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Abstract

It is believed that the deployments of Wireless Sensor Network (WSN)
have great long-term economic potential, ability to transform our lives, and
pose many new system-building challenges. A typical application domain
of WSN is by placing a vast number of multifunctional sensor nodes over a
field to sense and collect surrounding environment data. Beside energy
conservation concerns, another major challenge for its real deployments is
its reliability issue, more precisely the sensing resolution (this being the
main service quality we addressed in this paper). In many cases,
redundancy of sensors is being made to provide higher sensing resolution
when single sensing device is with lower ability. Certain coverage of
sensors is required in order to guarantee the sensing data with acceptable
degree-of-truth. However, since sensor nodes are mostly powered by
batteries and required to remain in inactive state for the longest possible
time duration due to save energy. Balancing the trade-off between energy-
efficiency and sensing quality is a rich area because sensor deaths and
sensor replenishments make it difficult to specify the optimum number of
sensors that should be activated and sending information at any given time.
Through literature survey, we discover that current solutions toward this
problem fell into some limitations in configurations or deployments. In this
paper, we present a concept for improving the overall performance of the
WSNs through local collaborations of neighbour nodes, and provide a
more efficient duty-cycle management solution. A framework for
distributed duty-cycle management is given, and a control algorithm is
generated from the framework. Simulation shows that the new method
does work in WSN environments, and gives good results.

Keywords: Wireless Sensor Networks, Duty-cycle, Distributed,
Resolution

1 INTRODUCTION
Recent advances in Micro-Electro-Mechanism Systems (MEMS), Wireless
Communications, and Embedded Systems made it possible in manufacture cheap, small,
and energy-efficient multifunctional sensors with the ability of sensing environments,
processing data, and transmitting information. A sensor network can be formed by
deploying hundreds and thousands of multifunctional sensors within the region of interest
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to perform certain sensing and networking tasks. Sensor Networks have generated flurry of
research activity because of variety of applications [1, 2]. Some of the applications
envisioned for such networks include but are not limited to targets detection, object
tracking, environment surveillance, intrusion detection, and etc. [3, 4]. Many of these
applications involve large-scale sensor networks, where a large number of sensors are
deployed in a vast geographical area, and operating simultaneously in separate
geographical spots.

WSNss are placed in the field to collect data of interest for applications. Then, the
ability of data collection of the WSN directly affects the performance of applications.
Service quality in WSN involves a wide verity of criteria. A special service quality
parameter to mean the resolution of sensor networks is a unique parameter typically
measures the performance for WSN in terms of the data gathering ability. Different from
conventional communication networks that only provide the service of duplicating
information in bits from one end of the network to the other end of the network, sensor
networks involve the ability of data collection, whereby the collection ability also needs to
be ensured. Reference [6, 7] directly defines QoS to mean sensor network resolution.
Specifically, depending on the different stimuli present in the sensor network, it is defined
as the optimum number of sensors sending information toward information-collecting
sinks. This is a very important issue, because in any sensor network we want to
accomplish two things: 1) maximize the lifetime of the sensor network by having sensors
periodically power-down to conserve their battery energy, and 2) have enough sensors
powered-up and sending packets toward the information sinks so that enough data is being
collected when stimuli presents. Note that the information sinks need a certain amount of
information gathered from the different sensors, but sensors in close proximity to each
other allow many of those sensors to be powered-down.

This is the management problem we address. A most straight forward solution to this
problem is the static setting whereby the duty cycle of each sensor node is settled in a
fixed way before its deployment. It is widely used approach for nodes’ periodically
powered off in the WSN. However, the duty-cycle management is a rich research area
because sensors are always placed in the sensing field in random fashions with
redundancy. Sensor deaths (e.g., as a result of damage or battery failure) and sensor
replenishments make it difficult to control the optimum number of sensors that should be
activated and sensing the field at any given time [5, 6]. Therefore, adaptive mechanisms
should be applied to allow the running state of the sensor nodes cope with the randomness
brought by the uncertainties from the sensing field. This issue is firstly described in ref [6]
and reputed as the QoS problem in WSN. Then, some improvements are given in ref [7,
12]. However, a significant weak point for those solutions is that two assumptions are
made where 1) broadcast channel exists for collection point to all nodes, and 2) sensor
nodes are able to acknowledge the information for collection point even when it is
powered off for energy saving. The above two assumptions are not supported by main-
stream sensor node equipments. In this paper we present a distributed control algorithm
for duty-cycle management to improve the QoS of Wireless Sensor Networks. We
consider the sensor network can operate under the following model. Sensor nodes are
distributed across the sensing field and simultaneously operating. Each sensor nodes swap
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within two states, active and sleep. Sensor node itself has to decide when in active (or
sleep) state. A control algorithm runs on each sensor node to determine the operation state.
The simulations show that the ‘borrowed’ well fits the reality of duty-cycle control in
Wireless Sensor Networks. The reminder of this paper is organised as follows. Section 2
gives the related works and model definitions for this research. Section 3 gives the concept
of doing duty-cycle management in a distributed manner. Section 4 gives a detailed
description of the control algorithm for duty cycle. Simulation and conclusions are given
in Section 5 and Section 6.

