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Energy Efficiency in Wireless Sensor Networks:
A Utility-Based Architecturé

Manoussos Athanassoulis, loannis Alagiannis anth&aHadjiefthymiades

Abstract—Wireless Sensor Networks (WSN) comprise a fast-
developing research area with a vast spectrum of gfications. A
WSN design is influenced by many factors such asamsmission
errors, network topology and power consumption. Cosequently,
developing a WSN application introduces several inipmentation
challenges. In this paper, we describe a multi-créria architecture
in order to achieve energy-aware and consistent n&EEge
forwarding over a WSN. Using the proposed architectre a
directed acyclic graph (DAG) is formed throughout he WSN.
Such DAG is used for multi-source data aggregatiomo a single
sink. Intermediate nodes evaluate their energy resee and
induced error and decide whether message retransng®n is
needed. A sink is necessary in order to collect, pcess and
probably forward these data to a more sophisticatedystem for
further processing. The discussed architecture iseveloped using
TinyOS, an operating system designed for WSN nodeand nesC,
an extension of C. Finally evaluation results arengsented.

characteristics in our life such as military cohtrand
communications; environment forecast systems, fofies
detection, medical treatment, as well as, traffimtool and
security. In the future, sensors collecting dat#i tecome
really ubiquitous i.e., be found everywhere; in hiaes,
buildings, even on our clothes.

The constraints of sensor nodes render the desigh a

management of a WSN very challenging. Firstly, eenfave
limited resources such as battery lifetime (varyfirgn hours
to several years depending on the application),peiational
power, data storage and communication bandwidtimceleit
is important for a WSN architecture to take intmsideration
the network topology, power consumption, data eate fault
tolerance in order to avoid significant energy eonption and
improve bandwidth utilization [2].

In this paper we propose a multi-criteria message
. - forwarding architecture (MCMFA) [4] and discuss

Index Terms—wireless sensor networks, energy efficiency, . . . .
transmission control mechanism, implementation details and evaluation results. The

utility function, nessage

forwarding, extrapolation.

|. INTRODUCTION
The recent advances in highly integrated digitattedmics

architecture’s decision criteria are the currerdgrgn reserve,
data consistency as well as time constraints. $eda&a are
forwarded, using the above criteria, towards timk siode or
straight to the sink node depending on their exsattvork
position and using pre-established paths. The abitezia are

development of low cost, large-scale and low posemsor
networks. Such networks are composed by a largebeuwf
micro-sensor nodes, which are equipped with comaoatiioin
and minimal computation capabilities. Sensor noalesable
to monitor a wide variety of physical parametershsas
temperature, humidity, light, radiation, noise,.etind report
them using ad hoc network protocols and algorithifise
capabilities of sensor networks have significanpact on
numerous application areas with varying requireshesnid
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System Architecture. The proposed architecture does not apply

a retransmission policy upon message loss (intealti@r
unintentional). Instead, data are approximated gusan
arithmetic method (e.g., Lagrange, Least Squarasgd on
recently received measurements. The same arithmmetibod
is used to approximate data if forwarding doestaké place
according to the thresholding of the utility fureti

The objective of the proposed architecture is twqumy the
lifetime of a WSN application. To accomplish this,
unnecessary transmissions over the network areceeldand
the induced error (due to no-retransmission) isqmeed in
acceptable levels. The presented architecture @eaer @ wide
variety of application requirements and is furtlegtimized
through data aggregation, subject to the pecubariof the
observed physical parameters and WSN spatial loligtoin.

The rest of the paper is organized as follows. iSec?
refers to existing protocols and algorithms, foergyy aware
routing. In Section 3 we present our multi-criterieessage
forwarding architecture and we describe the intoeduutility
function. Section 4 and 5 are dedicated to thegmtasion of
implementation and evaluation details about devakg and
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energy awareness issues. Finally, our conclusiomts @ur e Communication (or relay) nodes that, wirelesslgenee

ideas for future work are summarized in Section 6. readings from sensing nodes (or other communication
nodes) and relay them upstream towards the final
recipient of such information. Communication nodes

