[11], evolutionary computation [12–15], and ant colony
optimization [16–19]. For their applications in different
�elds for the optimal solutions, their nature is customized
accordingly. For example, in case of Wireless Sensor Network
(WSN), which is an energy, memory, and computational
power constraint network, the proposed heuristic algorithm
must be customized enough to cater for these constraints.

3. Bio-Inspired Intelligent Optimization for
Nonbiological System

Survival of the best is the key driving force behind the
optimization in arti�cial systems. From nothing to existence
of global village clearly portrays this endeavor of moving
to �the best.� e in�uence of biology and life sciences is
a source of inspiration since ages, as the design of aircra
leads to be inspired from birds, the �ghter jet planes from
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T 1: Optimization in wireless sensor networks’ domain.

Optimization
problem WSN challenges Objectives of optimization problems in WSN

Multiobjective [20] Design and
deployment

Multitude objectives of deployment/design issues of WSN like coverage, differential detection
levels, lifetime of node, energy-related parameters, energy efficiency, sensing point uniformity,
and number of sensors which needs to be optimized simultaneously or optimal tradeoff is
required between objectives.

Multidimension [24] Localization Deals with position estimation, signal propagation time, and the received signal strength of
which at least one nonlinear function needs to be optimized.

Combinatorial [23] Security
Searching for optimal solution from discrete variables of the functions like node capabilities,
possible inside threats, integrity, end-to-end data security, and key distribution for the best
solution.

Multi objective [21]
Routing

and
clustering

Multitude objectives of routing and clustering of WSN like energy consumption, network
delay, and data packet lost rate, helps relay the sensed data traffic to the sink, which needs to
be optimized simultaneously or optimal tradeoff is required between objectives.

Combinatorial [25] Data aggregation
e optimal solutions may be discrete or it may be discrete solution like efficient collection of
sensed data, forwarding data to base station, and integrating data derived from multiple
sources for the best solution.

Multi objective [22] Scheduling and
MAC

Multitude objectives passive mode, active mode, and transmission of data by node for
maximum life time by conserving energy, which needs to be optimized simultaneously or
optimal tradeoff is required between objectives.

Combinatorial [26] QoS management e optimal solutions may be discrete or it may be discrete solution like analytically plan and
allocate resources for the best solution.

T 2: Exploitation of key constituents of biological systems for developing bio-inspired systems.

Key constituents of biological system Examples of constituents Bio-inspired system

Cell Structural unit

- DNA computing [27]
- Membrane computing [28]
- Cellular automata [29]
- Rendering [30]

Organ

- Arteries
- Bronchi
- Ears
- Heart

- Sensor network [31]
- Excitable media [32]

Organ system

- Circulatory system
- Digestive system
- Nervous system
- Reproductive system
- Respiratory system
- Skeletal system
- Urinary system

- Arti�cial neural system [33]
- Arti�cial immune system [34]
- Genetic algorithm [35]
- Biological fault tolerant [36]

Organism

- Animals
- Plants
- Protists
- Bacteria

- Fractal geometry [37]
- Lindenmayer system [38]
- Morphogenesis system [39]
- Arti�cial life [40]

Ecosystem Biological system and its physical environment
- Biodegradability production [41]
- Emergent systems [42]
- Communication network and protocol [43]

birds of prey, commercial jet planes from the birds that
travel long distances, submarines and other deep sea diving
machines from deep sea �sh, surgical tools from beaks of
various birds, helicopters from dragon �ies, Bionic arms, and
muscles from human arm and muscles. e effort in terms
of time and space of �nding the optimal solution depends
on application, search space and solution required optimality
level. e alternative prospective feasible solutions of that

speci�c problem are reduced if the constraints are posed by
the user or the problem itself.

e constraints usually restrict the search space. e pre-
sented problems where the constraints are absent are called
it unconstrained optimization. In contrast to constraint
optimization problem where the limits and boundaries are
de�ned, global optimization problems is concerned with the
detection of optimal one. is is not always possible or



4 International Journal of Distributed Sensor Networks

necessary indeed.ere are cases where suboptimal solutions
are acceptable depending on their quality compared to the
optimal one. is is usually described on local optimiza-
tion. Conventional approaches exist to achieve the better
solutions but the research is now inclining towards the
bio-inspired intelligent optimization techniques. Arti�cial
Neural Network (ANN) is a massively parallel computing
systems consisting of large number of interconnected simple
processors to handle various types of challenging compu-
tational problem such as in wireless sensor network, RF
and microwave communication, Radar communication, and
Antenna and wave propagation.is aspiring system is based
on the organizational principles used in humans. Render-
ing/computer graphics technology is inspired by the pattern
of animal skins, bird feathers, bacterial colonies, and mollusk
shells which have their applications in pattern recognition,
wireless sensor network, and others. Similarly, inspiration
of arti�cial immune system by natural immune system,
fractal geometry by clouds, river networks, and snow�akes
are some examples of it. e next section clearly intuits the
emergence of bio-inspired solution for the optimization in
various applications of wireless sensor network.

4. Optimization inWireless Sensor
Networks’ Domain

In most of the real-world problems, an optimal solution
for simultaneously satisfying the one or more con�icting
performance attributes is required. e key in seeking the
optimization in solution for such type of problems is setting
tradeoff among the participating attributes in their solutions.
For example, in aircra design, tradeoff is set between
minimizing the fuel consumption and maximizing its per-
formance, and real-time communication of sensed data from
source to destination, the congestion, packet drop and the
energy consumption are also minimized as the participating
attributes. In [20–22], Authors have targeted the wireless
sensor networks’ domain for the optimization of multitude
objectives in design and deployment, routing and clustering,
and scheduling and MAC aspects. In [20] the author has
analyzed the major challenges in designing wireless sensor
network. He has presented the multiobjective deployment of
nodes with establishing the tradeoff between the desired and
contrary requirements for coverage, differentiated detection
levels, network connectivity, network life time, data �delity,
energy efficiency, number of nodes, fault tolerance, and load
balancing.

He has also purposefully discussed the need for simul-
taneous optimization of the aforementioned objectives. Wei
and Zhi [21] have introduced an advanced ant colony algo-
rithm based on cloud model (AACOCM) for the optimiza-
tion of multitude aspects of achieving optimal routing. is
multiobjective optimization model optimizes the functions
such as energy consumption, network delay, and data packet
loss rate. Various services having different energy, cost, delay,
and packet loss requirements can be focused by tuning the
weight of each function of this proposed model. Passive
mode, active mode, and transmission of data by node for

maximum life time by conserving energy are the multitude
objectives that are focused in [22], which needs to be
optimized simultaneously or optimal tradeoff is required
between these objectives for the purpose of achieving better
scheduling and accessing the media at MAC layer.

In Combinatorial Optimization (CO) some or all of the
participating objects or variables are discrete or restricted to
be integral.e target inCO is to �nd an optimal objectwhere
�nite objects are available. Vehicle Routing Problem (VRP),
Travelling Salesmen Problem (TSP), Minimum Spanning
Tree (MST) problem, and data routing in WSN are its
typical examples. Tie and Li [23] have introduced a security
key management scheme which is based on combinatorial
optimization. e results come up with yielding optimal
results for the number re-key messages. e ultimate target
is to search for the optimal solution for discrete variables of
the function like node capabilities, possible inside threats,
integrity, end-to-end data security, and key distribution for
the best solution.

�. �rom �eal to �rti��ial

Someof the things are similar to each other at some important
aspect even of their opposed nature. A desktop computer is a
scooped-out hole in the beach where information from the
cyber sphere wells up like sea water is a typical example of
developing similarity between non alike things. But the key
in making such relationship needs to explore the nature of
two comparing systems. In the following paragraphs, Ant as a
typical example of biological system is explored with respects
to the basic constituents of biological systems. e foraging
behavior of Ants is taken to develop the relationship with the
routing inWireless SensorNetworks. A typical representation
of ACO algorithm with respect to Ants foraging behavior is
shown in Figure 2.

e constituents of biological systems which forms the
basis for developing metaphoric relationship to arti�cial
system are cell (structural unit), organs (cell joins to form
tissues and tissues joins to form a functional body), organic
system (functional body interacts to work for same task),
organism (multiple organic systems join to form a com-
plete structure), and ecosystem (environment interacting to
the complete structure). e perfection of the real system
from unit to system is re�ected in Table 2 by showing
the emergence of these components for the exploitation in
developing inspired systems. Many complete research �elds
inspired by the constituents of biological system have been
established, which have their key roles in optimizing the
solution for various problems in non-biological systems. e
indispensable role of bio-inspired solutions in variety of
applications for their optimized solution is demonstrated in
the subsequent paragraphs.

Architecture in interlinking of individuals matters a lot
in building the power of unity. In case of centralized systems
reliable, effective, and efficient coordination to the central
hub is indispensable. Death of central point is the end
of the system. In contrast to it, decentralized architecture
needs powerful autonomous entities on one hand, and
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F 2: Representation of ACO Algorithm With Respect to Ants Foraging Behavior.

T 3: Application of bio-inspired systems in wireless sensor network.

Inspired systems Natural systems Wireless sensor network application(s)

�rti�cial neural network [33] e brain Power efficiency [44], fault detection [45],
self-con�guration [46]

Arti�cial immune network
[34] Immune system [47] Misbehavior detection [48], image pattern recognition

[49]

Genetic algorithm [35] Natural evolution system Dynamic shortest path routing [50], lifetime
maximization [51]

Cellular automata [29]
Life
Life like/
game of life

Large network simulations [52], area coverage scheme
[53]

Rendering (computer graphics)
[30]

Patterns of animal skins, birds feathers, mollusk
shells, and bacterial colonies [54] Range-free localization [55]

Fractal geometry
Clouds, river networks, snow�akes, cauli�ower
or broccoli, and systems of blood vessels and
pulmonary vessels, ocean waves

Antenna designing [56]

Communication networks and
protocols Epidemiology Cross-layer communication protocol [57, 58],

underwater communication [59]
Excitable media Forest �res, wave, heart condition Designing of intelligent sensor systems [60]
Sensor network Sensory organs Self-con�guration [61], target tracking [62]

then it also re�ects the behavior of adaptation (�exible to
changing environment), self-assembly (unit to be one), self-
organizing (interaction for the one), and self-regulation,
(keeping the process tunably smooth) [25] as in WSN due to
the distributed knowledge, distributed control and scalable
properties on the other hand. Although the architecture is
application dependent, decentralized system has variety of
advantages over the centralized system. e real creation
of the One also exhibits such fascinating behavioral and
architectural traits to which Brownlee has pointed out in [71].
He has quoted architectural and behavioral characteristics
in biological system with referring to Lodding and Nas [72]

and Marrow [73]. Typical behavioral traits are adaptation,
autonomous, fast and appropriate solutions in the short term,
speci�c and optimized solutions in the long term, memory,
self-assembly, self-regulation, and self-organization, learning,
and intelligence. is is in parallel to architectural traits in
natural systems such as decentralized control, distributed
knowledge, emergent behavior dynamic, fault and noise
tolerant, �exibility, parallel processing, persistent, robustness,
and scalability. Insight study in �nding the similar traits
is the prerequisite to develop the metaphoric relationship
between the two natural and arti�cial systems. Iram et al.
[74] have discussed the above-mentioned traits in the context
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of developing the metaphoric relationship between the two
systems.

6. Wireless Sensor Networks and
Bio-Inspired Systems

In this section, we have taken Ant Colony Optimization
inspired by Ant System (AS) from the biological �eld
and WSN from the arti�cial systems to understand the
metaphoric relationship between the natural and arti�cial
systems. Firstly, we have bridged the gap between the two
technologies by �nding similar traits.en foraging behavior
of ants and the routing behavior in WSN are analyzed to
develop their metaphoric relationship.

In AS there is no central dictation for the target and
even of the next goal. Rather stigmergic communication
through pheromone is the only source dictating the ants
for any action, that is, foraging, invading, security, mating,
migration. Ants are distributed on the �eld and follow each
other through the traces of pheromone trails. If ants are
considered vertices then the pheromone trails between them
represent the edges forming a graph theoretical problem.
Due to the decentralized and distributed nature of ants in
foraging between the source and destination, the algorithmic
complexity of their foraging behavior (routing) turns to the
worst case of O(2𝑛𝑛), that is, exponential making it an NP
hard problem as their �rst time exact and optimal solution
is almost impossible. is meta-heuristic nature of foraging
behavior’s solution needs recursion of searching process for
optimal result. Complete participation of Ant’s swarm with
multi-objectives of rich food source, shortest and safe path,
making the foraging process collectively as multi-objective
combinatorial optimization problem.

Among the wireless networks, wireless sensor network
is the most emerging and multiconstraint (energy, memory,
and computational as well as bandwidth) technology. ere
also come up some differences from the traditional wireless
networks like cellular network and especially from its close
ancestor, ANet (Ad hoc Network) like in-attendant operation
for a long period in the energy constraint environment,
densely and randomly deployed nodes, high node failure,
and other constraint resources. WSN has its applications in
wildlife monitoring, cold chainmonitoring, Glacier monitor-
ing, rescue of avalanche victims, cattle herding, geographical
monitoring, monitoring of structures, vital sign monitor-
ing, ocean water and bed monitoring, monitoring of fresh
water quality, tracking vehicles, sniper localization, volcano
monitoring and tunnel monitoring, and rescue. Underwater
sensor network, that is typically based on ultrasound, is
also a key application of WSN [75, 76]. Some of the real-
world projects of wireless sensor networks are Bethymetry
[77], Ocean Water Monitoring [78], ZebraNet [79], Cattle
Herding [80], and Bird Observation on Great Duck Island
[81], Grape Monitoring [82], Rescue of Avalanche Victims
[83], and neuRFon [84].

In wireless sensor network, nodes are uniformly or
stochastically deployed in the target region. Interconnec-
tion of nodes in a decentralized fashion without following

any preexisting infrastructure is named as AdHoc network.
In wireless sensor network, nodes are scattered randomly
across the region for decentralizing the network traffic and
computational load to increase the coverage, capacity, and
reliability. is distributed network scenario also comes up
with avoidance of single point of failure. As every node in
WSN either acts as sensor, router, or gateway node which has
its own computing responsibilities resulting in distributed
computing paradigm, uniform or stochastic deployment of
wireless sensor nodes comes up with a distributed architec-
ture of nondirected graph where nodes are vertices and the
edges represent the communication link between them. In
the distributed network of sensor nodes, each computational
autonomous entity (node) acts/can act as a sensor as well as
router.

is entity establishes communication links with other
node in its footprint through omnidirectional full duplex
antenna. is cooperative interaction of neighboring nodes
expands up to the whole network giving birth to its
self-con�guring, self-organizing, self-adaptive, and self-
synchronizing capabilities. ese are extensively exploited
by routing algorithms for catering the dynamicity of mobile
ad hoc sensor nodes. In computational complexity theory,
optimization problem of routing is a special type of com-
putational problem which is concerned with the issues of
repetition of algorithmic process until an optimal solution
is reached or the required target is met. As the very nature
of routing is NP complete (nondeterministic complete) in
its optimal solutions search, so resolving such problems in
polynomial time is nondeterministic and hence the nature
of their solutions is heuristic as such problems cannot
always have the de�nite required solutions. From the case
of meta-heuristic solutions of Ant Colony Optimization for
its suitability to Mobile Ad hoc Network (MANET), Mehfuz
and Doja [85] have described the following reasons; that is
why ACO meta-heuristic could perform well in multi-hop
scenario of MANET.

(i) Dynamic Topology. ACO meta-heuristic is based on
agent systems and works with individual ants.

(ii) Local Work. ACO meta-heuristic is based on local
information that is, no routing table and other infor-
mation, blocks have to be transmitted to neighbors.

(iii) Link Quality. Agent movement updates the link and
its quality.

(iv) Support for Multipath.Due to pheromone concentra-
tion value of neighbor nodes at some speci�c nodes,
this also supports multipath.