2 BACKGROUND

The study of wireless sensor networks is still a burgeoning field, many aspects of
sensor networks, such as routing, preservation of battery power, adaptive self-
configuration, etc., have already been studied in previous papers. Ref. [8] might be the
earliest work to the present study as it actively probes the question of QoS that the base
stations are receiving from the sensors. However, it defines QoS as total coverage in a
static fashion. That is, it does not allow a data sink to dynamically alter the QoS it is
receiving from the sensors, depending on varying circumstances.

Reference [6] proposed a solution that uses the idea of allowing the base station to
communicate QoS information to each of the sensors using a broadcast channel and then
use the mathematical paradigm of the Gur Game to dynamically adjust to the optimum
number of sensors. The result is a robust sensor network that allows the base station to
dynamically adjust the number of sensors being activated, thereby controlling the
resolution of QoS it is receives from the sensors, depending on varying circumstances.
This research attracts some research attentions and some new papers [7, and 12] can be
found in the literature to extend the idea. However, the limitation for this Gur Game based
algorithm and its variations is that two unreasonable assumptions are given, where 1) a
broadcast channel is needed from base station to all sensor nodes, and 2) Sensor nodes
need to reply to the request from the base station even when it is in sleep state. These
algorithms can hardly be deployed to real sensor works without a radically change.

In this paper, Placement Model, Sensing Model, and Converge Measures are defined
as follows, respectively. In the rest of this paper, a commonly used sensor placement
model is applied. This model has been used by many researchers, e.g. in ref. [2]. Large
number sensors are randomly placed over a two-dimensional geographical region. It is
also assumed that the locations of sensors are uniformly and independently distributed in
the region. Such a random initial deployment is desirable in scenarios where priori
knowledge of the field is not available. Also, the random deployment can be the direct
result of certain deployment strategies. Based on this assumption, the locations of sensors
can be modelled by a stationary two-dimensional Poisson point process. Denote the
density of the underlying Poisson point process as / , which is measured by the number of
sensors per unit area. The number of sensors located in a region A, N(A), follows a

Poisson distribution of parameter / ||A4|, where " A" represents the area of the region [2].
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In this paper, for the sake of simplicity, the Boolean sensing model is being used. The
Boolean sensing model has been widely used in many researches. In the Boolean model,
each sensor has a certain uniform sensing range, r. A sensor can only sense the
environment and detect phenomenon within its sensing range. A location is said to be
“covered” by a sensor if it lies within the sensor’s sensing range. The degree of coverage
is defined by the coverage density. It is defined as, f.(p), the positive integer for sensors’
number by which a particular point p within the sensing field is covered with. The
Coverage Density represents redundancy level of sensor deployment for a certain point in
the detection area. Note that the definition of a location being covered depends on the
specific sensing model under consideration. The Boolean sensing model is considered in
this paper, where a location is covered if it is within the sensing area of a sensor. If there
are n sensors got the ability to detect the event that takes place at the point p, then the
value of f.(p), in terms of resolution, equals to n. Therefore, if there is an event takes place
at the point p, basically, n sensors will be able to claim detection for this event. However,
some sensors in the sensor network might face some problems in terms of miss detection
and false detection, so the detection reported by sensors might not exactly equals to n.
Detail performance of n will be discussed in Section 5.