[I. PRIOR AND RELATED WORK come into play whenever direct network connectiisty

In the recent years, numerous articles have bebtishad not feasible (due to limited resources such as panve
describing new algorithms, routing protocols anchiectures the radio interface) and bridge the, otherwise
aiming at WSN lifetime maximization, through energy inaccessible, nodes.
awareness. e Sink nodes that are the final recipients of thesedn

Already proposed routing techniques ([1], [3]) MSNs information. Sink nodes are typically connected to
aiming at energy conservation, employ routing tacguch as conventional computing equipment for complex
data aggregation, in-network processing, clusterdifjerent processing of the accumulated readings. Alternitive
node role assignment and data-centric methods. eThes sink nodes may be attached to another, more elabora
several ways of categorizing these protocols agdriéhms. network topology (e.g., a WLAN or a fixed network)
For example, they can be discriminated dependingthen for further forwarding.

network structure to Flat Networks Routing (Datawtde
routing [1), 'Hierarchical Networlfs Routing and lation- rooted tree structure. The root of the tree is sk node
b"?‘sed untln_g [3]- Intanag_o nwlwat et al [.9] _prqmbs (exactly one node), all other nodes may assumerdlee of
Directed Diffusion a data-centric (i.e. all communication is for . . .
- ! - sensing nodes (at least one node is required), or
named-data) and application-aware paradigm aimitg a S
avoiding unnecessary operations of network layeitimg in communication nodes.
order to save energy by selecting empirically gpaths and
by caching and processing data within the netw¥do and
Gehrke [17] proposed another data-centric protocainely,
COUGAR, for an architecture which treats the network as a
huge distributed database systdfnergy Aware Routing, a
protocol proposed by Shah and Rabaey [13], althcirgiar
to Directed Diffusion, it differs in the sense thiatuses
occasionally sub-optimal paths to obtain energyelitn This
protocol can achieve longer network lifetime as rgpeis
dissipated more equally among all nodesEN and APTEEN,
two hierarchical routing protocols are proposed by Fig. 1. WSN topology.
Manjeshwar and Agarwal [12]. TEEN (Threshold-sewsit
Energy Efficient sensor Network protocol) and APTEE . ) . .
(Adaptive Periodic Threshold-sensitive Energy Eft certain leaf node W|th_ the root node is being sérveor
sensor Network protocol) are suitable for timeicait €Xample, a data flow is SN® CN4 > CN1 > S. Every
applications. In both protocols the key factortis tmeasured COmmunication node reserves memory and communitatio
attribute’s value. The additional feature of APTEENthe resources for each DF, while sense nodes reseseeinmes
capability of changing the periodicity and the paeters of only for their own DF. The architecture can be gefieed in
TEEN according to user and application needs. Bimeept of order to support a forest-like topology with multiinks. It is
generic, utility-based decision making in WSN isciibed in  essential to maintain the concept of the DFs, ithaach node
[5], where Byers and Nasser try to quantify thet afseach forwards all of its messages to the selected sitikviing an
action performed by a sensor, by adopting heuristalready established path. The core of the propassgdtecture
assessments. Apart from routing protocols, PoweSI®IS is an embedded control mechanism (called Transonissi
[14], a WSN simulation tool has been developedControl Mechanism, TCM) which optimizes the energy
PowerTOSSIM provides an accurate, per-node estirolte consumption within  the WSN. Every sensing and
power consumption. PowerTOSSIM is an extension @ommunication node uses TCM in order to determine t
TOSSIM ([10]-{11], [15]), the event-driven simulati for ility of each upstream transmission. The TCM takertain
TinyOS [16] applications. criteria into account and may decide not to propaghe
considered message upstream. The peer TCM (iee.T@M
found in the next node upstream) should be ableoteeive
this situation and react accordingly. Below, weatlibe briefly
The considered system architecture relies on threge criteria considered by the TCM for assessimgutility of
types/roles of sensor nodes: message transmission, as well as the main compooérhe
e Sensing nodes (or sources) that sense certaincphysimechanism.
parameters and transmit the relevant information The considered mechanism implements Heart-Beat (HB)
towards other nodes in the infrastructure. messages in order to determine whether a nodéves dhese