Apart from the emergence of bio-inspired solutions in
arti�cial systems in general as is intuited from Table 3, it
has a lot of contributions in the intelligent optimization of
variety of applications in wireless communication domain
speci�cally. Table 3 shows the list of inspired systems
originated from the natural system and their application
in WSN domain. References are also cited for the further
exploration of interested topics. Without exaggeration, it can
be concluded that there is no �eld, which is le� uninspired
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by natural behavior. In contrary to this emergence of bio-
inspired solutions, Abbott [86] have pointed out the failure
of bio-inspired computing to mirror the biological realities.
He concluded that these failures arise out of our inability as
yet to fully understand what is meant by emergence. But the
fact is that bio-inspired computing has the remedies for most
of the problems in non-biological systems. As a proponent
of this concept, he concluded his article with the claim that
bio-inspired computing should be 99% inspiration combined
with 1%mimicry. is is the inverse of omas Alva Edison’s
point of view that described invention as 1% inspiration and
99% perspiration. So far as the biological inspiration in the
�eld of network routing esp. mobile wireless sensor network
is concerned, there is well established history of this relation
in different aspects [87–89].

7. Future Directions

Interdisciplinary research is playing a splendid contribution
for various problems’ solving. Even the �elds those are
ever, not only seemed to be very angry to each other
but also considered to be on rivalry, have now become
indispensable to each other. Computational biology and
econometrics are some of those examples. Within the nature,
intradisciplinary research of merging the different biological
systems is coming up on the scene to further improve the
solutions presented earlier by single biological systems. Ideas
from cellular automata are merging to genetic algorithms to
present new and improved solution to variety of problems
[90]. is synergistic mating of biological systems is further
needed to �gure out the consequences of individual arti�cial
system concocted with other arti�cial system. is results
in improving the algorithms in many dimensions and its
applications in various disciplines thus forming ensemble
systems.

e design of ensembles can be viewed as a three-stage
process: generation of a pool of candidates, selection of some
of them from this pool, and combination of the individual
outputs to produce a single output that is, a unique solution
to a complex problem [91].is three-stage ensemble process
is shown in Figure 3. Although there are no hard and fast
rules to make biological hybrid solutions for any type of non-
biological problem, themerger of various techniques depends
upon the targeted problem and the way the researcher wants
to solve it.

Moreover, the effectiveness of the biological solution to
solve various arti�cial problems depends upon the type and
scale of the problem.

So to present even a summarized view depicting the
relationship between various biological systems and non-
biological problems may require more numbers of volumes.
Routing issue is solved best by SI as it deals with adaptive,
robust, scalable, and distributive properties. A variety of
algorithms are involved in SI, that is, �sh schooling, bee
colony, and ACO algorithms. ANN, GA, and PSO are
centralized solutions. ANN and GA have comparable longer
run time. e hybrid approach, that is, using multi-classes of
CI complement more for high level of optimization which is

a future path way for the researcher’s as the hybrid approach
is lean manufacturing idea, convinced the cerebral drama
to have a look to the other side of the picture for better
optimization. FL is deterministic and fast as compared to
other algorithms but optimization is an issue in it. AIS deals
with very little solutions of WSN as it is a better tool than
GA but computationally requires more run time. Hence, it
is intuited from the above discussion that if a technique
is strong in one aspect then on the other hand its other
aspect is weak. To make the life easy, we are presenting the
core characteristics of some of the biological systems, those
come under the umbrella of CI. From the given tabulated
view of evaluating parameters and the efficiency of biological
techniques against those parameters in Table 4, the researcher
can select the appropriate technique or make a hybrid
technique out of it to better solve the non-biological problem.
For this implication, the nature and characteristics of targeted
problem should be carefully identi�ed to get them solved by
the selected individual or hybrid biological technique. State
variables, not of search points, running time, target problem,
and features are efficient to compare and analyze CI paradigm
algorithms to solve WSN issues. It can also be applied to a
variety of �elds to optimize and solve the issues of different
application �elds of CI. ese are all helping to optimize
a certain problem. Table 4 shows a comparative analysis of
each CI paradigms algorithms. A detailed discussion and
description of the evaluation parameters mentioned in it
is given in [94]. It also shows that these all will help the
researchers to optimize any issue in any �eld.

�nder the arti�cial systems perceptive, in Figure 4
there are few systems which are enhancing each other’s
speci�cations and applications to enhance the traits of one
arti�cial system by using the traits of another arti�cial
system. We can simplify more problems by admiring the
traits of arti�cial systems of this computational modern era.
e hybrid algorithms from the intradisciplinary domain of
computational intelligence are also a very useful approach
and gaining fame for solving the computational problems by
integrating the two or more algorithms of this paradigm. e
crux of advantages gaining from this merger conclude in a
point that the hybrid algorithm formed is capable to eliminate
the weakness of one algorithm and polishes the bene�ts of
other algorithms for solving the relevant issue which cannot
be solved more efficiently with one algorithm of this solution
domain.

e examples of such hybrid computational intelligence
algorithms are evolutionary swarm intelligence, Swarm-
based Fuzzy Logic Control, Genetic Algorithm-Neural net-
work, genetic-fuzzy intelligence, neuroFuzzy Technique,
PSO-Genetic Algorithm, andNeuro-Immune Systems.ese
hybrid systems are also used in wireless sensor networks
domain.

Table 5 shows few of the issues of WSN which are solved
by hybrid algorithms of CI. e Neuro fuzzy algorithm [68]
optimizes the clustering issue by passing the parameters
of each sensor nodes such as memory, available power,
and processing speed of each sensor nodes. ese inputs
are mapped to the fuzzy logic’s set of rules to achieve
functional ob�ectives, so that the output actions are veri�ed
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Artificial system inspired from biological systems

(Generating pool of candidates)

Artificial neural network, artificial immune system, genetic algorithm, biodegradability production ,

cellular automata, emergent systems, rendering, fractal geometry, artificial life, Linder Mayer system,

communication network and protocol, membrane computers, excitable media, sensor network,

biological fault tolerance, morphogenetic system, DNA computing

Artificial system inspired from biological systems

(Selection from pool)

• Artificial neural network

• Artificial immune system

• Genetic algorithm

• Cellular automata

• Emergent systems

• Biological fault tolerance

Artificial systems inspired from biological systems

(Combination of individual’s output to form single output for solving problems i.e. of computational

intelligence, emergent systems, optimization, parallel computing, self-assembly, self-similarity,

computation process of various disciplines in different applications)

• Artificial immune system + artificial neural network [63]

• Genetic algorithm + cellular automata [90]

• Genetic algorithm + artificial neural network [70, 92]

• DNA computing + artificial neural networks [93]

F 3: ree stage process of ensembles design.

and optimized against the input information. e output of
fuzzier ismonitoring coefficients for each node. It depends on
power availability, memory availability, and processing speed
of sensor node. Finally, input the monitoring coefficients to
the neural network to obtain clustering depending on the
application requirement.

Similarly Yanjing and Li [67] optimize the learning issue
in WSN and combine the ability of evolution of Genetic
Algorithm and probability searching of Swarm Intelligence.
In the future, we can develop more hybrid algorithms for
optimizing the solutions of memory and computation power
which alternatively affect other issues of wireless sensor
networks and Table 5 can be a much help in it. More effective
approaches of hybrid algorithms of CI paradigm can be
used to solve the issues of WSN more efficiently. Few of

them are shown in Figure 4. Apart from the emergence
of bio-inspired solutions in arti�cial systems in general as
is intuited form Table 3, it has a lot contributions in the
intelligent optimization of variety of applications in wireless
communication domain speci�cally.

8. Conclusion

In this paper, we have elaborated the importance of bio-
inspired algorithms for the optimal solutions of non-
biological systems. We have �gured out the key constituents
of biological systems and their exploitation in developing the
bio-inspired systems. It has been intuited from the Table 2
that the said solutions have their emergent importance in the
intelligent optimization in a variety of applications in wireless
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T 4: Comparative analysis of various CI techniques.

Evaluation
parameters

Arti�cial neural
network (ANN)

Arti�cial immune
system (AIS) Fuzzy logic (FL) Genetic

algorithm (GA)
Swarm intelligence

(SI)
Development epoch 1969 1986 1987 Late 1960’s Early 1990’s

State variable Mixed variable Continuous and
discrete variables Discrete variable Discrete variable Continuous, discrete,

and mixed variables
No of search points Multipoint search Multipoint search Multipoint search Multipoint search Multipoint search

Solution guarantee Rarely offers entire
solution

Best for time varying
solution Appropriate De�nite in favorable

ways Precise

Run time Long Medium Short Medium Medium

Target problem

- Combinatorial
optimization

- Multiobjective
optimization

- Combinatorial
optimization

- Multiobjective
optimization
- Continuous
optimization

- Combinatorial
optimization

- Multiobjective
optimization

- Combinatorial
optimization

- Global optimization
- Nonlinear
optimization

- Combinatorial
optimization
- Continuous
optimization
- Nonlinear
optimization

Features
- Adaptive learnin
- Self-organization
- Fault tolerant

- Provides tools in
local and global search

- Powerful
optimization tool
- Self-adaptive and

self-learning

- Improve system
nonlinearity

- Deterministic
- Performs best even
with small input

- Accurate

- Solutions to
optimization and
search problems

- Good global solutions

- Distributive
approach

- Self-organization
- Decentralized

control
- Powerful

optimization tool

T 5: Hybrid bio-inspired-technique-based proposed solutions for various issues in wireless sensor ad hoc networks.

Hybrid Bio-inspired Technique Proposed solution for various issues in wireless sensor ad hoc network

Neuroimmune Jabbari and Lang [63] have targeted the quality of service; network records are evaluated using an efficient
data processing algorithm comprising of Neural Network and Arti�cial Immune System.

Immune-swarm Saleem et al. [64] have proposed nature inspired autonomous mechanism for network security without
any central control.

Neurogenetic swarm
Mishra and Patra [65] have proposed a hybrid technique that encompasses three bio-inspired techniques;
Neural Network, Genetic Algorithm, and Particle Swarm Optimization to short-term forecasting of the load
on nodes in sensor networks.

Swarm fuzzy Cui et al. [66] have presented a technique for node identi�cation in the network without the help of global
positioning system. is algorithm speci�cally targets the unsafe contaminant locations like border areas.

Genetic swarm
Yanjing and Li [67] targets the design and deployment aspects of wireless sensor network. His proposed hybrid
technique; Evolutionary and Particle Swarm Optimization Algorithms, ensures the maximum coverage of the
underlying area by the sensor nodes.

Neurofuzzy
e proposed cluster designing technique by Veena and Vijaya Kumar [68] is a merger of Neural Network
and Fuzzy Logic bio-inspired techniques. e algorithm targets the routing of aggregated data in mobile
wireless sensor nodes where the designed clusters are in dynamic form.

Genetic fuzzy
Lui et al. [69] have given an idea for routing in wireless ad hoc networks. He proposed multipath routing
technique that adopts its path according to the changing network topology in efficient way with respect to
energy.

Genetic neural

Gao and Tian [70] have targeted wireless sensor network security issue. He proposed that the data
acquisition node uses sensors to collect information and processes them by image detection algorithm and
then transmits information to control centre with wireless mesh network.e ability of strong
self-learning and pattern classi�cation and fast convergence of genetic-neural system resolves the defect
and improves the intelligence.

communication domain. is paper has well elucidated the
fact that real creation of the One has really the marvelous
traits in it. ese traits act as a guiding light for achieving the
optimal solution of any arti�cial system. Biological systems
ever provide the better solutions through its intelligent
optimization techniques. If there arises any gap between

the bio-inspired solution and the arti�cial systems� problem
then this gap can be bridged by carefully identifying the
behavioral and architectural traits to develop the metaphoric
relationship. e upshot of this paper leads to one step ahead
to intradisciplinary research within the biological systems to
come up with better bio-inspired solutions. is paper leads
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(1) Neuro-immune system          (2) Immune-swarm system

(3) Neural-swarm system            (4) Swarm-fuzzy system

(5) Evolutionary-swarm system (6) Neural-fuzzy system

(7) Fuzzy-evolutionary system   (8) Neural-evolutionary system

F 4: Hybrid bio-inspired techniques.

us to differentiate between various optimization problems
existing in WSN collectively showing that hybrid and non-
hybrid algorithms can efficiently optimize the problems in
wireless sensor networks. e hybrid algorithms open new
horizon in the optimization solutions of WSN.
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Clustering provides an effective way to prolong the lifetime of wireless sensor networks. However, the head node may die much
faster than other nodes due to its overburden. In this paper, we design amethod tomitigate the uneven energy dissipation problem.
Considering the relaying load undertaken by each cluster, we use the network topology and energy consumption to calculate a
cluster radius for obtaining the intercluster energy balancing. A new cluster-leader election algorithm is proposed wherein the task
of a single cluster head is separated to two nodes so that the critical nodes in each cluster will not exhaust their power so quickly.
Furthermore, cross-level data transmission is used to prolong network lifetime. Extensive simulation experiments are carried
out to evaluate the method with several performance criteria. Our simulation results show that this method obtains satisfactory
performance on balancing energy dissipation and prolonging the networks lifetime.

1. Introduction

Continued advances of microelectromechanical systems
(MEMS) and wireless communication technologies have
enabled the deployment of large-scale wireless sensor net-
works (WSNs) [1]. Due to limited and nonrechargeable
energy provision of sensors, improving energy efficiency
and maximizing the network lifetime by decreasing energy
consumption of the individual nodes and balancing energy
consumption of all nodes are the major challenges in the
research of data aggregation algorithms in WSNs [2].

e energy of a sensor node is mainly consumed by
the communication unit, computing unit, and sensor, out
of which the wireless transceiver uses a large portion of
the energy. e traffic follows a multihop pattern, where
intermediate nodes deplete their energy faster when taking
more tasks, which leads to what is known as an energy
hole [3]. erefore, unbalanced energy consumption is an
inherent problem, which needs to be solved to prolong the
network lifetime.

Clusteringmethod for data aggregation in wireless sensor
network has attracted great attention for its high efficiency
[4–6]. e data traffic (as well as the data transmission

and reception energy) can be greatly reduced by applying
data aggregation at cluster heads. It signi�cantly reduces the
battery drainage of individual sensors and also has other
advantages in terms of simplifying network management,
improving security, and achieving better scalability. Recently,
some studies have been done to address issues related to
energy efficiency and prolonging the lifetime [7] of theWSNs.
In this work, ourmain focus is rather on balancing the energy
dissipation of the whole network andmaking energy-efficient
routing during data aggregation. It is considered from two
aspects: intercluster energy balancing and intracluster energy
balancing. e motivation and main contributions of this
paper are listed in the following.

An analysis of energy balancing problem is made in
WSNs under cluster hierarchy. is problem deals with both
intercluster and intracluster. As to the former, we try to allow
each cluster to consume approximately the same amount of
energy through arranging cluster sizes. As for the latter, we
design an algorithm from the task separation perspective.
rough this approach, the load imposed on a single cluster
head can be alleviated in each cluster. Although a lot of
literatures on dividing the network into clusters cope with
the problem of unbalanced power consumption in WSNs,
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none of the existing algorithms consider assigning the tasks
of CHs to two nodes for intracluster energy balancing. e
main contributions of this paper are summarized as follows.

(i) Arranging cluster sizes based on the equal inter-
cluster energy consumption. According to the relay-
ing load of each cluster, the cluster radius is cal-
culated. We only consider the energy consumption
on data aggregation and transmission. It is assumed
that the total energy consumed by each cluster is
approximately the same. As leaders of clusters near
the BS will relay more data than those located far
away from the BS, their radiuses will be smaller
accordingly.

