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Abstract— This paper presents a an environment monitoring packets from source to destination is minimized. By power-
systems (EMS) architecture based on sensor networks, which aware, we mean that a route with nodes having higher residual

includes a new adaptive clustering scheme and a multi-hop rout- (battery) power should be selected, although it may not be th
ing algorithm, called sensors-enabled event routing architecture shortest route ’

(SEERA). By monitoring the received signal power from other L . .
nodes, each node estimates the number of active nodes in real- [N sensor networks, it is well-known that using clustering
time and computes its optimal probability of becoming a cluster enables better resource allocation and helps improve power
head (CH) in order to minimize the amount of energy consumed control [2]. Therefore, clustering is an energy-efficientha

in both intra- and inter-cluster communications. In order 10 acyre, wherein the individual nodes forward the infoiiorat
prolong the network lifetime, the multi-hop routing algorithm to their, respective CHs. The information is aggregated at th
is designed to be both energy-efficient and power-aware, based P : ggreg

on the clustering architecture. The new clustering and routing CH and then sent to the BS by the CH. The CHs and BS

algorithms scale well and converge fast for large-scale dynamic usually form a multi-hop network, for which we propose a

sensor networks, as shown by the simulation results. multi-hop routing protocol.
Index Terms—Sensor network, clustering, power-aware, Recently, many researchers attempted to define specific
energy-efficient, routing. sensor network architectures and provide power-awaréngut
protocols. In [3], the authors proposed an ad-hoc clugierin
I. INTRODUCTION protocol, the near term digital radio (NTDR), which inclede

APID advances in sensor systems have enabled @&ierarchical routing algorithm based on a two-tier cliste
R development and deployment of various environmerithOUt using Iow—elje'rgy routing or MAC. In [4],' the authors
monitoring systems (EMS), in which a large numbers of smaffireéctly aimed at minimizing the energy spent in the system
relatively inexpensive and low-power sensors are condect®y allowingd-hop clusters. In LEACH (Low-Energy Adaptive
via a wireless network, through which the data extractédustering Hierarchy) [5], the nodes were organized into
from these sensors is sent to a nearby base station (BZySter hierarchies and TDMA was applied within each cluste
which forwards the data to a remote data center for furthEPr @ multi-hop routing protocol, energy efficiency can be
processing. The wireless sensor networks represent a rByproved in three areas: route setup, route maintenance, an
paradigm for EMS to monitor a variety of environment§ervice [6]. In [7], the authors proposed an energy-efficien
such as surveillance, machine failure diagnosis, and chefuting to find the optimal paths based on two different power
ical/biological detection. A particularly challengingglem Metrics: minimum energy per packet and minimum cost per
is how to dynamically organize these sensors into a wirelg@acket. Another way to conserve energy is to use on-demand
communication network and route detected event informatigulti-hop routing algorithms, such as ADOV [8] and DSR [9],
between field sensors and BS, i.e., the design of a net\,\,orkpr;pgeliminate most of the overhead associated with routibfgta
protocol. updates. However, AODV has high energy cost during route

The requirements for such a networking protocol can ISEtUP or path discovery. In [6], the authors used a tablesdri
divided into two categories: the primary requirementstide Multi-path approach to improve the energy efficiency in a-low
ing energy efficiency, scalability, adaptivity, and setyrand mobility network. In [10], the authors developed a protocol
the secondary requirements, including channel efficiemey adirected diffusion, which employed a data-driven model to
network performance, which includes packet delay, packd¢hieve low-energy routing. One of the methods to choose
loss ratio, throughput, and fairness [1]. The focuses of tHioutes is to use minimum transmission energy routing [11],
paper are energy efficiency, scalability, and adaptivity. where intermediate nodes are chosen such that the sum of
order to prolong the network lifetime, the networking pragb Squared distances is minimized.
should be energy-efficient as well as power-aware. By erergy |t is worthy pointing out that many of the existing sensor

efficient, we mean that the energy consumption in deliverifttworking protocols have often applied data network cptwe
and produced inefficient algorithms. The significant differ