The aforementioned nodes form a directed acychplyra

S: Sink Node
CN<i>: Communication Node i
SN<i>: Sense Node i

Through a sequence of nodes a data flow (DF) estsogia

Ill. SYSTEM ARCHITECTURE



Identification Nunber: 1569014800 3

messages contain also sensor readings and théamasenitted A. Discussion on the Utility function design

unconditionally from every sensing node. Commuiicat |n this section we describe the scheme that TCMpdior

nodes forward HB messages unconditionally. Each TChMe assessment of the utility of a message tras&mis

implements an extrapolation scheme on the recesestor ypstream.

readings. The monitored physical parameter is asdumvary | et U, denote the utility of the sensor node k with respe

smoothly over time (e.g., as a polynomial functwitime).  the transmission of a new (not HB) message upstreiiis a

Whenever a new measurement is presented to the T@M, function of time, the current node energy resernd ¢he

latter entity determines whether the peer TCMIf|tipstream received measurement for a certain k.is calculated as

path) can reproduce the new value without, explicit follows:

receiving it. To achieve this objective, an a-griagreed ZW <1

extrapolation scherie(common throughout the WSN) is =5 '

engaged. The local TCM calculates an extrapolataldiev

(EV) for the sensed physical variable using presriouuk =1 for all HB messages

measurements. The EV is compared against the acteal ~ The weightsw; are application specific. The three utility

measurement and the relevant error is calculatede Tcomponents, for a given sensor node k, are camlilats

estimated error level will contribute to the deteration of the follows:

message transmission utility. If the message istnamismitted e[,loi}
U:nergy =1- Emax

er

k
energy

Ukz\Nl'U +W2'U:rror+(l_zvvi)'utli<ne’

i=1,2

upstream, then the peer TCM will perform the same
extrapolation calculation and consider the (localstimated) )

EV as the new received measurement. The receiviy e r

er < er.rthreshold

performs this calculation when a timeout event eec&ach uk = (err )2
TCM has a timer, which is restarted upon receptibna eror threshold
message or a timeout event. A timeout period idicatipn U =1 e 2 €My etoid
specific. The mandatory forwarding of HB messagesds an At AT
unconstrained error increase spatially and temjyoralhis 2. — O<At<—
scheme is applied for all the DFs handled by thesicered uk = 2
node. time At AT
—2-—+2 —<At<AT
AT 2
Aggregated where E denotes the current energy reserve of the
message Bl Header considered nodds,, is the maximum energy quantity that can
\ I Data from N1 be accumulated in the nodey denotes the error induced in
Bl Data from N2 the measurement sequence by the extrapolation sctieris
globally adopted throughout the WSN topolo@¥ihresold IS
the maximum tolerable deviation that can be induicethe
collected readings!T is the HB interval andt is the time that
elapsed from the previous HB message transmis$ioa time
component is mainly used in order to reduce theipiity of
transmitting a message right after or right befdre
transmission of HB message.
The three utility components provide a full synapsf the
current status of the WSN, i.e., the energy compbreflects
Fig. 2. Message Aggregation. the energy status of the node, the error compardlects the
variance within a DF, and the time component rédlebe
Furthermore, data aggregation is performed when gocking status of the entire topology.

communication node is required to propagate values
more than one DF. The new message consists ofahes/

Whenever the utility for a given sensor node k drbplow
an application specific threshold g, the sensorenddlts

that TCM designated as necessary transmissionsgUhis
aggregation mechanism, the data received and/capotated
from a node N, form a single message which is foded
upstream, towards the sink. For example, as showigure 2,
messages from nodes N1 and N2, which are forwatdedgh
N3, are aggregated forming a single message detivier N4.

upstream message re-transmission. Hence, the tontro
condition for intelligent, energy aware messagavérding is:
Uk >g>0
Threshold parameteg represents the trade-off between the
two conflicting goals: energy conservation and fuaif the
gathered data. Taking into consideration the valug, each
node k achieves a balance between the energy doat o

2 An appropriate extrapolation scheme is chosenrdowto the nature of Message’s forwarding and the utility of this traresion with
the sensed data.
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respect to its usefulness to the specific appboati

B. Node Finite Sate Machine

An important aspect of the proposed architectutbesstep-
based network synchronization. Each node follows
predefined duty cycle. During each duty cyclepdenchanges
states according to the operation being performEkis
scheme ensures that each node will be synchromiidits
neighbors. Synchronization is crucial in order tchiave
reliable message forwarding, as well as, energpamation.
Having knowledge of its neighbors’ duty cycle, ala® state
can be changed to sleep mode in order to reducegyene
consumption. During sleep mode, the node stops a
computation and communication with its neighbors.