(ii) Designing the intracluster communication algorithm
from the task separation perspective. To slow the
energy consumption of critical nodes in each cluster,
the algorithm is designed with consideration of task
separation. Both the data gathering and aggregation
are performed by a sensor named processor, and the
report to the base station will be done by another
sensor named forwarder in the same cluster. e
election procedure of the processor and the forwarder
is performed simultaneously, thus avoiding wasting
the bandwidth caused by transmitting messages too
many times.

e remainder of this paper is organized as follows.
Section 2 summarizes related work. Section 3 describes
the network model and elaborates the imbalanced energy
consumption problem that we address in this work. In
Section 4, the proposed method for arranging cluster size is
described in detail. Section 5 shows the new algorithm for
cluster-leader election. Section 6 gives a performance analysis
of the proposed algorithm. We make a theoretical energy
consumption analysis in Section 7. en in Section 8, we
evaluate the performance of our approach by simulation and
make a comparison of it with LEACH, MR-LEACH, EECA,
and ACT. Finally, we conclude the paper in Section 9.

2. RelatedWork

In this section, four steps of the hierarchical routing proto-
col and related works are introduced: CH election, cluster
formation, intracluster communications, and intercluster
communications.

In CH election, many typical protocols adopt different
approaches. e �rst proposed cluster-based algorithm for
WSNs is LEACH [8]. It divides the operation into rounds and
randomly selects new CHs in each round to distribute the
energy load among all nodes. In the data transmission phase,
each cluster head forwards an aggregated packet to the base
station directly. One common issue with LEACH is that the
energy of sensor nodes which are located far away from their
CHs can be easily used up for the transmission of packets to
their CHs.

Several variants of LEACHprotocol are proposed tomake
an improvement on it that further decreases the power con-
sumption. LEACH-C [8] is a centralized version of LEACH.

It uses the BS central control to form clusters. During the
set-up phase, each node sends information about its current
location and energy level to the BS.en the BS computes the
average node energy and chooses those whose energy level is
above this average as candidates for CHs. For minimizing the
total sum of squared distances between all the non-CHs and
the closest CH, LEACH-C uses the simulated annealing algo-
rithm to �nd the optimal clusters. Fan and Song [9] introduce
the energy-LEACH protocol (E-LEACH), which chooses
CHs based on remaining energy. Multihop communication
mode among cluster heads is adopted to avoid the whole net-
work from dying quickly and prolong the network lifetime.
Loscri et al. [10] build a two-level hierarchy for LEACH (TL-
LEACH). TL-LEACH considers a randomized rotation of the
CHs and chooses one of the CHs that lies between the current
CH and the BS as a relay station. is allows CHs to better
distribute the energy load among sensor nodes when the net-
work density is higher. Yassein et al. [11] present the concept
of vice-CH (V-LEACH), a sensor node which will become a
CH if the current CH uses up its energy. is ensures that
cluster nodes data will always reach the BS. Farooq et al. [12]
present a multihop routing with low energy adaptive clus-
tering hierarchy (MR-LEACH) protocol. e CH election in
MR-LEACH is based on the available energy, and it partitions
the network into different layers of clusters. CHs in each layer
are responsible for relaying data for CHs at lower layers to
transmit data to the BS. us, MR-LEACH follows multihop
routing from cluster heads to the BS to conserve energy.

During cluster formation, CHs broadcast messages and
non-CH nodes determine which cluster to join according
to the signal strength received. As all nodes tend to join
the closest cluster, clusters are formed in various sizes. e
greater the cluster is, the heavier the load of its CH is. An
energy-efficient clustering scheme (EECS) [13] presented
by Ye et al. takes into account the unbalanced energy
dissipation. In EECS, during the cluster formation phase
nodes decide to associate with a CH based on a weighted cost
factor that is composed of three functions. A new scheme
was given to avoid the energy hole problem with unequal
clustering mechanism in [14]. Its core is an energy-efficient
uneven clustering algorithm (UCR) for network topology
organization, in which tentative cluster heads use uneven
competition ranges to construct clusters of uneven sizes.
Some other works attempt to take measures to adjust
the size of each cluster so as to reduce the differences of
loads between CHs [15, 16]. Paper [17] proposed a novel
cluster-based routing protocol named ACT, which aims to
reduce the size of clusters near the base station. It provides a
method to arrange cluster size, allowing each CH to consume
approximately the same amount of energy. However, the
CHs are determined as soon as the cluster radius is obtained.
eir locations are closest to the ideal butmay not be the best.

As for intracluster communications, some studies suggest
that the sleep mode of sensor nodes should be adopted
in intracluster communications to save energy. at means
there is only one node or several nodes in a cluster that
are active while the others enter sleep mode (e.g., cluster
members take turns collecting data). However, scheduling
sleep time is a major issue worthy of discussion [18].
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During intercluster communications, the farther themes-
sages to be transmitted, the greater the energy dissipation
will be. In [19], the authors proposed an energy-efficient
clustering algorithm (EECA) in which the data aggregation
tree is constructed by determining the weight of CHs, but
this many-to-one communication mode still possesses the
imbalance power dissipation problem. Distributed clustering
algorithms were proposed in [20], with the objective of min-
imizing the energy spent in communicating information to
the sink. It should be noted that minimizing the total energy
consumption is not equivalent to maximizing coverage time,
as the former criterion does not guarantee balanced power
consumption at various CHs.

Unlike previous approaches, we try to solve the unbal-
anced energy consumption problem from the perspective of
both intercluster communication and intracluster commu-
nication. Arranging cluster radius based on the assumption
of equal total energy dissipation ensures the energy bal-
ance among clusters, while the new separating cluster-based
algorithm (SCA) obtains the energy balance among sensors
within a cluster. e separation of the CH role alleviates the
burden of a single CH, thus avoiding early network collapse
due to the death of critical nodes and prolonging the network
lifetime.

3. Preliminaries

3.1. Network Model. In this paper, we consider a sensor
network consisting of 𝑁𝑁 sensor nodes uniformly dispersed
in the service area of the network whose coverage area is a
rectangular region of 𝐿𝐿 𝐿 𝐿𝐿. We make some assumptions
about the sensor nodes and the underlying network model.

(1) e positions of BS and sensor nodes are �xed. Nodes
are uniformly distributed in the sensor �eld with
density 𝜌𝜌.

(2) Each node is assigned a unique identi�er (ID).
Sensors are with the same initial energy and their
transmit power is controllable. e maximum power
level can be used in transmitting data to BS directly.

(3) Links are symmetric. A node can compute the
approximate distance to another node based on the
received signal strength, if the transmitting power is
known.

(4) Sensor nodes can recognize their geographical posi-
tion and the BS’s position via exchanging informa-
tion.

(5) All sensors are sensing the environment at the same
�xed rate and thus always have data to send to the
end-user. e size of each data packet is the same.

We use the typical energy consumption model [8]. e
energy spent for transmitting an l-bit message over distance
d is

𝐸𝐸TX (𝑙𝑙𝑙 𝑙𝑙) = 
𝑙𝑙 𝐿 𝐸𝐸elec + 𝑙𝑙 𝐿 𝑙𝑙fs 𝐿 𝑙𝑙

2𝑙 𝑙𝑙 𝑑 𝑙𝑙0𝑙
𝑙𝑙 𝐿 𝐸𝐸elec + 𝑙𝑙 𝐿 𝑙𝑙amp 𝐿 𝑙𝑙

4𝑙 𝑙𝑙 𝑑 𝑙𝑙0𝑙
(1)

where 𝐸𝐸elec is the energy dissipated per bit to run the
transmitter or the receiver circuit, 𝑙𝑙fs and 𝑙𝑙amp are the energy
dissipated per bit to run the transmit ampli�er depending
on the distance between the transmitter and receiver. If the
distance is less than a threshold 𝑙𝑙0, the free space (fs) model
is used; otherwise, the multipath (mp) model is used.

To receive this message, the expended energy is

𝐸𝐸RX (𝑙𝑙) = 𝑙𝑙 𝐿 𝐸𝐸elec. (2)

e consumed energy of aggregating a message with l-bit
is

𝐸𝐸𝐴𝐴 (𝑚𝑚𝑙 𝑙𝑙) = 𝑙𝑙 𝐿 𝐸𝐸DA𝑙 (3)

where 𝐸𝐸DA is the energy dissipated per bit to aggregate
message signal.

3.�. �elated �e�n�t�on

(1) We denote the 𝑖𝑖th sensor by 𝑆𝑆𝑖𝑖 and the corresponding
sensor node set 𝑆𝑆 = 𝑆𝑆𝑆1𝑙 𝑆𝑆2𝑙… 𝑙 𝑆𝑆𝑁𝑁}, where |𝑆𝑆| = 𝑁𝑁.
For a random node 𝑆𝑆𝑖𝑖, make its residual energy 𝐸𝐸ri
and its coordinate 𝐿𝐿(𝐿𝐿𝑖𝑖𝑙 𝑌𝑌𝑖𝑖).

(2) e neighboring node set 𝑅𝑅CH of any node 𝑆𝑆𝑚𝑚 is
de�ned as

𝑆𝑆𝑚𝑚 − 𝑅𝑅CH

= 𝑆𝑆𝑛𝑛 ∣ 𝑙𝑙 𝑆𝑆𝑚𝑚𝑙 𝑆𝑆𝑛𝑛 ≤ 𝜃𝜃𝑅𝑅𝑚𝑚𝑙 𝑙𝑙 𝑆𝑆𝑛𝑛𝑙 𝐵𝐵𝑆𝑆 𝑑 𝑙𝑙 𝑆𝑆𝑚𝑚𝑙 𝐵𝐵𝑆𝑆 𝑙
(4)

where 𝜃𝜃 is the minimum integer that lets 𝑆𝑆𝑚𝑚 − 𝑅𝑅CH
contain at least one item (if there does not exist such
a 𝜃𝜃, de�ne 𝑆𝑆𝑚𝑚 − 𝑅𝑅CH as a null).

(3) De�ne 𝐸𝐸res_MAX as the threshold of the residual
energy of node 𝑆𝑆𝑖𝑖. If a node’s residual energy is less
than 𝐸𝐸res_MAX, it will give up the competition for
processor and forwarder. According to (1)–(3), the
value of 𝐸𝐸res_MAX could be estimated by

𝐸𝐸res_MAX = 𝜇𝜇 𝐿 𝑚𝑚𝑙𝑙𝐸𝐸elec + (𝑚𝑚 + 1) 𝑙𝑙𝐸𝐸DA

+ (1 − 𝜆𝜆) (𝑚𝑚 + 1) 𝑙𝑙 𝐸𝐸elec + 𝑙𝑙fs𝑙𝑙
2 𝑙

(5)

where 𝜇𝜇 represents the number of times of each turn
of data acquisition, 𝜆𝜆 is the compression ratio of data
aggregation, 𝑙𝑙 represents the distance between cur-
rent processor and its parent node, and 𝑚𝑚 represents
the number of neighbor nodes.

3.3. Problem Statement. A fundamental issue in WSN is
maximizing the network lifetime subject to a given energy
constraint. Notice that the BS is usually located far away
from the monitoring area. Previous research has shown
that multihop intercluster communication mode is usually
desirable because of its power-consumption advantage over
direct (CH-to-sink) communication (e.g., [21]). However,
the energy hole situation is essentially caused because of the
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different loads among nodes when the multihop forwarding
mode is adopted in intercluster communication.

Based on the given model, balancing the energy con-
sumption to the maximum is our optimization objective. A
complete data collection process involves two steps: collecting
data from all sensor nodes and delivering the data to the BS.
is problem can be formulated as follows:

min 
𝑖𝑖𝑖𝑖𝑖𝑗𝑗

𝐸𝐸ri − 𝐸𝐸
𝑗𝑗
res

2

min 
𝑘𝑘𝑖𝑘𝑘

𝐸𝐸ri (𝑘𝑘) − 𝐸𝐸res
2
,

(6)

where 𝐸𝐸ri is the residual energy of node 𝑖𝑖 in cluster j and 𝐸𝐸𝑗𝑗res
represents the average remaining energy of nodes in cluster
𝑗𝑗. 𝐸𝐸ri(𝑘𝑘) represents the average remaining energy of all nodes
in cluster k, and 𝐸𝐸res is the average remaining energy of all
sensor nodes.

e above optimization problem can be solved as two
subproblems as follows.

(a) How to balance the energy dissipation among nodes
within the same cluster?is is referred to as the prob-
lem of intracluster energy consumption balancing.

(b) How to balance energy dissipation among different
clusters? is is referred to as the problem of inter-
cluster energy consumption balancing.

It will be described in detail in the following two sections.
To enable readers to more easily understand this paper,

Table 1 summarizes the notations used in this paper.

4. Intercluster Energy Balancing

4.1. Arranging Cluster Radius. In the proposed algorithm, we
hope to balance the energy consumption between clusters,
and this can be achieved by applying (1) and (3) to calculate
the radius of each cluster. It is supposed that the tentative
network consists of clusters with 𝑘𝑘 different sizes, and each
cluster member passes one bit of data to cluster leaders
(see Figure 1). e transmission range is regarded as the
distance between the centers of two clusters for simplicity in
calculations, except in the 1st level (i.e., (𝑟𝑟𝑚𝑚 + 𝑟𝑟𝑚𝑚−𝑚) in Mth
level, (𝑟𝑟𝑚𝑚−𝑚 + 𝑟𝑟𝑚𝑚−2) in (𝑘𝑘 − 𝑚)th level, and so forth).

We assume that the nodes are deployed in each cluster
with density 𝜌𝜌. As each cluster leader in the outermost level
(Mth level) does not need considering the relay data, it only
takes care of the data transmitted by its own cluster members.
Its transmission range is (𝑟𝑟𝑚𝑚+ 𝑟𝑟𝑚𝑚−𝑚), and thus the total energy
dissipation of each cluster leader in Mth level is

𝜋𝜋𝑟𝑟2𝑚𝑚𝜌𝜌𝐸𝐸DA + (𝑚 − 𝜆𝜆) 𝜋𝜋𝑟𝑟
2
𝑚𝑚𝜌𝜌 𝐸𝐸elec + 𝜀𝜀fs𝑟𝑟𝑚𝑚 + 𝑟𝑟𝑚𝑚−𝑚

2 , (7)

where the �rst part represents the aggregation energy con-
sumption in the Mth level and the second the transmission
energy consumption from theMth level to the (𝑘𝑘−𝑚)th level.

However, cluster leaders in the (𝑘𝑘 − 𝑚)th level not only
process data given by their members, but they also perform

T 1: Notations.

Symbols Description
𝑁𝑁 e number of sensor nodes

𝐴𝐴 e area of the sensing �eld and 𝐴𝐴 𝐴 𝐴𝐴 𝐴𝐴𝐴

𝜌𝜌 e node’s density

𝐸𝐸elec
e energy dissipated per bit to run the
transmitter or the receiver circuit

𝜀𝜀fs
e energy dissipated per bit to run the transmit
ampli�er when the distance between the
transmitter and receiver is less than a threshold

𝜀𝜀amp

e energy dissipated per bit to run the transmit
ampli�er when the distance between the
transmitter and receiver is greater than a
threshold

𝑑𝑑0
e threshold distance determining which model
to use to calculate the energy consumption of
nodes

𝐸𝐸DA
e energy dissipated per bit to aggregate message
signal

𝐸𝐸ri e residual energy of a node 𝑖𝑖

𝐸𝐸res_MAX e threshold of residual energy of a node

𝜆𝜆 e compression ratio of data aggregation

𝑚𝑚 e number of neighbor nodes

𝑘𝑘 e number of different sizes of clusters

𝑟𝑟𝑗𝑗 e radius of cluster 𝑗𝑗

CP𝑗𝑗
e competition bids of being elected as processor
for node 𝑆𝑆𝑗𝑗

CF𝑗𝑗
e competition bids of being elected as
forwarder for node 𝑆𝑆𝑗𝑗

Δ𝐸𝐸
e difference value between residual energy of
two different clusters

Δ𝐸𝐸𝑇𝑇
e difference value between the energy
consumption for sending the same data packets to
two different clusters

data relaying for Mth level. According to its transmission
range, the total energy dissipation of cluster leaders in (𝑘𝑘 −
𝑚)th level is

𝜋𝜋𝑟𝑟2𝑚𝑚−𝑚𝜌𝜌𝐸𝐸DA + (𝑚 − 𝜆𝜆) 𝜋𝜋𝑟𝑟
2
𝑚𝑚−𝑚𝜌𝜌 + (𝑚 − 𝜆𝜆)

2𝜋𝜋𝑟𝑟2𝑚𝑚𝜌𝜌

𝐴 𝐸𝐸elec + 𝜀𝜀fs𝑟𝑟𝑚𝑚−𝑚 + 𝑟𝑟𝑚𝑚−2
2 .