3 DISTRIBUTED DUTY-CYCLE MANAGEMENT CONCEPT

As discussed in Section 1, most sensor network applications require service quality
guarantees in terms of data resolutions, suggesting the need for redundancy in the sensing
ability. However, the energy supplies for sensor nodes, in many cases, are not without
limitations. So for the data sensing ability concerns, sensor nodes should remain in active
state to collect environment data from the field, whereas sensor nodes are expected to
periodically powered-off for the energy conservation concerns. A clear trade-off exists for
every sensor nodes in the field, on one hand it should be activated to provide more sensing
abilities; on the other hand, it should be kept in inactive state for longest possible time to
save energy. So a mechanism needs to be proposed to balance the aforementioned
requirements. Solutions toward such problem can be done in two different ways, proactive
and reactive. A proactive solution means the sensor nodes will be configured with the
duty-cycle parameter before its deployment. However in order to provide the parameter
value, a complete set of knowledge, such as position of sensor nodes, sensing range,
energy consumptions, etc. should be given. Such knowledge is hard to acquire in many
cases, especially when the sensor nodes are randomly deployed in locations and sensor
nodes will die out and replenish, there is no way acquire such information before its real
deployment. So, the reactive solution is proposed by providing a mechanism that allows
the sensor network to adapt to the environment In this solution, the duty-cycle parameter is
set after its deployment, and might be reconfigured during the running process. There exist
two approaches for the reactive solution, centralised and distributed. For centralised
configuration, a computation device acting as server will collect knowledge related to the
parameter setting, and then configure the sensor nodes in real-time. Limitations for this
approach are that sensor nodes are strictly resource intensive devices. Running a central
configuration approach will bring additional resources in information transmissions and
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Figure 1. Concepts of Distributed Duty-cycle Management

In this paper, we adopt a distributed reactive duty-cycle management mechanism. In
this mechanism, sensor node probes surrounding environments and configures its duty-
cycle through greedy local decisions. A guideline is applied where the duty-cycle should
be deceased when the probe detects enough similar sensor nodes is in active state, or vise
verse. The concept can be given in Figure 1. Replacing sensing ability can given by
exchanging information with neighbour nodes. Membership function is given by
applications. A simple example is given in the following section to explain the concept.

4 DUTY-CYCLE MANAGEMENT ALGORITHM IN SENSOR
NODES

Suppose we have a collection of n sensor nodes, M; through M, with unified sensing
ability placed over a sensing field with area of S Sensor nodes are placed and operating
following the definition in Section 2. This section gives an example of the concept
mentioned in Section 3. A detailed duty cycle management algorithm is given. For the
sake of simplicity, it is assumed that all sensor nodes have similar hardware and software
specifications and configurations, and they are placed over a flat screen in quite radio
environment. As defined in Section 3, every node is running independently. In order to
have every node periodically power-down to conserve its battery energy, sensor nodes
need to compute what time to sleep and what time to wake up. For any node i, it is awake
for the first time deployment, suppose the time for the h™ sleep i tyeep In, and the time for
the h™ wake up is ts.%pilh. Then, the h" sleep interval can be represented as

n i — i i
titvI |h _twake |h ! ts!eep |h
When in active state, the sensor node will emit a beacon signal through the radio channel

for every " t as the heart beating. Without loss of generality, we can define

beacon
toeacon > Lieacon / RALE,
where Zyeacon and Rate represent for the packet size of beacon and the transmission rate of

radio channel. The beacon density, n'(t), measures the probability of receiving a beacon
for node i at time t. Then, it can be easily discovered that the resolution of a event takes

place at point x, X# S, is
f.)=n"1% t,wn &(TR)Z +1 (2
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where R and r are the range for sensing and transmission respectively. Defined the
minimum threshold of fy(x,t) as fQthen the minimum threshold of beacon density n(t) can
be represented as
0 = (L gt L )
R ! tbeacon

Based on the above analysis, it can be considered as when the incoming beacon
probability is lower than n@x), it means that the number of nodes that cover the point X are
too small to provide certain degree of resolution, or vice versa. Therefore, the algorithm
that controls the sleep interval can be given as follows.

Tuake lo=0;

Ty eep' l0=0;

n=1;

if ((thow-last_update)>update _itvl)

{

if (((toow-taake 1)/ theacon) X)>Madxs
{ ty e(_apI |n=tnovw;

twake i=thowtMax_sleep;

}i
if ((((_(tnovv'twakei In-l)/A tbeaoon) *X)<Maxth)&((((tnovrtwakei |n-1)/A tbeacon) *X)>M [ nth))
{ty eepI [i=Lnows

tvvakeI |n=tnow+ M aX_S| eep*((((tnovr twakeI In—l)/ A tbeacon) #X-Mi nth)/ ( Maxth‘Mi nth))§

|5

if ((((tnow'twakeI |n-l)/A theacon) *X)<=M [ Nen)

{ts eepi li=+o0 ;

twakeI l=thow:

[

if ty eepl |n<=tnow )

Set_wake(tyage In);

x=0;

n++;

last_update = toou;

Sleep;

}; y
Ming=(r/R**(f.B1);
Maxy,= Mi Nin+a*(N-M i Ni);

Figure 1. Duty-cycle Control Algorithm for QoS Control
In the algorithm shown in Figure 1, th, is current time, and the update itvl is the time slot

for update interval. % $ (0,1) is a parameter related to the stability of system.