Listen/
Receive

Fig. 3. Node’s duty cycle.

As shown in the Finite State Machine presented,
communication node firstly listens for incoming msa&ges.
After the reception of a message (or after a tirtjedlie node
computes the utility of the transmission of theuesl received
(or extrapolated). Based on this computation, TCatides
whether an upstream message is going to be fordard:
During the remaining period of the duty cycle, tioele stands
by (in sleep mode). It is estimated that a hodearesin sleep
mode for over 75% of its lifetime.

IV. PERFORMANCEASSESSMENT

In this section we present the simulation of theppsed
architecture, which was carried out using an edeiven
WSN simulator. We describe in detail the simulatiand
evaluation parameters along with our basic desigoices.
This section also summarizes the simulation rescitmpares
the performance of the proposed architecture agailsbasic
forwarding schemes and discusses our main conalsisio

A. Evaluation Model

In this section, we discuss the underlying opegatiystem,
the adopted simulation platform and provide somtilsefor
the energy state model of a WSN node. TinyOS, antev
driven operating system specifically designed fensor
networks, has been used to develop several parttheof
proposed multi-criteria message forwarding schemisyOS
has become a popular environment for experimentitiy and
developing sensor network applications. A TinyO8gpam is
a graph of components (independent entities). Itais

component-based runtime environment which has been
developed using the nesC language. NesC ([6]-18])[is an
extension of C that provides support for the TinyOS
component and concurrency model and all the lowtev
f@atures necessary for accessing hardware.

TinyOS supports a simulation environment, calledSBIM
(TinyOS SIMulator), which has been used to testesparts of
the proposed architecture. TOSSIM is a discretenteve
simulator which executes components/applicatiortenuhed
for the WSN node but on PC hardware.

B. Smulation

To specify our simulation methodology we have tealie
ﬂYe WSN topology, the node energy model and thecbas
parameters of the architecture.
1) Smulation Setup

We carried out several experiments using WSN tapeto
having several source nodes but a single sink nigery
source node initiates a data-flow towards the sitich is
routed through the communication nodes. During W8N
initialization phase each node dynamically acquir@s
identifier (ID), knows its role (communication ndgeurce
node) and neighbors (children, parent). Each messag
comprises a b56-bit-header and a variable sized ,body
depending on the forwarding decisions. Based onrtie
assigned to each node, only the needed modulesnafged,
following a duty cycle. The duty-cycle aids in siingnizing
ébmmunication and organizes the sequence of sabedul
events, in order to increase energy efficiency. ineulation
results are based on 15-node and 31-node DAG rletwor
topologies (full binary trees).

Fig. 4. Data and approximations (DFs from numbeetsing nodes —
evaluated at the sink)

Moreover, we implemented several extrapolation et
(i.e., Lagrange polynomials, least squares) andctad the
appropriate  scheme according to the sensed data. Th
following results are based on outdoor temperatiata sensor
readingd The extrapolation scheme for this type of data wa
linear polynomial, which demonstrated satisfactacguracy.
The HB messages were sent periodically (i.e., 2sages

3 http://www.stormwatch.com/index.asp
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every 9 readings). Each experiment consisted 06 g&ensor
readings and transmissions.

The evaluation of the utility for each transmissitgpends
on certain parameters. Specifically, the weightsw, andws,
as well as the thresholdg errgesoq Should be provided,
based on the application. In our simulations, thesen values
were:w; = wp, = 0.35 andws = 0.3. The threshold is set to

and in stand-by mode consumes 0.33 mJ/s. We dtsoirtéo

account the transition energy cost between diftestates.
Finally, the energy cost of transmitting and retgynessages
is measured per bit. Specifically, the transmissiba message
costs 720 nJ/bit and the reception of a messagenliiit.