(8)

Similarly, each cluster leader in the (𝑘𝑘 − 2)th level
forwards data generated by its own cluster members while
performing data relaying for (𝑘𝑘 − 𝑚)th level and Mth level.
en the total energy dissipation of each cluster leader in
(𝑘𝑘 − 2)th level is

𝜋𝜋𝑟𝑟2𝑚𝑚−2𝜌𝜌𝐸𝐸DA + (𝑚 − 𝜆𝜆) 𝜋𝜋𝑟𝑟
2
𝑚𝑚−2𝜌𝜌 + (𝑚 − 𝜆𝜆)

2𝜋𝜋𝑟𝑟2𝑚𝑚−𝑚𝜌𝜌 + (𝑚 − 𝜆𝜆)
3

𝐴 𝜋𝜋𝑟𝑟2𝑚𝑚𝜌𝜌 𝐸𝐸elec + 𝜀𝜀fs𝑟𝑟𝑚𝑚−2 + 𝑟𝑟𝑚𝑚−3
2 .

(9)
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F 1: Level model of network topology.

In this way, the total energy dissipation of a cluster leader
in each level (for one generatedmessage bit) can be calculated
as follows:

e 𝑀𝑀th level: 𝐸𝐸𝑚𝑚 = 𝜋𝜋𝜋𝜋2𝑚𝑚𝜌𝜌𝐸𝐸DA + (1 − 𝜆𝜆) 𝜋𝜋𝜋𝜋
2
𝑚𝑚𝜌𝜌

× 𝐸𝐸elec + 𝜀𝜀fs𝜋𝜋𝑚𝑚 + 𝜋𝜋𝑚𝑚−1
2

e (𝑀𝑀 − 1)th level: 𝐸𝐸𝑚𝑚−1 = 𝜋𝜋𝜋𝜋
2
𝑚𝑚−1𝜌𝜌𝐸𝐸DA

+ (1 − 𝜆𝜆) 𝜋𝜋𝜋𝜋2𝑚𝑚−1𝜌𝜌

+ (1 − 𝜆𝜆)2𝜋𝜋𝜋𝜋2𝑚𝑚𝜌𝜌

× 𝐸𝐸elec + 𝜀𝜀fs𝜋𝜋𝑚𝑚−1 + 𝜋𝜋𝑚𝑚−2
2

⋮

e 2nd level: 𝐸𝐸2 = 𝜋𝜋𝜋𝜋
2
2𝜌𝜌𝐸𝐸DA

+ (1 − 𝜆𝜆) 𝜋𝜋𝜋𝜋22𝜌𝜌 + (1 − 𝜆𝜆)
2𝜋𝜋𝜋𝜋23𝜌𝜌 +𝜌

+ (1 − 𝜆𝜆)𝑚𝑚−1𝜋𝜋𝜋𝜋2𝑚𝑚𝜌𝜌

× 𝐸𝐸elec + 𝜀𝜀𝑓𝑓𝑓𝑓𝜋𝜋2 + 𝜋𝜋1
2

e 1st level ∶ 𝐸𝐸1 = 𝜋𝜋𝜋𝜋
2
1𝜌𝜌𝐸𝐸DA + (1 − 𝜆𝜆) 𝜋𝜋𝜋𝜋

2
1𝜌𝜌 + (1 − 𝜆𝜆)

2

× 𝜋𝜋𝜋𝜋22𝜌𝜌 +𝜌

+ (1 − 𝜆𝜆)𝑚𝑚𝜋𝜋𝜋𝜋2𝑚𝑚𝜌𝜌

× 𝐸𝐸elec + 𝜀𝜀fs𝜋𝜋
2 ,

(10)

where 𝜋𝜋1, 𝜋𝜋2,… , 𝜋𝜋𝑚𝑚 are cluster radiuses (in𝑀𝑀 different sizes),
respectively, and 𝜋𝜋 is used for calculating the transmission

Base station

W

L
.
.
.

r1

r2

rm

F 2: Calculation of cluster radius.

range in the 1st level, which we explain in (15). Here, 𝐸𝐸𝑖𝑖 is
the energy consumed on each cluster leader in 𝑖𝑖th level.

Because we assume that the energy consumption of
cluster leaders in each level is similar, (11) is applied to
calculate cluster radius in each level:

𝐸𝐸1 ≅ 𝐸𝐸2 ≅ 𝜌 ≅ 𝐸𝐸𝑚𝑚,

𝜋𝜋1 + 𝜋𝜋2 + 𝜌𝜋𝜋𝑚𝑚 =
𝐿𝐿
2
,

(11)

where 𝐿𝐿 is the length of sensing area (see Figure 2).

4.2. A Numerical Example. It is assumed that a BS wants to
construct four clusters of different sizes, and it letsM = 4. e
ratio of 𝜋𝜋1, 𝜋𝜋2, 𝜋𝜋3, and 𝜋𝜋4 can be obtained by (12a). en we
put the obtained ratio in (12b) to calculate the actual cluster
radius:

e 4th level: 𝐸𝐸4 = 𝜋𝜋𝜋𝜋
2
4𝜌𝜌𝐸𝐸DA + (1 − 𝜆𝜆) 𝜋𝜋𝜋𝜋

2
4𝜌𝜌

× 𝐸𝐸elec + 𝜀𝜀fs𝜋𝜋4 + 𝜋𝜋3
2

e 3rd level: 𝐸𝐸3 = 𝜋𝜋𝜋𝜋
2
3𝜌𝜌𝐸𝐸DA

+ (1 − 𝜆𝜆) 𝜋𝜋𝜋𝜋23𝜌𝜌 + (1 − 𝜆𝜆)
2𝜋𝜋𝜋𝜋24𝜌𝜌

× 𝐸𝐸elec + 𝜀𝜀fs𝜋𝜋3 + 𝜋𝜋2
2
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e 2nd level: 𝐸𝐸2 = 𝜋𝜋𝜋𝜋
2
2𝜌𝜌𝐸𝐸DA

+ 1 − 𝜆𝜆) 𝜋𝜋𝜋𝜋22𝜌𝜌 + 1 − 𝜆𝜆)
2𝜋𝜋𝜋𝜋23𝜌𝜌

+ 1 − 𝜆𝜆)3𝜋𝜋𝜋𝜋24𝜌𝜌

× 𝐸𝐸elec + 𝜀𝜀fs𝜋𝜋2 + 𝜋𝜋1
2

e 1st level: 𝐸𝐸1 = 𝜋𝜋𝜋𝜋
2
1𝜌𝜌𝐸𝐸DA

+ 1 − 𝜆𝜆) 𝜋𝜋𝜋𝜋21𝜌𝜌 + 1 − 𝜆𝜆)
2𝜋𝜋𝜋𝜋22𝜌𝜌

+ 1 − 𝜆𝜆)3𝜋𝜋𝜋𝜋23𝜌𝜌 + 1 − 𝜆𝜆)
4𝜋𝜋𝜋𝜋24𝜌𝜌

× 𝐸𝐸elec + 𝜀𝜀fs𝜋𝜋
2 ,

(12a)
𝐸𝐸1 ≅ 𝐸𝐸2 ≅ 𝐸𝐸3 ≅ 𝐸𝐸4,

𝜋𝜋1 + 𝜋𝜋2 + 𝜋𝜋3 + 𝜋𝜋4 =
𝐿𝐿
2
.

(12b)

5. Intracluster Energy Balancing

In this section, we describe the strategy adopted for intraclus-
ter energy balancing in details. Firstly, two different nodes,
the processor and the forwarder, will be elected as cluster
leaders instead of the commonCH.e election of processors
considers both the residual energy and the distance between
the candidates and other nodes, and their locations in each
cluster are regarded as ideal. en, clusters are formed based
on the radius obtained above (see Figure 3).

5.1. Processor and Forwarder Election. At the beginning of
each round of rotation, each node broadcasts message E_Msg
𝐼𝐼𝐼𝐼, Energy, 𝐿𝐿𝐿𝐿, 𝐿𝐿)) with radius 𝜋𝜋𝑗𝑗 which includes sensor
node ID, residual energy, and node coordinate (we take
clusters in level 𝑗𝑗 as an example (1 ≤ 𝑗𝑗 ≤ 𝑗𝑗)). Any
other node within communication radius 𝜋𝜋𝑗𝑗 is considered
as their neighbors and updates the neighbor information
table aer receiving messages. Every node whose residual
energy is higher than 𝐸𝐸res_MAX has chance to participate
in the processor and forwarder competition and become
a candidate. en, each candidate will calculate the mean
residual energy EM𝑗𝑗 of all neighbors according to the updated
table:

EM𝑗𝑗 =
𝑚𝑚

𝑗𝑗=1

𝐸𝐸rj

𝑚𝑚
, (13)

where EM𝑗𝑗 is the mean residual energy of node 𝑆𝑆𝑗𝑗 and 𝑚𝑚 is
the total number of 𝑆𝑆𝑗𝑗’s neighbors.

It is easy to determine the mean communication distance
among node 𝑆𝑆𝑗𝑗 and its neighbor nodes:

𝑑𝑑𝑗𝑗 =
𝑚𝑚


𝑘𝑘=1,𝑘𝑘 𝑘 𝑗𝑗

𝑑𝑑jk

𝑚𝑚
. (14)

Base station

Processor

Forwarder

.

.

.

F 3: Election of cluster leaders.

𝑑𝑑jk is the distance between node 𝑆𝑆𝑗𝑗 and 𝑆𝑆𝑘𝑘:

𝑑𝑑jk = 𝐿𝐿𝑗𝑗 − 𝐿𝐿𝑘𝑘
2
+ 𝐿𝐿𝑗𝑗 − 𝐿𝐿𝑘𝑘

2
. (15)

With consideration of both residual energy and distance,
each candidate calculates the competition bids of being
elected as processor and forwarder using (16) and (17),
respectively:

𝐶𝐶𝐶𝐶𝑗𝑗 = 𝜒𝜒
𝐸𝐸rj

EM𝑗𝑗
+ 𝛿𝛿

1
𝑑𝑑𝑗𝑗
, (16)

𝐶𝐶𝐶𝐶𝑗𝑗 = 𝜒𝜒
𝐸𝐸rj

EM𝑗𝑗
+ 𝛿𝛿

𝜋𝜋𝑗𝑗 + 𝜋𝜋𝑗𝑗−1
𝑑𝑑 𝑗𝑗, 𝑗𝑗𝑆𝑆

. (17)

e value of 𝜒𝜒 and 𝛿𝛿 is determined by the distribution
of nodes within cluster and their residual energy situation.
𝑑𝑑𝑗𝑗, 𝑗𝑗𝑆𝑆) denotes the distance between 𝑆𝑆𝑗𝑗 and the BS. And
then the candidate broadcasts competitionmessageCom_Pro
𝐼𝐼𝐼𝐼𝑗𝑗, 𝐸𝐸𝜋𝜋𝑗𝑗, 𝐶𝐶𝐶𝐶𝑗𝑗, 𝐶𝐶𝐶𝐶𝑗𝑗) with radius 𝜋𝜋𝑗𝑗.

All the candidates are set in receive state and wait a time
𝑇𝑇. e length of 𝑇𝑇 is determined to at least make sure that
the nodes can receive the competition message from all its
neighbors. en each candidate compares competition bids
of itself and all competition packet bids. e one with the
largest value of𝐶𝐶𝐶𝐶𝑗𝑗 will succeed in competition for processor
while the one with the largest value of 𝐶𝐶𝐶𝐶𝑗𝑗 for forwarder. If
the highest bids of𝐶𝐶𝐶𝐶𝑗𝑗 or𝐶𝐶𝐶𝐶𝑗𝑗 are even, the node with higher
residual energy will be chosen. If a candidate possesses both
the largest value of 𝐶𝐶𝐶𝐶𝑗𝑗 and 𝐶𝐶𝐶𝐶𝑗𝑗, it will play the two roles at
the same time.
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5.2. Cluster Formation. According to the comparison results,
the eligible candidate will broadcast processor competition
success message Suc_Pro (𝐼𝐼𝐼𝐼𝑗𝑗, 𝐸𝐸𝐸𝐸𝑗𝑗, 𝐿𝐿(𝐿𝐿𝑗𝑗, 𝑦𝑦𝑗𝑗)) with radius 𝐸𝐸𝑗𝑗
and, if not, wait for Suc_Pro (𝐼𝐼𝐼𝐼𝑗𝑗, 𝐸𝐸𝐸𝐸𝑗𝑗, 𝐿𝐿(𝐿𝐿𝑗𝑗, 𝑦𝑦𝑗𝑗)) message
from neighbor nodes with the highest competition bids.
Nodes give up competition as soon as they receive Suc_Pro
(𝐼𝐼𝐼𝐼𝑗𝑗, 𝐸𝐸𝐸𝐸𝑗𝑗, 𝐿𝐿(𝐿𝐿𝑗𝑗, 𝑦𝑦𝑗𝑗)) message from neighbors. Meanwhile,
they send Join_Pro (𝐼𝐼𝐼𝐼𝑗𝑗, 𝐸𝐸𝐸𝐸𝑗𝑗, 𝐿𝐿(𝐿𝐿𝑗𝑗, 𝑦𝑦𝑗𝑗))message to neighbors
with the highest transmit power. As forwarders are only
responsible for forwarding the aggregated results, there is no
need for broadcasting the success message of forwarder com-
petition to all nodes in the cluster. It only adds the Suc_For
(𝐼𝐼𝐼𝐼𝑗𝑗, 𝐸𝐸𝐸𝐸𝑗𝑗, 𝐿𝐿(𝐿𝐿𝑗𝑗, 𝑦𝑦𝑗𝑗)) information to the cluster-joining packet
and then sends it to the processor (this step can be omitted
if it is the same node). erefore, no much overhead will
be appended to the proposed algorithm compared with
the existing algorithms. en, the processor determines the
TDMA slot assignment for the cluster members.

5.3. Data Aggregation Tree Construction. In this paper, the
multihop algorithm considers nodes on the forwarder back-
bone in the forwarding direction (i.e., closer to the base
station) only. Data aggregation tree generation algorithm is
as follows.

We take level 𝑝𝑝 and level 𝑞𝑞 for example (1 ≤ 𝑝𝑝 𝑝 𝑞𝑞 ≤ 𝑝𝑝).
Suppose the forwarder of cluster 𝑎𝑎 (𝑎𝑎𝑎𝑎𝑎𝑎) in level 𝑞𝑞 needs to

choose a processor in level 𝑝𝑝 as its relay node. Let clusters 𝑏𝑏
and 𝑐𝑐 in level 𝑝𝑝 be the two nearest clusters from cluster 𝑎𝑎 in
level 𝑞𝑞. According to (1), 𝑎𝑎𝑎𝑎𝑎𝑎 can �gure out the difference
value between the energy consumption for sending its data
packets to 𝑎𝑎𝐶𝐶𝑏𝑏 and 𝑎𝑎𝐶𝐶𝑐𝑐:

Δ𝐸𝐸𝑇𝑇 = 𝜀𝜀fs ∗ 𝑘𝑘𝑎𝑎 ∗ 𝑑𝑑
2
𝑏𝑏 − 𝑑𝑑

2
𝑐𝑐 . (18)

And the difference value between the residual energy of
𝑎𝑎𝐶𝐶𝑏𝑏 and 𝑎𝑎𝐶𝐶𝑐𝑐 is

Δ𝐸𝐸 = 𝐸𝐸𝑏𝑏 − 𝐸𝐸𝑐𝑐. (19)

Compare Δ𝐸𝐸 with Δ𝐸𝐸𝑇𝑇; if Δ𝐸𝐸 is bigger than Δ𝐸𝐸𝑇𝑇, we will
choose𝑎𝑎𝐶𝐶𝑏𝑏 as the relay node; otherwise, we will choose𝑎𝑎𝐶𝐶𝑐𝑐.
at means only if the residual energy of the candidate with
longer distance to the current forwarder is much more than
the closer one, the longer distance one can be chosen.