Received on May 1, 2005; revised on June 20, 2005. Part ofpiier ences in characteristics between a sensor network and a data
has been presented in Int. Conf. on Wireless Communicati@@/N), Las K . M ffic i K is tri d b
Vega, June, 2005. network are: (a) Most traffic in sensor network is triggers
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I11. ADAPTIVE CLUSTERING

As the authors pointed out [5], the LEACH clustering
method assumed that the number of nodes in the network and
the optimal number of clusters to be formed were parameters
that could be programmed into the nodes a priori. Actually,
in a dynamic sensor network, old nodes may die out and
new nodes may join. Thus, LEACH may not work well
in dynamic networks. Recently, an improvement based on
LEACH clustering, called HEED (Hybrid Energy Efficient

Access Network

Sensor Network

Distributed) clustering, has been proposed in [4] to avbil t

relying of the parameters on the number of active nodes. It
must be pointed out that the selection of a CH is based on
the node degree cost, which still needs to know the number of
. : active nodes. Moreover, as the authors realized, HEED could
of them must be active. Therefore, a sensor network is more

like the fault management system (FMS) of a data netwoﬂ?t guarantee the op.t|.mal selection 9f CHs in term; of energy
Therefore, the critical problem is how to estimate the

rather than the data network itself. For this reason, wegsep ! . L .

the SEERA and port many FMS concepts and protocols Qgrameters in _real-tlme, which includes the number of activ
sensor networks, such as event routing, reporting, prowess nodes and optimal number of clusters.
correlation, by using SNMP (Simple Network Management

Protocol) traps and alarms. A. Real-Time Estimation of Number of Nodes

We assume that a sensor network is covered by a square
area of side2a, thus the aread = 4a?. Let's denote the
number of sensors in the network is a random variahle

In-an EMS, the typical application of a sensor network, thge assume that the sensors inside the area are distributed
routed event can be either an anomaly event autonomoudly S&%ording to a homogeneous spatial Poisson process, with
out by sensors, or a polling command issued by the rem‘?itﬁ’ensity of A sensors/m?. Hence, the mean value of is
collection stations. The proposed SEERA adopts a two-ligly For 5 particular realization of the process there Are

hierarchical clustering architecture which includes aapiite  gosqrs in this area. We assume that the base station (BS) is
clustering technique and multi-hop routing protocol. at the center of the square area.

e SEERA is based on an adaptive clustering technique.| ovs define the probability of a node becoming CHjas
By monitoring the received signal power from other ”Odeff'hus, on average, there alp nodes that will become CHs,
each node computes its optimal probability of becoming e restv(1 — p) nodes will be cluster members in total. The
CH. The clusters are formed in order that both the intrayerage number of CHs is denotedfasTherefore, there are
and inter-cluster communications require the lowest arhoun_ Np clusters, each on average hsigk — 1 member nodes.
of tran§m|53|0n power. ) ] To actively monitor the network status changes, such as the

e Intier-1, SEERA functions as a new hybrid MAC protocol,ymper of active nodes, we assume that each node keeps a
that consists of both contenthn and schedule. The clusigkord of the minimum power of the signals it has received
member nodes contend for a fixed number of slots or famigihin its radio range during previous cluster updatingleyc
length. The slot allocations are scheduled based on Binaffe record has only one value: the minimum signal power.
Countdown protocol [12]. Whenever the current value changes beyond a threshold value,

e In tier-2, SEERA functions as a lightweight multi-hopthe clustering updating process will be triggered. Theesfo
routing protocol, which combines the on-demand routing preue assume that each node is capable of measuring its received
tocols such as AODV [8] and energy-efficient routing protecogignal power. The measurement does not need to be an exact
[7], which was called power-aware routing. The optimal eoUtneasuring because only relative comparison of the power is
is chosen based on the energy consumption and residual POM&B(Uired. Also, the signal power sensed by each node is mea-
at each node along the route. sured and compared locally to the node’s record. Therefore,

e SEERA also includes a feasible solution to the moghe resulting algorithm is a distributed scheme and thenuati
possible and direct attacks that the routing protocol has geobability of becoming a CHyp, is a local optimization, not
defend in an EMS, which have been identified as data agdylobal one. This is reasonable because those nodes that are
routing information tampering. beyond the radio range of a node will not interfere with the

e Moreover, SEERA also defines a set of event reportinghde.
and correlation mechanism, which are ported from traps and_et's denote the signal power a node has receivedSby
polling events in FMS. With our two-tier hierarchical clustering architectureosim