These estimates are mean values of the lower gmet lppund
of transmission and reception costs. The aboveegakre

0.85 anderrresoq IS set to 0.1, allowing the induced error tosummarized in Table 1.

get as high as 10% of the actual, sensed value.

TABLE 1
ENERGY COSTS

Node Operation Mode

Energy Cost

Instruction Execution

4 nJ/instruction

Idle 9.6 mJ/
Stanc-by 0.33 mJ/
Transmitting 720 nJ/bi
Receiving 110 nJ/bit
x 10°
25
Energy spent using MCMFA
Energy spent using UFNnDA
oL ]
3
5 157 ]
£
S
>
>
2 gt 1
w
0.5 q
0 i i i i i i i
0 100 200 300 400 500 600 700 800

Steps

Difference/(Spent Energy)
11 T T T T T T T

Energy gain in percentage

i i i i
400 500 600 700
Steps

Fig. 5a and 5b. Comparison between UFnDA and MCMFA

i i i
0 100 200 300 800

Another very important design parameter is the rexkrgy

model. We adopted the Mica2 energy consumption mode

Specifically, the execution of a single CPU instiart requires
4 nJ, the CPU while staying in idle mode consumésn@l/s

Our architecture is compared against two forwarding
schemes. The first one assumes unconditional messag
forwarding upstream without performing data aggtiega
(labeled UFnDA). This scheme adopts the network
synchronization following a similar duty cycle meciism and
is the worst-case scenario (with respect to eneffigiency in
our simulations. The second scheme, (labeled UFDA)
implements unconditional message forwarding upstregth
data aggregation (concatenation of readings), atlg the
same duty-cycle as the proposed architecture. $tiieme
provides better results than the first one, butsivrom the
proposed scheme, since all readings are actuahsitmitted
towards the sink node.
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V.SIMULATION RESULTS better results ensuring the prolongation of thetilifie of the

In the following paragraphs, we present in detdie t WSN. Two p.rotocols that could be compmed with th
simulation results of a typical node in the WSNdiogy. The ~Proposed architecture are Energy Aware RoutingTaztN.
considered node is a communication node which fatwa VW€ Dbelieve that it is very important to evaluate th
readings and performs aggregation when necessang. fesponsiveness of our architecture to increasee nuability.
precise workload for this example is 715 readings. Node mobility is a prerequisite for some WSN apgiions,

The node under consideration, using the proposeense, thus, resulting to even more demanding energy awaeeand
received 335 messages (47640 bits) and forwardesl 1FpUting protocol§. Moreover, we plan to |mpleme1telllger1t
messages (37400 bits), out of a maximum of 715 agess data aggregation schemes to be embedded in
The same node, using UFNDA received 2860 (715 rgessaCommunication nodes.. Suph schemes may significaetlyce
for each sense node attached to the subtree beheathecific the upstream communication requirements by merDirgt a
receiving node) messages (297440 bits) and forwamle certain level _W|th|n the WSN hierarchy. The appititidy of
these messages upstream. In the UFDA mode, the sadee the aggregation model is closely related to theineadf the

e

the

received 1430 (715 for each communication nodectjre Monitored physical variables, the spatial WSN node

connected to the specific node) messages (21736 did distribution and temporal correlation of upstrearassages.
transmitted 715 messages (177320 bits). Figuregl®ashow Finally, we intend to compare the presented schevite
the energy spent throughout the simulation periad the @lready implemented protocols (i.e. Directed Dittu3.
energy gain of the proposed solution with respectthe
UFnDA and UFDA schemes.

Figure 5 plots the comparison between the energntsp REFERENCES
using MCMFA and UFnDA along with the correspondingll K. Akkayaand M'.'Younis_,, "A survey on Routing Prodés for Wireless
energy_ gain. We can observg that the re_latiy_e yngaln is [2] IS?:nSAOIEyll\Ilglt:v gtrkaT.,"!\Elvbise\llfsrsJSqug?)lr?1fe¢v(\j/o|:lgél:$$rComputer
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