Each forwarder computes the value of Δ𝐸𝐸 and Δ𝐸𝐸𝑇𝑇 for
the two nearest candidates respectively. It will choose as its
relay (parent) node according to the calculation results. is
strategy not only considers the residual energy of processors
but also the total energy consumption of the whole network.
Meanwhile, it considers the communication distance as well
as the balance of energy consumption among all forwarders.
erefore, the overall situation of the network is taken better
care of in our mechanism.

In the process of communication, each processor gathers
the data from members except the forwarder within its
cluster, aggregates them into one packet, and then transmits
them to the forwarder. e forwarder will aggregate the
compressive data with its own data, and then transmit them
to its next forwarder (see Figure 4).

e proposed algorithm consists of four procedures:
processor and forwarder election, cluster formation, data
aggregation tree construction, and data transmission. e
pseudocode of SCA is shown in Pseudocode 1.

5.4. Clusters Maintenance. As the power of cluster leaders
may be exhausted quickly because of the much larger loads
imposed on them, the phase of cluster maintenance is very
important. In SCA, the cluster maintenance phase consists of
cluster-leader rotations within a cluster and cross-level data
transmission to BS.

(i) Cluster-leader rotations in a cluster: if the remain-
ing power of any processor or forwarder is under
𝐸𝐸res_MAX, a new one is elected from among other
plain nodes, while a change_msg is broadcast to
inform cluster members of the change of cluster
leaders.

(ii) Cross-level data transmission to the BS: as clusters in
the 1st level are the smallest in size, the process of
taking turns serving as cluster leaders for nodes in it
may �nish quickly. erefore, when the BS is aware
that each sensor node in the 1st level can no longer
serve as a cluster leader, it will broadcast a message to
allow the cluster leaders in the 2nd level to transmit
data to BS directly (see Figure 5). It is the same for 3rd
level, 4th level,…, Mth level. In this way, the network
lifetime can be prolonged.
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De�nitions:
𝐂𝐂𝐂𝐂𝐣𝐣: the competition bids of being elected as processor
𝐂𝐂𝐂𝐂𝐣𝐣: the competition bids of being elected as forwarder
𝐒𝐒𝐢𝐢-𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬: the status of node 𝑆𝑆𝑖𝑖
𝐒𝐒𝐢𝐢-𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐬𝐬𝐬𝐬𝐩𝐩𝐩𝐩: the status of node 𝑆𝑆𝑖𝑖 is processor
𝐒𝐒𝐢𝐢-𝐟𝐟𝐩𝐩𝐩𝐩𝐟𝐟𝐬𝐬𝐩𝐩𝐟𝐟𝐩𝐩𝐩𝐩: the status of node 𝑆𝑆𝑖𝑖 is forwarder
𝐒𝐒𝐢𝐢-𝐩𝐩𝐩𝐩𝐬𝐬𝐢𝐢𝐩𝐩: the status of node 𝑆𝑆𝑖𝑖 is plain node
𝐄𝐄: the difference value between the residual energy of two candidate forwarders
𝐄𝐄𝐓𝐓: the difference value between the energy consumption for sending its data packets to two candidate forwarders

(1) Procedure Processor and forwarder election
(2) Each node broadcasts message packet
(3) Neighbors update the neighbor information table
(4) Each candidate calculates the competition bids CP𝑗𝑗 and CF𝑗𝑗
(5) Broadcast competition message Com_Pro
(6) Receive and compare competition bids
(7) Determine processor and forwarder
(8) end procedure
(9)Procedure Cluster construction
(10) If 𝑆𝑆𝑖𝑖-status ← 𝐒𝐒𝐢𝐢-𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐬𝐬𝐬𝐬𝐩𝐩𝐩𝐩 then
(11) 𝑆𝑆𝑖𝑖 broadcasts competition success message with its radius
(12) else if 𝑆𝑆𝑖𝑖-status ← 𝐒𝐒𝐢𝐢-𝐟𝐟𝐩𝐩𝐩𝐩𝐟𝐟𝐬𝐬𝐩𝐩𝐟𝐟𝐩𝐩𝐩𝐩 then
(13) Add the success information to the joining packet to the processor
(14) else if 𝑆𝑆𝑖𝑖-status ← 𝐒𝐒𝐢𝐢-𝐩𝐩𝐩𝐩𝐬𝐬𝐢𝐢𝐩𝐩 then
(15) Send joining message to the processor
(16) end if
(17) end procedure
(18)Procedure Data aggregation tree construction
(19) Forwarders broadcast the cost message packet
(20) Calculate Δ𝐸𝐸 and Δ𝐸𝐸𝑇𝑇
(21) Compare Δ𝐸𝐸 with Δ𝐸𝐸𝑇𝑇 and choose the eligible one as its relay node
(22) end procedure
(23)Procedure Data transmission
(24)while 𝑆𝑆𝑖𝑖-status = 𝐒𝐒𝐢𝐢-𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐬𝐬𝐬𝐬𝐩𝐩𝐩𝐩 do
(25) if 𝐒𝐒𝐢𝐢-𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐬𝐬𝐬𝐬𝐩𝐩𝐩𝐩 ← 𝐒𝐒𝐢𝐢-𝐟𝐟𝐩𝐩𝐩𝐩𝐟𝐟𝐬𝐬𝐩𝐩𝐟𝐟𝐩𝐩𝐩𝐩 then
(26) Aggregate all the data from members and transmit to its next forwarder
(27) else
(28) Receive all the data from members except the forwarder
(29) Aggregate and transmit data to the forwarder
(30) end if
(31) end while
(32) while 𝑆𝑆𝑖𝑖-status = 𝐒𝐒𝐢𝐢-𝐟𝐟𝐩𝐩𝐩𝐩𝐟𝐟𝐬𝐬𝐩𝐩𝐟𝐟𝐩𝐩𝐩𝐩 do
(33) Receive data from the processor of its cluster
(34) Aggregate and transmit to its relay forwarder
(35) end while
(36) while 𝑆𝑆𝑖𝑖-status = 𝐒𝐒𝐢𝐢-𝐩𝐩𝐩𝐩𝐬𝐬𝐢𝐢𝐩𝐩 do
(37) Transmit data to the processor
(38) end while
(39) end procedure

P 1: Pseudocode of the proposed algorithm.

6. Performance Evaluation

6.1. Complexity Analysis. An analysis of the SCA algorithm is
made in this section. As we can see from Figure 3, the process
of processor and forwarder election is message driven; thus
we �rst discuss its message complexity.

Lemma 1. e message complexity of the cluster formation
algorithm is𝑂𝑂(𝑂𝑂) in the network.

Proof. At the beginning of the processor and forwarder
competition selection phase, there will be 𝑂𝑂 messages
𝐸𝐸_𝑀𝑀𝑀𝑀𝑀𝑀(𝑀𝑀𝑀𝑀, Energy, 𝐿𝐿(𝐿𝐿𝐿 𝐿𝐿)) broadcasted by all nodes (N is
the total number of sensor nodes). As each node whose resid-
ual energy is higher than 𝐸𝐸res_MAX has chance to become
a candidate, we assume that the ratio of eligible nodes is 𝑝𝑝.
en Np candidates are produced and each of them broad-
casts a competition message 𝐶𝐶𝐶𝐶𝐶𝐶_𝑃𝑃𝑃𝑃𝐶𝐶(𝑀𝑀𝑀𝑀𝑗𝑗𝐿 𝐸𝐸𝑃𝑃𝑗𝑗𝐿 𝐶𝐶𝑃𝑃𝑗𝑗𝐿 𝐶𝐶𝐶𝐶𝑗𝑗).
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T 2: Comparison of the message complexity.

SCA ACT EECA UCR EECS MR-LEACH LEACH
Message complexity (O)N (O)N (O)N (O)N (O)N (O)N (O)N

Processor

Forwarder

Base station

First level

Second level

Third level

.

.

.

(a)

Base station

Processor

Forwarder

First level

Second level

Third level

.

.

.

(b)

F 5: e architecture of cross-level data transmission.

Suppose 𝑘𝑘 processors are selected, and they will send out
𝑘𝑘 competition success message 𝑆𝑆𝑆𝑆𝑆𝑆_𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑗𝑗, 𝐸𝐸𝑃𝑃𝑗𝑗, 𝐿𝐿𝑃𝐿𝐿𝑗𝑗, 𝑦𝑦𝑗𝑗)).
Accordingly, there will be𝑁𝑁-𝑘𝑘 𝑘𝑘𝑃𝑃𝑘𝑘𝑘𝑘_𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑗𝑗, 𝐸𝐸𝑃𝑃𝑗𝑗, 𝐿𝐿𝑃𝐿𝐿𝑗𝑗, 𝑦𝑦𝑗𝑗))
messages sent by other nonprocessors. As forwarders only
add the competition success message to the cluster-joining
packet, there will not be other extra messages produced.us
the messages add up to 𝑁𝑁 𝑁 𝑁𝑁𝑁𝑁 𝑁 𝑘𝑘 𝑁 𝑁𝑁 𝑁 𝑘𝑘 𝑁 𝑃𝑁𝑁 𝑁 𝑁)𝑁𝑁 at
the cluster formation stage per round, that is,𝑂𝑂𝑃𝑁𝑁).

Table 2 provides the comparison results of the message
complexity for several existing protocols. Although two
different nodes, the processor and the forwarder, are elected
as cluster leaders instead of the common CH, the message
complexity of our proposed algorithm is not added. Clearly,
our approach is better than others being used for comparison.

6.2. Correctness Analysis

Lemma 2. ere is no chance that two nodes are both
processors or forwarders if one is in the other’s neighboring node
set 𝑅𝑅CH.

Proof. Suppose 𝑆𝑆𝑆𝑆 and 𝑆𝑆𝑣𝑣 are both candidates in the cluster-
leader selection phase, and 𝑆𝑆𝑆𝑆 is in 𝑆𝑆𝑣𝑣’s neighboring node set

𝑆𝑆𝑣𝑣 𝑁 𝑅𝑅CH. According to our proposed algorithm, if 𝑆𝑆𝑆𝑆 and 𝑆𝑆𝑣𝑣
possess the even highest bids of 𝐶𝐶𝑃𝑃𝑗𝑗 or 𝐶𝐶𝐶𝐶𝑗𝑗, the one which
possesses higher residual energy will be chosen. e most
special occasion is that the highest bids of 𝐶𝐶𝑃𝑃𝑗𝑗 or 𝐶𝐶𝐶𝐶𝑗𝑗 and
the residual energy of two nodes are both the same. In this
case, if 𝑆𝑆𝑆𝑆 �rst becomes a leader node, then it will notice 𝑆𝑆𝑣𝑣
its state, so 𝑆𝑆𝑣𝑣 quits the competition and becomes an ordinary
node, and vice versa. at is to say, cluster leaders are well
distributed.

6.3. Discussion

6.3.1. Percentage p. As we can see from Section 5.1, the
percentage 𝑁𝑁 of eligible nodes determines the number of
candidates of cluster leaders. On the one hand, enough
candidates guarantee good cluster-leader choosing in terms
of residual energy. On the other hand, too many candidates
will cause a considerable message overhead. us a proper
value of 𝑁𝑁 should be chosen in order to guarantee the quality
of cluster-leader selection and reduce the message overhead.

6.3.2. Synchronization. Synchronization is another impor-
tant issue needed to be paid attention to for the operation



10 International Journal of Distributed Sensor Networks

of SCA. It is assumed that all sensor nodes are synchronized
and start the clustering phase at the same time. We can
achieve it, for instance, by having the base station periodically
broadcast synchronization pulses. Readers can obtain more
details about the time synchronization issue in clustered
wireless sensor networks with reference to [22].

6.3.3. Delay and throughput. e election of two nodes
as cluster leaders will have some impact on delay and
throughput of the whole network. Processors will transmit
the processed data to their forwarders aer their collection
and aggregation instead of transmitting them directly to the
next relay forwarder.is forwarding process takes a not long
but certain time, so it would imply waiting longer at next-
aggregation points and delaying the �nal delivery. Accord-
ingly, the throughput will decrease. However, the adopted
cross-level data transmission mode in the later phase will
reduce the latency as well as increase the throughput, which
will compensate for the total performance degradation.

7. Analysis of Energy Consumption

As outlined in Sections 4 and 5, the total energy consumed
per round can be divided into two distinct phases which
consist of the cluster set-up phase and the data transfer phase.
e mathematical expressions that calculate an estimation
of the energy consumed in each phase are provided, which
we use to evaluate whether the loads are more balanced by
adopting task separation. According to (1)–(3), we can obtain
(20)–(27) as follows.

7.1. Clustering Phase. As described in Section 5, each round
consists of creating a dominating set of cluster leaders chosen
froma certain amount of candidates.We assume that the ratio
of eligible nodes is p, then Np candidates are produced and
each of them will broadcast a competition message. We take
a cluster in level 𝑗𝑗 as an example (1 < 𝑗𝑗 < 𝑗𝑗𝑗. Assuming that
the length of one message is 𝑙𝑙 bytes and 𝐴𝐴 𝐴 𝐴𝐴 𝐴 𝐴𝐴, then
the energy consumed by candidates in a cluster per round is
given by

𝐸𝐸1𝑐𝑐 𝐴 𝑁𝑁𝑁𝑁𝑙𝑙 𝐴
𝜋𝜋𝜋𝜋2𝑗𝑗
𝐴𝐴

𝐸𝐸elec + 𝜀𝜀fs𝜋𝜋
2
𝑗𝑗 + 𝑞𝑞𝑙𝑙 𝐴

𝜋𝜋𝜋𝜋2𝑗𝑗
𝐴𝐴

𝐴 𝐸𝐸elec, (20)

where the �rst term represents the energy consumed for
transmitting competition messages sent by cluster-leader
candidates. e second term signi�es the energy consumed
in receiving the compete messages from other cluster-leader
candidates within the competition radius. e number of
messages received is based on the estimate that 𝑞𝑞 cluster-
leader candidates will fall within the competition radius.

Suppose that 𝑘𝑘 processors are selected and each of them
will send out a competition success message within radius 𝜋𝜋𝑗𝑗.
us the energy consumed in each cluster for the processor
advertisement message will be

𝐸𝐸2𝑐𝑐 𝐴 𝑘𝑘 𝐴
𝜋𝜋𝜋𝜋2𝑗𝑗
𝐴𝐴

𝐴 𝑙𝑙 𝐴 𝐸𝐸elec + 𝜀𝜀fs𝜋𝜋
2
𝑗𝑗 . (21)

As there are𝑁𝑁𝑁𝑘𝑘 nonprocessor nodes, each of which will
receive this message and then sends a Join_Pro message to its
processor; energy consumed during this process will be

𝐸𝐸3𝑐𝑐 𝐴 (𝑁𝑁 𝑁 𝑘𝑘𝑗 𝐴
𝜋𝜋𝜋𝜋2𝑗𝑗
𝐴𝐴

𝐴 𝑙𝑙 𝐴 𝐸𝐸elec + (𝑁𝑁 𝑁 𝑘𝑘𝑗 𝐴
𝜋𝜋𝜋𝜋2𝑗𝑗
𝐴𝐴

𝐴 𝑙𝑙 𝐴 𝐸𝐸elec + 𝜀𝜀fs𝜋𝜋
2
𝑗𝑗 .

(22)

Finally, each processor will receive these Join_Pro mes-
sages and the amount of energy consumed will be

𝐸𝐸4𝑐𝑐 𝐴 (𝑁𝑁 𝑁 𝑘𝑘𝑗 𝐴
𝜋𝜋𝜋𝜋2𝑗𝑗
𝐴𝐴

𝐴 𝑙𝑙 𝐴 𝐸𝐸elec. (23)

As forwarders only add the competition success message
to the cluster-joining packet, there will not be other extra
messages produced and then more energy consumed.