The architecture is shown in Fig. 1. in Fig. 1, each node within a cluster communicates to its CH

The focus of this paper is to present the adaptive clusterihg one hop distance. Let's denote the distance of a node to
technique and the multi-hop routing protocol used in SEERAs CH asr. Within a cluster, we assume that the free space

Fig. 1. Architecture of Sensor-Based EMS

II. SYSTEM ARCHITECTURE
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model is used: node to the BS located in the network center. By combining
Eqg. (8) and (9), after some rearrangements, we have
S(r) = eo/r, 7 < Tias: @ 4 @and® g
. . . min — 1)p? —2p —1 =0, 10

whereeq is a constant related to the radio transmitter power (cr p b 0 (10)
and propagation environments; amg,,, is the maximum wherec; = —4c2AIn(a/7)/(eopt). The only real root of Eq.
allowable distance between a node and its CH. (20) is

In order to ensure that the probability of all the member Popt = 1/(\/c1Smin — 1). 11

nodes being within one hop distance from a CH is very high,

we define a cell that covers most of the nodes in a clust&fow. it's clear that each node can independently calcutate i
which has been called a Voronoi cell [13]. Assume that tHPtimal probability of becoming a CH based on its recorded

minimal ball that covers the Voronoi cell has a radjys, and Minimum signal power. - _
the ball is centered at the nucleus of the cell. The proligbili ASSume that during thgth cluster updating cycle, the mea-

that p,,, is greater than a certain valyehas a upper bound: Surement ofS.., is denoted asS.in(j), the corresponding
value of p,,: aspop:(j). By using Eq. (8), we can find
Prob{p, > p} <1 —[1—exp(—upAp®)])’,  (2) N
NT( ln(a/7)Aszn(.])
wherey = 2(Z + sin & + cos 37), andp) is the equivalent N(j) = - eopiort ()
intensity for the point process that describes the CHs. £q. ( ~ v
can be simplified as: where N(j) is the calculated value oV in the jth cluster
5 updating cycle.

Prob{pm > p} < Texp(—ppAp”). ®) During the(j + 1)th cluster updating cycle, these measure-
In order to ensure that the probability of all the membépent values will be used to obtain the estimatiomgfwhich
nodes being beyond the minimal ball is very low, we definé denoted asV(j + 1). To obtain smooth estimation, we use
a parameter, called degree of clustering (DoC), denoteg, asd moving averaging model:

that & Py AR
Prob{pm > p} = a, @) N(G+1)=BN()+(1-B)N(G +1), (13)

; (12)

where(0 < 8 < 1 is a smoothing factor used to adjust the
Bstimation speed and accuracy. In our simulation, we find
that « = 0.9 is a good compromise between accuracy and

where « is a very small value specified from cluster desig
requirement.
By combining Egs. (3) and (4), we have

promptness.
a< 7eXP(—Mp/\/)2)- (5) The optimal number of clusters can be easily obtained
By some manipulations, we can find sughhat must meet kopt (7 +1) = N(j + 1)pope (j + 1) (14)
p* = —In(a/7)/(upA). (6)  Note that corresponding to Eq. (12), the probability of

i . . becoming CH, expressed in Eq. (11), can be also computed in
In this way, the minimal ball covers most of the nodes in th@rms of the measuremest, ;,,:

Voronoi cell. Or equivalently, the maximum distance of a@od
to a CH must be bounded by Eq. (6) in order to fall inside Popt (5 +1) = 1/(1/e18min(j) — 1). (15)
the ball, that is,
) It can be seen from Eq. (15) that to compute the probability,
Tmae < —In(a/7)/(upA). (7)  each node does not need to know any network parameters a