5 PERFORMANCE ANALYSIS
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The detailed analysis for the setting of this parameter is overloaded with details.
However, the brief description of the running state of the algorithm can be given as

follows. The relationship between f.(x,f) and Atmz can be represented as follows. Suppose

at time ¢, as a total of k nodes are able to sense the point x, u of which are in active state
and others are in sleep state. If a steady state is reached, then

u- Atitvl - (k _ I/l) . active ) (4)
Atirvl + Atactive At il + At active
where At  is the active period when a sensor node once wakes up. From the equation
(4), the beacon density can be represented as
k
n= ..(5)
Atactive + Atitvl

The equitation (5) plots as the dot line curve in Figure 2. The control algorithm is plotted
as the real line curve

At

A itvl
N Equilibrium
\ Point

Mg Maxg >

Figure 2. The Operation State of Duty Cycle Management Algorithm

When the beacon density of a sensor node is lower than the Ming,, it means that the active
node nearby is not enough, therefore the sleep interval should approach to 0 in order to
bring up the resolution. When the beacon density is between the Ming, and Maxg,, it means
enough sensing ability has been activated nearby, so the sleep interval can be linearly
increase as the beacon density increases. When the beacon density is higher than the
Maxy, it means that active sensor nodes nearly are far more than those required. Then, the
sensor node should set with the longest sleep interval. The selection of Maxy, depends on
the loss parameter defined in Figure 2. The detailed set of Maxy, is too much in details and
exceeds the scope of this paper. A simple principle of setting Maxy, is that higher value of
Maxy, will increase the stability of the control system but harm the convergence speed, and
lower value of Maxy, will do vice versa. In this paper, we set Maxy=2Miny,.

6 SIMULATIONS

Since the experiment requires a large number of sensor nodes to test the affect of
duty-cycle management, due to limitations in hardware, the Simulation is done on Matlab
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in order to verify the control algorithm we proposed. A simple script is programmed to
simulate the function of the algorithm. We compare the newly proposed algorithm with the
well-known algorithm ‘GUR’ [6] in terms of steady-state performance, and standard
deviation of coverage density. It is proofed through simulations that the newly proposed
algorithm does provide substantial improvements in performances. The detailed settings of
the simulation experiments are given as follows. There have 250 sensors in the 100¥100
sensing field with no sensor failures or renewals. All of them are networked with wireless
channel without the consideration of routing problems. Each sensor is on active state as its
initial state. R and r are set as 10 and 20 respectively. The desired resolution is set as 2.
The simulation result for steady-state performance is as shown in Figure 3.
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Figure 3. Steady-state Performance.

As one can see from Figure 3, both the Gur algorithm and the newly proposed algorithms
are driving the resolution approaching the optimal value after a period of time.

Then, we randomly select 50 nodes in the sensing field and measure their coverage density
for every second. The deviation of those 50 nodes is given in as follows.

S
T e g A g T e — L
~~
25| = g
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O\\s
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Figure 4. Deviation Performance

As observed in Figure 4, the deviation for the newly proposed algorithm is clearly lower
than the Gur algorithm, whereby clear evidence is given that the distributed algorithm does
givens a higher quality of performance in terms of fairness. From simulations, it shows
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that the new control algorithm does functioning, and it is able to provide some sort of
QoS.

7 CONCLUSIONS

Sensor networks are an exciting area with very real applications in the near future.
Although many aspects of sensor networks have been studied before, quality of service
(QoS) for sensor networks remains largely open. In this paper, we present an idea of using
the duty-cycle control algorithm running on each sensor node to balance the trade off
between energy consumption and resolution. It has been proved by simulation experiment
that even without using such critical assumptions as ref [6] did, we still can control the
Wireless Sensor Networks will to achieve some sort of QoS. It is believed that our newly
proposed control method is effective, and has significant advantage against the method in
literature. In this paper we have reported the results of a study over avery small portion of
the design space, and in this area, much future work remains.
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