7.2. Data Transmission Phase. In the data transmission
phase, each plain node sends a single data message of 𝑡𝑡 bytes
to the processor, and the energy consumed is

𝐸𝐸5𝑐𝑐 𝐴 (𝑁𝑁 𝑁 𝑘𝑘𝑗 𝐴
𝜋𝜋𝜋𝜋2𝑗𝑗
𝐴𝐴

𝐴 𝑡𝑡 𝐴 𝐸𝐸elec + 𝜀𝜀fs𝜋𝜋
2
𝑗𝑗 . (24)

en each processor will receive these data messages:

𝐸𝐸6𝑐𝑐 𝐴 (𝑁𝑁 𝑁 𝑘𝑘𝑗 𝐴
𝜋𝜋𝜋𝜋2𝑗𝑗
𝐴𝐴

𝐴 𝑡𝑡 𝐴 𝐸𝐸elec. (25)

Next, each processor will aggregate the messages of its
own cluster and relayed from its above level:

𝐸𝐸7𝑐𝑐 𝐴 (𝑁𝑁 𝑁 𝑘𝑘𝑗 𝐴
𝜋𝜋𝜋𝜋2𝑗𝑗
𝐴𝐴

𝐴 𝑡𝑡 + 𝑡𝑡𝑗𝑗
relay𝐸𝐸DA, (26)

where𝑡𝑡𝑗𝑗
relay represents the amount of data relayed from level

𝑗𝑗 + 1 to level 𝑗𝑗. Since processors and forwarders in the same
cluster are very close to each other, energy consumed can be
considered negligible in the local forwarding process. Finally,
forwarders will transmit these data to their next relay nodes:

𝐸𝐸8𝑐𝑐 𝐴 (1 𝑁 𝜆𝜆𝑗 (𝑁𝑁 𝑁 𝑘𝑘𝑗 𝐴
𝜋𝜋𝜋𝜋2𝑗𝑗
𝐴𝐴

𝐴 𝑡𝑡 + 𝑡𝑡𝑗𝑗
relay

𝐴 𝐸𝐸elec + 𝜀𝜀fs𝜋𝜋𝑗𝑗 + 𝜋𝜋𝑗𝑗𝑁1
2
 .

(27)

From the equations given above, we can summarize the
total energy consumed in each round by each processor and
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forwarder in level 𝑗𝑗, respectively: 𝐸𝐸pro = 𝐸𝐸2
′

𝑐𝑐 + 𝐸𝐸4
′

𝑐𝑐 + 𝐸𝐸6
′

𝑐𝑐 +

𝐸𝐸7
′

𝑐𝑐 ,𝐸𝐸for = 𝐸𝐸
3′
𝑐𝑐 + 𝐸𝐸

8′
𝑐𝑐 ,

𝐸𝐸pro = 𝑙𝑙 𝑙 𝐸𝐸elec + 𝜀𝜀fs𝑟𝑟
2
𝑗𝑗 + (𝑁𝑁 𝑁 𝑁𝑁) 𝑙

𝜋𝜋𝑟𝑟2𝑗𝑗
𝐴𝐴

𝑙 𝑙𝑙 𝑙 𝐸𝐸elec

+ (𝑁𝑁 𝑁 𝑁𝑁) 𝑙
𝜋𝜋𝑟𝑟2𝑗𝑗
𝐴𝐴

𝑙 𝑡𝑡 𝑙 𝐸𝐸elec

+ (𝑁𝑁 𝑁 𝑁𝑁) 𝑙
𝜋𝜋𝑟𝑟2𝑗𝑗
𝐴𝐴

𝑙 𝑡𝑡 + 𝑡𝑡𝑗𝑗
relay𝐸𝐸𝑡𝑡A,

𝐸𝐸for = 𝑙𝑙 𝑙 𝐸𝐸elec + 𝑙𝑙 𝑙 𝐸𝐸elec + 𝜀𝜀fs𝑟𝑟
2
𝑗𝑗 + (1 𝑁 𝜆𝜆)

𝑙 (𝑁𝑁 𝑁 𝑁𝑁) 𝑙
𝜋𝜋𝑟𝑟2𝑗𝑗
𝐴𝐴

𝑙 𝑡𝑡 + 𝑡𝑡𝑗𝑗
relay

𝑙 𝐸𝐸elec + 𝜀𝜀fs𝑟𝑟𝑗𝑗 + 𝑟𝑟𝑗𝑗𝑁1
2
 .

(28)

Let 𝑌𝑌 = (𝑁𝑁 𝑁 𝑁𝑁) 𝑙 (𝜋𝜋𝑟𝑟2𝑗𝑗/𝐴𝐴), then

𝐸𝐸pro = 𝑙𝑙 𝑙 𝐸𝐸elec + 𝜀𝜀fs𝑟𝑟
2
𝑗𝑗 + 𝑌𝑌 𝑙 𝑙𝑙 𝑙 𝐸𝐸elec + 𝑌𝑌 𝑙 𝑡𝑡

𝑙 𝐸𝐸elec + 𝑌𝑌 𝑙 𝑡𝑡 + 𝑡𝑡𝑗𝑗
relay𝐸𝐸DA,

𝐸𝐸for = 𝑙𝑙 𝑙 𝐸𝐸elec + 𝜀𝜀fs𝑟𝑟
2
𝑗𝑗 + 𝑙𝑙 𝑙 𝐸𝐸elec + (1 𝑁 𝜆𝜆)

𝑙 𝑌𝑌 𝑙 𝑡𝑡 + 𝑡𝑡𝑗𝑗
relay 𝐸𝐸elec + 𝜀𝜀fs𝑟𝑟𝑗𝑗 + 𝑟𝑟𝑗𝑗𝑁1

2
 .

(29)

In order to estimate the energy consumption of each
processor and forwarder in one round, we consider the
difference of their consumed energy. Our original goal is
to lighten the load of CHs by task separation. If energy
consumption of a couple of processor and forwarder in
the same cluster in each round is nearly equal, the energy
consumption of CHs is slowed down to half its common
values, thus prolonging network lifetime to the maximum
extent. en, we have

𝐸𝐸for 𝑁 𝐸𝐸pro = 𝑌𝑌𝑡𝑡 + 𝑡𝑡𝑗𝑗
relay

𝑙 (1 𝑁 𝜆𝜆) 𝐸𝐸elec + 𝜀𝜀fs𝑟𝑟𝑗𝑗 + 𝑟𝑟𝑗𝑗𝑁1
2
 𝑁 𝐸𝐸DA

𝑁 (𝑌𝑌 𝑁 1) 𝑙𝑙𝐸𝐸elec 𝑁 𝑌𝑌𝑡𝑡𝐸𝐸elec.
(30)

As it is an equation whose highest order is quartic (𝑟𝑟4𝑗𝑗),
it is not easy to observe their difference intuitively. So we
randomly take a distribution whose total level 𝑀𝑀 = 𝑀 as an
example. Assuming 𝑗𝑗 = 3, we calculate the value of𝐸𝐸for𝑁𝐸𝐸pro.

T 3: Calculation parameters.

Parameter Value Unit
𝑁𝑁 98
𝐴𝐴 9800 m2

𝐾𝐾 20
𝜆𝜆 0.15
𝑟𝑟2 7.12 m
𝑟𝑟3 11.36 m
𝑟𝑟4 18.12 m
𝑟𝑟𝑀 28.91 m
𝐸𝐸elec 50 nJ/bit
𝜀𝜀fs 10 pJ/bit/m2

𝐸𝐸DA 5 nJ/bit/signal
𝑙𝑙(𝑡𝑡) 1 byte

Combiningwith Tables 5 and 6, the parameters used are listed
in Table 3:

𝑌𝑌 = (𝑁𝑁 𝑁 𝑁𝑁) 𝑙
𝜋𝜋𝑟𝑟2𝑗𝑗
𝐴𝐴

= 3.19,

𝑡𝑡𝑗𝑗
relay = 𝑡𝑡

3
relay = (1 𝑁 𝜆𝜆)

2𝜋𝜋𝑟𝑟2𝑀𝜌𝜌 + (1 𝑁 𝜆𝜆) 𝜋𝜋𝑟𝑟
2
4𝜌𝜌 = 27.74,

𝐸𝐸for 𝑁 𝐸𝐸pro

= (8𝑌𝑌 + 27.74) 0.8𝑀 𝑀0 + 0.01 𝑙 (7.12 + 11.36)2 𝑁 𝑀

𝑁 8 (𝑌𝑌 𝑁 1) 𝑙 𝑀0 𝑁 8𝑌𝑌 𝑙 𝑀0

= (8𝑌𝑌 + 27.74) 𝑙 40.4 𝑁 800𝑌𝑌 + 400

= 𝑁0.3 (𝑛𝑛𝑛𝑛) .
(31)

From the above calculations we can see that, for a net-
work which has 5 levels, the energy consumption difference
between a couple of processor and forwarder in the middle
level is only 0.3 nJ.at is to say, the consumed energy of each
processor and its corresponding forwarder is nearly equal,
and the processor really works for spreading the load. So we
obtain the expected results.

8. Simulations

We conduct simulations to study the performance of our
proposed energy balancing algorithm. First of all, we describe
the simulation settings. Secondly, simulation results are
presented showing the performance results under different
performance metrics. Finally, we discuss and analyze the
simulation results. Table 4 provides a comparison of the
related work with respect to different clustering attributes,
from which we choose LEACH, EECA, MR-LEACH, and
ACT for comparison.

8.1. Simulation Environment. We analyze the performance of
SCA algorithmbyOmnet++which allows efficient and realis-
tic modeling of sensor nodes by using an integrated technical
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T 4: Comparison of related works with respect to clustering attributes.

Clustering
protocol

Cluster-leader
selection

Cluster
formation Cluster size Data aggregation tree

construction
Energy

dissipation
LEACH Random Closest CH Equal No Unbalanced

MR-LEACH Nodes with the largest
residual energy Closest CH Equal

BS helps to choose
relay CHs for lower
layer CHs

Somewhat
balanced

EECS Random with
election

Closest based
using three
parameters

Unequal No Somewhat
balanced

UCR Random with
election Closest CH Unequal

Greedy geographic
forwarding algorithm
based on relay path cost

Somewhat
balanced

EECA Based on two
parameters Closest CH Equal Based on a weight

function
Relatively
balanced

ACT Ideal location Closest CH Unequal Equal allocation of the
relay loads

Relatively
Balanced

SCA Based on two
parameters Closest CH Unequal

Based on the
comparison of
transmission and
residual energy

Balanced

T 5: Simulation parameters.

Parameter Value
Number of nodes 98
Network scale (m2) 70 × 140
Location of BS (m) (40, 150)
Initial energy of each node (J) 2
e ratio of candidates 𝑝𝑝 0.3
𝐸𝐸elec (nJ/bit) 50
𝜀𝜀fs (pJ/bit/m

2) 10
𝑑𝑑0 (m) 100
𝐸𝐸DA (nJ/bit/signal) 5
Data packet size (bit) 500

computing environment. Because this paper focuses on
energy-efficient and balanced routing in the network layer,
an ideal MAC layer and error-free communication links are
assumed for simplicity. We perform the simulation study
under steady state, and the other parameters of the simulation
are listed in Table 5.

8.2. Results and Analysis

8.2.1. Network Lifetime. First of all, we measure the lifetime
of network. Figure 6 gives the number of living nodes over
time. As evident from the �gure, SCA has a longer network
lifetime than LEACH, EECA, MR-LEACH, and ACT. As for
LEACH, each sensor node elects itself as a CH with some
probability with no regard to the residual energy. Moreover,
all CHs communicate with the BS directly in LEACH which
leads to high energy consumption in communication and
thus shorting the network lifetime. Even though the CHs

The number of dead nodes
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F 6: Network lifetime.

in EECA and MR-LEACH are selected from sensor nodes
with sufficient power, their use of multihop communications
increases the burden of cluster heads near the BS. As the
CHs close to the BS share higher relaying loads, their energy
would be used up faster and die earlier. ACT considers the
adjustment of cluster sizes during data relay, but the same
disadvantages with EECA and MR-LEACH still exist in it,
so that it performs better than the two but worse than SCA.
When the data is relayed among clusters, the cluster sizes
are adjusted and the task of a CH is allocated to two nodes
in SCA, which reduces the energy consumption of critical
nodes; as a result, SCA achieves the longest network lifetime.
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8.2.2. Average Residual Energy. Figure 7 compares the aver-
age residual energy of nodes of the �ve algorithms. We can
observe that average residual energy of nodes under SCA
algorithm is greater than that of the other four algorithms.
LEACH adopts single-hop communications with the CH
sending its data directly to the BS leading to its lower
average residual energy. EECA, MR-LEACH, ACT, and SCA
utilize multihop communications that require less energy
consumption from each sensor node. With consideration of
cluster size and cluster-leader production, SCA balances the
load on each cluster and alleviates the burden of those critical
nodes. In addition, (Δ𝐸𝐸 𝐸 Δ𝐸𝐸𝑇𝑇) is de�ned as the metric to
choose relay nodes during data aggregation tree construction,
which considers the total energy consumption of the whole
network. In this way, energy spent by sensor nodes close to
the BS is less than in EECA, MR-LEACH, and ACT, so the
average energy dissipation in SCA is lower than that in the
other four. But as time goes on, more and more clusters need
to transmit their data to the BS directly in SCA. Forwarders
bear most of the tasks at the later phase, and the effect of
processors is not outstanding now. However, selecting two
nodes for cluster leaders will consume more extra energy.
erefore, it increases the average energy dissipation in SCA
and leads to more energy consumption than ACT and EECA
aer running for approximately 460/103 s.

8.2.3. e Standard Deviation of Energy Consumption of
Cluster Leaders. Figure 8 compares the standard deviation
of energy consumption of cluster leaders in LEACH, EECA,
MR-LEACH, ACT, and SCA. e CHs in LEACH are picked
out randomly, providing each sensor node a chance to serve
as a CH. Accordingly, the standard deviations of energy
consumption of CHs in LEACH show substantial variations.
MR-LEACH considers only the residual energy of nodes,

T 6: Variations of cluster radius with level𝑀𝑀.

Level𝑀𝑀 𝑀𝑀1 𝑀𝑀2 𝑀𝑀3 𝑀𝑀4 𝑀𝑀5
𝑀𝑀 𝑀 3 13.81 21.72 34.46 × ×
𝑀𝑀 𝑀 4 7.69 12.16 19.34 30.81 ×
𝑀𝑀 𝑀 5 4.49 7.12 11.36 18.12 28.91
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F 8: e standard deviation of energy consumption of cluster
leaders.

and EECA chooses the CHs based on residual energy and
distance. us their curves display irregular oscillation in
each round. e CHs in ACT are chosen according to the
ideal locations calculated depending on the load balance, and
its curve of standard deviation for energy consumption is
relatively steady. SCA calculates cluster sizes according to
the loads on CHs to balance the given loads on each CH.
Meanwhile, it separates tasks of one single cluster head to
two nodes, which further balances the energy consumption
of cluster leaders. As a result, the value of standard deviation
of energy consumption in SCA is minimized.

Table 6 shows the variation of cluster radius with level𝑀𝑀
within the same scenario, which is consistent with our design
idea in Section 4.1.

8.2.4. Variance of Average Residual Energy. Figure 9 shows
the experiment result of variance of average residual energy
of nodes in network and re�ects the proportionality of
network energy consumption. As to LEACH algorithm, most
energy loads concentrate on CHs and the excessive energy
consumption leads to early death of them, thus causingmuch
more uneven distribution of node energy in network than all
others being compared. In EECA,MR-LEACH, and ACT, the
shorter the distance between cluster leaders and the BS, is
the much heavier burden the leaders will have. In addition,
even though ACT considers arranging cluster sizes based on
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the energy consumption, the selection of a new CH makes
the locations of CHs deviate from the original ideal ones. All
thesemake the scatterings of energy consumption oscillating.
In comparison, SCA has a better and more stable value
in the early phase, but in the later phase cross-level data
transmission directly to the BS and the election of two new
cluster leaders leads to the rapid reduction of energy.

9. Conclusions

In this paper, we focus on the problem of unbalanced
energy dissipation when employing the multihop routing in
a cluster-based WSN. We propose an approach that balances
the energy consumption among clusters and slows the energy
consumption of CHs. For intercluster energy balancing, a
cluster radius is calculated with consideration of the relaying
load undertaken by each cluster, thus balancing the energy
dissipation among clusters. As for intracluster energy dissi-
pation, a separating mode is adopted to alleviate the burden
of critical nodes in each cluster and prolong the network
time. Simulation results show that our method outperforms
LEACH,MR-LEACH, EECA, and ACT in aspects of network
lifetime, energy efficiency, and balanced extent of energy
dissipation.
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is paper presents a design and analyzes the performance of an actuator operation scheduler for wireless sensor and actuator
networks, aiming at efficiently managing power consumption and distributing peak load in smart grid buildings. To create a
schedule within an acceptable response time, a genetic algorithm is designed, and the scheduler places the operations of activated
tasks to appropriate time slots in the allocation table. For genetic operations, each schedule is encoded to an integer-valued vector,
where each element represents either start time or binary allocationmap of the associated task according to the task type.e �tness
function evaluates the schedule quality by estimating the load of the peaking slot. Out-task model de�nes P-Penalty andN-Penalty
to account for the extrapower load brought by the delayed start of task operation. e performance measurement results obtained
from a prototype implementation reveal that our genetic scheduler reduces the peak load by up to 35.2% for the given parameter set
compared with the Earliest scheduling scheme, intelligently compromising two con�icting requirements of even load distribution
and small initiation delay.

1. Introduction

It is too much well known that wireless sensor networks, or
WSNs in short, are extending their application areas even to
harsh environments such as battle�elds and chemical process
facilities. Moreover, they are commonly integrating a variety
of actuators speci�c to the system goal, forming wireless
sensor and actuator networks (WSANs). eir typical appli-
cation is real-timemonitor-and-control of critical systems. In
the mean time, the smart grid is apparently also a promising
target of WSANs. As a future power system, the smart grid
pursues continuous monitoring, pervasive communication,
self-healing reliability, and timely reaction to meet the grow-
ing demand for sustainable and clean electric energy [1]. In
the smart grid, WSANs provide essential infrastructure for
automaticmetering and remote systemmonitoring.ere are
many standard WSAN technologies available to the smart
grid including Bluetooth, Wi-Fi, ultrawideband, and Zigbee
[2]. Upon those protocols, many different energy-related
applications can work without human intervention, further
bene�ting from M2M technologies [3].

In WSANs, sensor applications capture the current status
of the monitoring target via sensor readings, while the
actuators are triggered by the control logic. Every sensor and
actuator operation accompanies power consumption. Power
management has long been a major issue in WSANs and
achieved great improvement especially in wireless commu-
nication [4]. For example, Zigbee devices are known to be
able to last for several years without battery replacement
[5]. Hence, the requirement on power efficiency is gradually
moving from sensor part to actuator part. Particularly, in
smart grid buildings, heaters or air conditioners are turned
on or off based on continuous monitoring of environment
variables such as temperature [6]. e simultaneous oper-
ation of multiple actuators may lead to sharp increase in
power consumption, deteriorating the frequency quality and
thus jeopardizing the safe operation of the power supply
system [7]. e scheduling-based coordination of actuator
operations can shi the power load to light-loaded time
interval, alleviating the above-mentioned problems.

In the smart grid perspective, the energy-efficient actu-
ator schedule belongs to the demand response. Not only
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actuator operations but also the execution of sensing appli-
cations themselves require power consumption. In smart
buildings which are equipped with many actuator devices
such as lighting facilities, elevator management, HVAC
(Heating, Ventilation, and Air Conditioning) systems, and
electric pumps, peak load shiing is more important [6].
Furthermore, charging facilities for electric vehicles will be
installed in buildings. For actuator operation scheduling,
time window is divided into �xed-length time slots, and each
operation is aligned with the slot. Namely, actuators can be
started, suspended, or resumed at each slot boundary. In
addition, the load pro�le or interchangeably consumption
pro�le contains the sequence of power demand along the
time axis for each actuator operation. Currently, information
on power consumption statistics is available in public for
diverse appliances [8].

e scheduling problem for actuator operations is quite
similar to real-time task scheduling in that tasks have their
own deadlines [9]. Each actuator operation can be taken as
a processing task while tasks arrive when the control logic
decides the control action. At each arrival, task scheduling
is performed. However, in actuator scheduling, tasks can
run in parallel within the provisioned power cable capacity.
Here, by task scheduling, some actuator operations can be
delayed while others start at the moment they are activated
by the control logic. e delayed start may lead to the
change in power consumption dynamics. For example, the
delayed initiation of air conditioners or heaters can possibly
extend the operation length or increase the amount of power
consumption. e scheduler must take into account this
factor in schedule generation. However, such task scheduling
is in most cases a complex time-consuming problem quite
sensitive to the number of tasks, so conventional optimiza-
tion schemes are impractical due to their extremely long
execution time.

For better responsiveness, suboptimal search techniques
are indispensable in spite of optimality loss. Genetic algo-
rithms are one of the most widely used suboptimal search
techniques in many different areas, not restricted to just
engineering problems [10]. It can generate a task schedule
within an acceptable time bound, and its execution time
is even controllable by adjusting the number of genetic
iterations. Moreover, it can combine a variety of efficient
heuristics such as initial population selection. In this regard,
this paper designs an actuator operation scheduling scheme
for WSANs based on genetic algorithms. �o this end, �rst, it
is necessary to encode a schedule to a chromosome, which
is represented by an integer-valued vector. Second, a �tness
function must be de�ned to evaluate the quality of each
schedule, accounting for different task behaviors according
to the delayed start time. Finally, genetic operators, such
as selection, crossover, and mutation, are tailored for the
schedule generation based on the given task model.

is paper is organized as follows: aer issuing the
problem in Section 1, Section 2 surveys the background
and related work of this paper. Section 3 explains actu-
ator operation scheduler, focusing on encoding scheme
design, the �tness function de�nition, and genetic operation
customization. Aer performance measurement, results are

demonstrated and discussed in Section 4; Section 5 �nally
summarizes and concludes the paper with a brief introduc-
tion of future work.

2. Background and RelatedWork

Reference [1] overviews the promising applications of WSNs
for electric power systems, where timely information is
essential for reliable power transmission and distribution
from generation units to end users. ose applications
include wireless automatic meter reading, remote system
monitoring, equipment fault diagnostics, and the like. WSNs
in the smart grid are expected to efficiently cope with harsh
environmental conditions, reliability and latency require-
ment, packet errors with variable link capacity, and resource
constraint. It focuses on the measurement of the WSN link
quality in the electric-power-system environment in terms of
background noise, channel characteristics, and 2.4GHz band
attention. Hence, extensive �eld tests have been conducted
on IEEE 802.15.4-compliant sensor nodes. e experiment
environments include a 500 kV substation, a main power
control room, and an underground network transformer
vault. Aer all, the wireless channel has been modeled using
a log-normal shadowing path-loss model.

Reference [11] considers joint problems of control and
communication in WSANs for building control systems,
where WSAN serves as components of control loops. It
focuses on controlling the environment variables, such as
temperature, humidity, and illumination by means of heat-
ing, air conditioning, ventilating, and lighting. is system is
built on top of 3-tier design consisting of network, control,
and user interface. e authors propose both centralized
and distributed control schemes, respectively. For both of
them, �alman �lters compensate for packet losses and delays
in wireless channels to estimate the current WSAN status,
while the control action is decided by means of the control
objective function. e performance comparison between
centralized and distributed schemes is conducted in terms
of control performance, energy efficiency, computational
complexity, and packet loss rate. However, their control
decision procedure does not consider explicitly the power
consumption dynamics in actuators.

Reference [5] addresses that WSNs will play a key role
in the deployment of the smart grid towards residential
premises, hosting various demand and energy management
applications. e authors evaluate the performance of in-
home energy management schemes focusing on the energy
cost reduction. is scheme allows its applications to be
�exibly built on top of wireless sensor networks in home area.
Here, the Zigbee technology is exploited for communication
between the energy management unit and other power enti-
ties such as appliances, smartmeters, and storage devices.e
management system also incorporates SEP (Smart Energy
Pro�le) 2.0 developed by ZigbeeAlliance for the standardized
message format and exchange procedure in automatic meter-
ing applications. e performance of the sensor network
part depends on the packet size generated by the monitoring
application. e simulation-based experiment �nds out that
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the smaller packet size is preferred for smart grid applications
from the viewpoint of packet delivery ratio, delay, and jitter.
Anyway, standard WSNs can be seamlessly integrated into
smart grid systems.

Reference [12] presents a strategy for deep demand
response of power loads considering the availability of renew-
able energies. Its monitoring and controlling architecture
also employs WSNs, where each sensor is attached to a low-
powerwirelessmote running an IPv6-compatible networking
layer. A set of motes forms an ad hoc network while a
laptop computer provides a gateway to the global network.
e authors introduce the notion of slack, which means the
potential of an energy load to be advanced or deferred without
affecting earlier or later operations. According to the operation
model integrating the slack, the distribution of appliance
operations can lead to a better match of energy consumption
to generation. e thermostatically controlled load is the
main target of the time-dependent power consumption man-
agement, and this schememainly focuses on the coordination
of renewable energy. eir power consumption model is
reasonable, and our schemewill adapt it for explicit appliance
scheduling.

In the mean time, our research team has been conducting
researches on demand response schemes for the purpose of
applying the research results promptly in Jeju area, which
has established one of the world’s largest smart grid testbeds
[13]. Main focus is put on efficient scheduling of power
device operations and charging of electric vehicles in smart
homes, buildings, and charging stations. Based on the task
model consisting of preemptive and nonpreemptive tasks,
our strategies build an operation schedule for the given
time window either by genetic algorithms or by exhaustive
searches combined with a heuristic [14]. ey are mainly
concerning how to reduce peak load by distributing each task
operation as evenly as possible. In addition, for the efficient
integration of renewable energies in a smart grid unit, a
dual battery management scheme decides when to charge or
discharge each battery according to the availability of wind
power generation and power demand approximation [15].
Until now, the power consumption is assumed to be constant
irrespective of its start time.

3. Actuator Operations Scheduler Design

3.1. System and Task Models. Figure 1 depicts our system
model which is inherited from the typical wireless WSAN
architecture. As our design is targeted at smart grid buildings,
sensors and actuators are selected for building environment
control. Aer the sensor data analysis, a series of control
actions are determined. e actuator control process noti�es
the power scheduler of those tasks. Each action has its own
time constraint that must be completed within a speci�c time
instant. Its power consumption is speci�ed by load pro�le
which is a sequence of power amount consumed on each time
interval. At each task arrival, the power scheduler generates
a new schedule or modi�es an existing schedule considering
the load pro�le and already admitted tasks. According to the
schedule, the switch controller unit turns on or off power
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switches which connect respective electric devices to the
power supply, be it the main power line or local renewable
energies.

e operation schedule is denoted by a𝑁𝑁𝑁𝑁𝑁 time table,
where 𝑁𝑁 is the number of tasks, and 𝑁𝑁 is the number of
time slots. For task speci�cation, task 𝑇𝑇𝑖𝑖 can be modeled
by the tuple of ⟨𝐹𝐹𝑖𝑖, 𝐴𝐴𝑖𝑖, 𝐷𝐷𝑖𝑖, 𝑈𝑈𝑖𝑖⟩. First, 𝐹𝐹𝑖𝑖 indicates whether
𝑇𝑇𝑖𝑖 is preemptive or nonpreemptive. In addition, 𝐴𝐴𝑖𝑖 is the
activation time of 𝑇𝑇𝑖𝑖, 𝐷𝐷𝑖𝑖 is the deadline, and 𝑈𝑈𝑖𝑖 denotes
the operation length, which corresponds to the length of
the consumption pro�le entry. A nonpreemptive task can
start from its activation to the latest start time, which can
be calculated by subtracting 𝑈𝑈𝑖𝑖 from 𝐷𝐷𝑖𝑖. Actually, 𝐷𝐷𝑖𝑖 − 𝑈𝑈𝑖𝑖
is equivalent to the slack of 𝑇𝑇𝑖𝑖. When a start time is selected,
the pro�le entry is just copied to the allocation table one by
one, as the task must not be preempted once it has started. In
contrast, the preemptive task case is quite complex. To meet
its time constraint, 𝑈𝑈𝑖𝑖 out of (𝐷𝐷𝑖𝑖 − 𝐴𝐴𝑖𝑖) slots are picked for
device operation. e operation can be intermittent.

e load power pro�le is practical for characterizing the
power consumption behavior of each task. As an example,
power consumption for ventilation process depends on the
selected program. Along the time axis, the activated set of
devices will be different stage by stage, and accordingly the
amount of power consumption is different for each stage.
e scheduler can assume that the power requirement of
each operation step is known in priori. Here, the power
consumption pattern for every electric device is aligned
to the �xed-size time slot. Actually, each actuator has its
own time scale in its power consumption. However, we can
take the average value during each time slot considering
voltage regulating equipments commonly available in most
buildings. e length of a time slot can be tuned according
to the system requirement on the schedule granularity and
the computing time. is length usually coincides with the
period of price signal change in power trade systems.

In addition to the standard consumption behavior spec-
i�ed by the load pro�le, we de�ne two parameters to adapt
the consumption dynamics according to the delayed start of
actuator operations. First, P-Penalty represents the increase
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in the power consumption for each slot of delay. If P-
Penalty is 5% and 2 slots are delayed, the power consumption
increases by 10% in every slot. Second, N-Penalty denotes
the amount of delay which leads to one slot extension in
operation length. IfN-Penalty is 3 and the actuator operation
is delayed by 6 slots, the operation length increases by 2 slots.
e power consumption in the extended slots is equal to the
per-slot average. Additionally, if it is delayed by 4 slots and
the average per-slot power consumption is 3, the operation
length increases by 2 slots. Here, the power consumption
in the �rst-extended slot is 3, and that in the second slot
is 1, which corresponds to a third of the average per-
slot consumption. is adaptation model accounts for the
common behavioral tendency that the power consumption
largely increases in proportion to the amount of delay [12].

3.2. Encoding and Fitness Function. In the development of
genetic scheduler, it is necessary to represent an allocation
table by a chromosome or an integer-valued vector. Our
design takes 𝑁𝑁 integers for a schedule, where each element
is associated with a task. A vector element has different
meanings according to the task type. For a nonpreemptive
task, the integer element denotes the slot from which its task
operation starts. A single number is enough to represent the
task operation in the allocation table, as a nonpreemptive
task goes to the end without being suspended, once it has
started. It can start from its activation time to the latest start
time, which can be calculated by subtracting 𝑈𝑈𝑖𝑖 from 𝐷𝐷𝑖𝑖. In
contrast, for preemptive tasks, the integer element means the
binary map by which task operations are assigned to the time
slots. Hence, the map tells how to select 𝑈𝑈𝑖𝑖, the length of
the task operation, out of (𝐷𝐷𝑖𝑖 − 𝐴𝐴𝑖𝑖 + 1) slots, the length of
the map. e number of choice options is bounded by𝑀𝑀 for
nonpreemptive tasks while by 𝑂𝑂(𝑂𝑀𝑀𝑀𝑂) for preemptive tasks
[14].

Now, a �tness function evaluates a schedule according to
the given systemgoal. For peak load estimation, the allocation
table is converted froma chromosome.en,we can calculate
the power demand for each slot, and the maximum of them
will be the peak load. e smaller the peak load, the better
the schedule. In addition to this basic encoding scheme, the
effect of delayed start must be further taken into account in
the �tness function. It can be better described by an example
shown in Figure 2. As shown in Figure 2(a), there are 4 tasks,
so 𝑁𝑁 is 4. 𝑇𝑇0 and 𝑇𝑇1 are nonpreemptive, while 𝑇𝑇𝑂 and 𝑇𝑇3
are preemptive. In addition, we assume that the time window
consists of 10 slots,making𝑀𝑀 equivalent to 10.𝑇𝑇0 is activated
at the time slot 1 and must be completed by time slot 6. Its
operation length is 3, so its pro�le entry has three numbers,
each of which represents the power consumption on its time
slots when the task is run.

Next, Figure 2(b) shows how a chromosome is converted
to an allocation table. For an encoded vector of (2, 3, 58,
13), the element associated with 𝑇𝑇0 is 2. It means that 𝑇𝑇0
begins from time slot 2. Hence, the pro�le entry (3, 2, 3) is
sequentially copied to 𝑇𝑇0 row of the allocation table from
time slot 2. e allocation for 𝑇𝑇1 can be explained in the
same way. For 𝑇𝑇𝑂, a preemptive task, its start time is 2 and
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deadline is 8. As its operation length is 4, 4 out of 7 slots need
to be selected. In the vector, 𝑇𝑇𝑂 is associated with 58, and its
binary equivalent is 0111010. e pro�le entry is mapped to
the allocation table for each appearance of 1, from time slot 2.
Hence, (0, 1, 2, 3, 0, 4, 0) is the allocation result for 𝑇𝑇𝑂, where
the �rst 0 is the power demand in slot 2.en, Figure 2(b) also
shows the per-slot power demand just below the allocation
table. e �tness function �nds the maximum of them, so �.0
is the �tness value for this allocation.

Figure 2(c) illustrates how to modify the allocation table
by P-Penalty and N-Penalty. First, 𝑇𝑇0 has N-Penalty of 4, and
its start is delayed by 1 slot, while average per-slot power
consumption is 2.67. Hence, ⌈1𝑀4⌉, namely, 1 extraslot is
added, and the its power consumption is 2.67 ÷ 4 = 0.67, as
shown in time slot 5. Second, 𝑇𝑇1 starts 3 slots later than its
activation time, and its N-Penalty is 2. ⌈3𝑀𝑂⌉, namely, 2 slots
are added for this delay. ey are slots 5 and 6. As average
power consumption is 3.0, slot 5 has power consumption of
3 while slot 6 has 1.5. Next, 𝑇𝑇𝑂 has P-Penalty of 0.2, and it
is delayed by 1 slot. Hence, power consumption in every slot
is increased by 20%. For 𝑇𝑇3, each slot increases by 10%. If
a preemptive task has N-Penalty and 𝑝𝑝 slots are additionally
needed, 𝑝𝑝 slots are selected out of slots from its start time
(not its activation time) to deadline. e peak load takes
place at the 5th slot, and peak value has changed to 10.6. It
must be mentioned that slot length extension can lead to the
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violation of deadline constraints for some tasks. However,
those schedules will be eliminated in genetic iterations.

3.3. Genetic Iterations. With the design of an encoding
scheme and the de�nition of the �tness function, genetic
operations are executed, continuously improving the quality
of population. e overall procedure is described in Figure 3.
Each evolutionary step generates a population of candidate
solutions and evaluates them according to a given �tness
function. Even though the genetic algorithm can possibly fail
to �nd an optimal solution, its efficiency makes itself very
practical, as the schedule must be created within the system’s
tolerance. For initial population, a prede�ned number of
chromosomes are generated randomly. In a chromosome,
each element is selected from th e valid range of the associated
task. at is all schedules in the population can meet the time
constraint of each task. is restriction narrows the search
scope and cuts off the chance of creating a better schedule by
mating invalid schedules. However, without this restriction,
the scheduler spends too much time in processing invalid
schedules, which violate the time constraint of some tasks.

e iteration mainly consists of selection and reproduc-
tion. Selection is a method that picks parents according to
the �tness function. e Roulette wheel selection gives more
chances to chromosomes having better �tness values for
mating. Actually, we have also tried other strategies such
as the tournament selection; however, the Roulette wheel
scheme performs better than others in most cases. Repro-
duction or crossover is the process of taking two parents and
producing offspring with the hope that the offspring will be a
better solution. is operation randomly selects a pair of two
crossover points and swaps the substrings from each parent.
Reproduction may generate the same chromosome with
currently existing ones in the population. It is meaningless
to have multiple instances of a single schedule, so they will
be replaced by new random ones. Additionally, mutation
exchanges two elements in a single chromosome. In our
scheme, the meaning of the value is different for preemptive
and nonpreemptive tasks. Hence, the mutation across the
different task domains must be prohibited.

4. PerformanceMeasurement

is section implements the proposed allocation method
usingVisual C++ 6.0,making it run on the platform equipped
with Intel Core2 Duo CPU, 3.0GB memory, and Windows
Vista operating system. e time slot length is implicitly
selected to be 5min, considering the period of price signal
change. For the scheduling window of 2 hours,𝑀𝑀 is set to 24.
For a task, the start time is selected randomly between 0 and
𝑀𝑀𝑀𝑀, while the operation length and the slack exponentially
distribute with the averages of 5.0 and 3.0 slots, respectively.
A task will be discarded and replaced if the �nish time,
namely, the sum of start time and operation length, exceeds
𝑀𝑀. In addition, the power level for each time slot ranges from
1.0 to 10.0. e power scale is not explicitly speci�ed, as it
depends on the grid type and included devices. As for genetic
operations, each population includes 96 chromosomes, while
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the number of iterations is set to 1,000.is con�guration can
create a schedule within 1 second. Actually, even with more
iterations, the �tness value hardly gets improved.

For performance comparison, the Earliest scheduling
scheme initiates tasks as soon as they get ready and makes
it run without preemption. It adopts no control strategy but
provides a measure for a comparative assessment for the
efficiency of other charging strategies.e experimentmainly
focuses on peak load and total load for the schedule found
by the proposed scheme. Extrapower load is not added to
the 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 scheme, as the activation time is the same as the
start time for every task. Main performance metrics include
the number of tasks, P-Penalty, N-Penalty, and slack. In the
subsequent experiments, the number of preemptive tasks
is set to 3, as the nonpreemptive tasks are more common.
For each parameter setting, 30 sets are generated, and their
results are averaged. In the performance comparison graphs,
the curve marked by 𝐺𝐺𝐸𝐸𝐺𝐺𝐸𝐸𝐸𝐸𝐸𝐸𝐺𝐺 plots the performance of the
proposed genetic scheduler.

e �rst experiment measures both peak load and total
load according to the number of tasks, while the experiment
results are plotted in Figure 4. Here, the number of tasks
ranges from 4 to 20. For the experiment, every preemptive
task is assumed to have P-Penalty of 0.05, while every
nonpreemptive task is assumed to have N-Penalty of 3. As
the average power consumption is almost the same for each
task, for a sufficiently large number of tasks, both peak load
and total load linearly increase along with the number of
tasks. As shown in Figure 4(a), the proposed scheme reduces
the peak load by 35.2% when the number of tasks is 8. e
performance gap is generally uniform for the range of a given
number of tasks. Total load indicates how much overhead is
added due to peak load distribution. As shown in Figure 4(b),
just a small difference is found between two cases of 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
and proposed schemes. e difference tends to get larger
when there are more tasks, but it remains less than 5%. is
experiment discovers that our scheme achieves signi�cant
peak load reduction just with small increase in the total load.

e next experiment measures peak load and total load
according to the P-Penalty ranging from 0 to 0.1, and the
results are shown in Figure 5. In this experiment, the number
of tasks is set to 10, and N-Penalty is to 3. Peak load and
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total load do not change in the 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 scheme, as the
number of tasks is �xed to 10. However, Figure 5(a) shows
that peak load is rarely affected by the change of P-Penalty
also in the proposed scheme. Peak load lies between 22.1
and 22.3. is result indicates that the proposed scheme can
stably �nd an e�cient schedule, even if peak load is expected
to linearly increase along with P-Penalty. According to the
graph, our genetic scheduler reduces peak load by around
33.1%, compared with the 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 scheme. In addition, the
total load increases when P-Penalty gets larger almost linearly
as shown in Figure 5(b). e difference in the total load
is about 10.1% between the two schemes when P-Penalty
reaches 0.1.

In addition, Figure 6 traces the effect ofN-Penalty to peak
and total load, respectively. In the experiment, N-Penalty is
changed from 1 to 10, while the number of tasks is set to 15
and P-Penalty to 0.05. A smaller value of N-Penalty makes

 0

 10

 20

 30

 40

P
ea

k
 lo

ad

0 0.02 0.04 0.06 0.08 0.1

“Earliest”
“Genetic”

�-Penalty

(a) Peak load

 200

 240

 280

 320

 360

 400

T
o

ta
l l

o
ad

0 0.02 0.04 0.06 0.08 0.1

“Earliest”
“Genetic”

�-Penalty

(b) Total load

F 5: Effect of P-Penalty.

the total power consumption increase more. If N-Penalty
is 1, each slot of delay leads to one slot of extension. As
in the previous experiment, both peak load and total load
remain constant in the 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 scheme, as the number of
tasks is �xed. �ur genetic scheduler places those tasks having
severe penalty as earlier as possible to minimize the in�uence
of delayed starts. As a result, the genetic scheduler reduces
peak load by 26.2%, even when N-Penalty is 1. In addition,
just 9.2% of load is added to the total power consumption,
compared with the 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 scheme.

Finally, Figure 7 measures the effect of task slack to peak
load and total load, respectively. Here, the slack ranges from
1 to � slots, while the number of tasks is �xed to 15, P-
Penalty to 0.05, andN-Penalty to 3. e larger the slack is, the
more options scheduler has in placing task operation in the
allocation table. Actually, the large number of options means
the increase in the search space size. e genetic scheduler
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has an additional tradeoff between the execution speed and
accuracy. However, as the penalty also increases if the task
operation is delayed for better distribution, it is difficult to
design a straightforward policy in task scheduling. For the
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 scheme, peak load is also affected by the slack size,
even if not so much, as a smaller slack value is highly likely to
make several tasks activated at the same time slot.

Figure 7(a) shows that peak load of the proposed scheme
is smaller than that of the 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 scheme by up to 35.7%,
when the slack is 4 slots. e improvement is smallest
when task operations are tight; namely, tasks have small
slacks. Even though this experiment cannot �nd a regular
improvement pattern due to two con�icting factors of even
distribution and increased penalty, our scheme outperforms
by at least 26.1% for the whole slack range. Additionally,
according to Figure 7(b), total load gets larger according
to the increase of the slack. e gap increases from 3.1%
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just to 6.8%. Aer all, this experiment discovers that our
genetic scheduler takes advantage ofmore scheduling options
stemmed from large slack, justwith a little increase in the total
load.

5. Conclusions

e smart grid is a future power system which essen-
tially employs WSANs for its applications such as wireless
meter reading and remote system monitoring. e power
management for actuators gets more important, as many
standard protocols such as Zigbee have already achieved
signi�cant improvement in sensor network part. is paper
has designed an actuator operation scheduler capable of
reducing peak load in power consumption of actuator tasks,
taking advantage of genetic algorithms. Based on the load
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pro�le speci�cation and the task model consisting of nonpre-
emptive and preemptive tasks, each schedule is represented
by a chromosome. Here, a schedule is also equivalent to an
allocation time table. e �tness function calculates per-slot
power consumption to �nd the peaking slot. In schedule
evaluation, P-Penalty andN-Penalty account for the extended
operation length or increased power consumption brought by
the delayed start of some actuator operations, respectively.

Extensive experiments have been conducted to measure
the performance of the proposed scheme mainly in terms of
peak load and total load according to the number of tasks,
P-Penalty, N-Penalty, and task slack. e experiment reveals
that our genetic scheduler reduces the peak load by up to
35.2% for the given parameter set compared with the Earliest
scheduling scheme. Moreover, genetic operations can �nd
an efficient schedule, smartly compromising two con�icting
objectives of even power load distribution and small actuator
initiation delay. Our genetic scheduler can possibly integrate
an intelligent heuristic in initial population selection and
genetic loop customization. In addition, a new system goal
can be de�ned such as cost reduction and renewable energy
integration.

As future work, we are planning to integrate renewable
energies and charging facilities for electric vehicles into our
WSAN-based power management system for smart build-
ings. Future buildings are highly likely to install distributed
power generation equipments for solar and wind energies,
while electric vehicles put signi�cant load on the power sys-
tem if they are plugged in to the power grid simultaneously.
Computational intelligence can overcome the complexity in
coordinating many different power entities having their own
roles in power consumption scenarios.

Acknowledgment

is paper was �nancially supported by the Ministry of
Knowledge Economy (MKE), Korea Institute for Advance-
ment of Technology (KIAT) through the Inter-ER Cooper-
ation Projects.

References

[1] V. C. Gungor, B. Lu, and G. P. Hancke, “Opportunities and
challenges of wireless sensor networks in smart grid,” IEEE
Transactions on Industrial Electronics, vol. 57, no. 10, pp.
3557–3564, 2010.

[2] D. Gislason, ZIGBEEWireless Networking, Newnes, Melbourne,
Australia, 2008.

[3] Z.M. Fadlullah, M.M. Fouda, N. Kato, A. Takeuchi, N. Iwasaki,
and Y. Nozaki, “Toward intelligent machine-to-machine com-
munications in smart grid,” IEEE Communications Magazine,
vol. 49, no. 4, pp. 60–65, 2011.

[4] S. Bu, R. Yu, Y. Cai, and X. Liu, “When the smart grid
meets energy-efficient communications: green wireless cellular
networks powered by the smart grid,” IEEE Transactions on
Wireless Communications, vol. 11, no. 8, pp. 3014–3024, 2012.

[5] M. Erol-Kantarci and H. T. Mouah, “Wireless sensor networks
for cost-efficient residential energy management in the smart

grid,” IEEE Transactions on Smart Grid, vol. 2, no. 2, pp.
314–325, 2011.

[6] H. Doukas, K. D. Patlitzianas, K. Iatropoulos, and J. Psarras,
“Intelligent building energy management system using rule
sets,” Building and Environment, vol. 42, no. 10, pp. 3562–3569,
2007.

[7] R. H. Katz, D. E. Culler, S. Sanders et al., “An information-
centric energy infrastructure: the Berkeley view,” Sustainable
Computing: Informatics and Systems, vol. 1, no. 1, pp. 7–22,
2011.

[8] S. Shao, T. Zhang, M. Pipattanasomporn, and S. Rahman,
“Impact of TOU rates on distribution load shapes in a smart
grid with PHEV penetration,” in Proceedings of the IEEE PES
Transmission and Distribution Conference and Exposition, April
2010.

[9] T. Facchinetti, E. Bibi, and M. Bertogna, “Reducing the peak
power through real-time scheduling techniques in cyber-
physical energy systems,” in Proceedings of the 1st International
Workshop on Energy Aware Design and Analysis of Cyber
Physical Systems, 2010.

[10] S. Sivanandamand S.Deepa, Introduction toGenetic Algorithms,
Springer, Berlin, Germany, 2008.

[11] X. Cao, J. Chen, Y. Xiao, and Y. Sun, “Building-environment
control with wireless sensor and actuator networks: centralized
versus distributed,” IEEE Transactions on Industrial Electronics,
vol. 57, no. 11, pp. 3596–3605, 2010.

[12] J. Taneja, D. Culler, and P. Dutta, “Towards cooperative grids:
sensor/actuator networks for renewables integration,” in Pro-
ceedings of the 1st IEEE International Conference on Smart Grid
Communications, pp. 531–536, October 2010.

[13] J. Lee, H. Kim, G. Park, and H. Jeon, “Genetic algorithm-based
charging task scheduler for electric vehicles in smart trans-
portation,” in Intelligent Information and Database Systems, vol.
7196 of �ecture Notes in Arti�cial Intelligence, pp. 208–217,
Springer, 2012.

[14] J. Lee, H. Kim, G. Park, and M. Kang, “Energy consumption
scheduler for demand response systems in the smart grid,”
Journal of Information Science and Engineering, vol. 28, pp.
955–969, 2012.

[15] J. Lee and G. Park, “Dual batterymanagement for renewable
energy integration in EV charging stations,” NeuroComputing.
In press.