As we mentioned, almost all the nodes are within one h(%ior, nor rely on broadcast messages from the other notles. |
distance from a CH. Therefore, we can let,, take the makes completely autonomous decisions based on its oloserve
. ] ax

maximum value, i.e., the equal sign in Eq. (7) holds. B§ignal power levels. The param_ete{ké and k are estimated
substituting Eq. (1) into Eq. (7), we can find in real-time by gach node. in a distributed way. Therefore, th
proposed adaptive clustering approach scales well forrdima
_ _CoppA (8) and large-scale sensor networks. Moreover, the clusterefor
In(e/7)’ tion and the selection of CHs are locally optimized in terms

where Synin = €o/r2,,, is the minimum signal power a node®f €nergy.
has received. Therefore, we can approximately estimate the
value of the number of active nodes, by usiNg= \4, if the B. The Adaptive Clustering Algorithm
probability of a node becoming CH, i.ez,value, is given.
It has been found in [4] that the optimalvalue, denoted

aspopt, IS the real root of the equation

Smin =

In SEERA, each node actively monitors its received signal
power levels during the cluster updating cycles, which can
be specified high-level applications in terms of network re-
9) quirement. To save energy consumption, the updating psoces

can be triggered by some serious changes in network sta-
where ¢ = 4cpav/\ = 2¢VN, and ¢y = %(\@ + tus, although computation consumes much less energy than
In (v/2 + 1)), which is related to the average distance of @mmunications. To trade off energy consumption and the

3/2
CPOI/)t — Popt —1 =0,
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adaptivity to network changes, we propose to tune the cycleWe assume that each node can estimate the power level in

time in terms of specific energy consumption model. transmitting a packet, as in [15], [16]. The power level can b
The adaptive clustering algorithm can be outlined as falecorded into the packet format so that a neighboring node ca
lows: compute the channel attenuation when receives the packet. |

1. Specify the value ofy, such asa = 0.001. Initially, Section lll, we assume that the radio transceiver of eacle nod
each node can be assigned with an initial vage) for the is capable of estimating the received signal power. Thues, th
probability of becoming CH. Because the initial valdg0) channel attenuation is simply the difference of the tratteahi
is known, p(0) can be computed optimally from Eq. (9) forand received power.
all the nodes. And set= 1. Denote asS! the power used to transmit a packet by a node

2. Each node measures the power levels of the signals iaind S7 the power received by a node Then the power
has received from all its neighbors within the radio rangettenuation over the hops froimto j is
By simple comparison, only the minimum valug,;,(j) is

_ t r . .
recorded for the current cycle. Aijj=5; =5}, 1,j€ Non, A7)
3._ Each node computes its optimal probability of becomiqghereNCH is the set of CHs. Denote the set of paths from
CH in terms of Eq. (15). a source noden to the BS nodés as P = {p : sn — bs}.

4. Each node computes its estimation of the number pf, 5 pathp € P, the path attenuation can be obtained
active nodes in the network by using Egs. (12) and (13).

Also, computes the optimal number of clusters by using Eq. A, = Z Aij, peP, (18)
(14). These values are used by high-level protocols to decid .J€P

whether or not to conduct a cluster updating cycle. wherei and j are two neighboring nodes along path
5. Assume that each node can decide whether or not tq ots denote asB; the new battery power of a node
activate updating process by checking the inequality: The accumulated power consumption of the node is denoted
|]\7(j) —N(j —1)| <. (16) as C;. Then the remaining battery power of the node is

B; — C;. Consider both the power consumption and battery

where ¢ is a predefined constant that determines the QpR requirements, a combined cost function can be chosen as
requirement of the network. If Eq. (16) holds, don’t actévat

cluster upd_atmg process. Go to_step 2, to_ monitor _the nétwor D, = VZ .C, -+ (1—7)A,, pe P, (19)
status. Or it does not do anything and simply wait for some o Bi— Ci
specified event.

6. The node adopts the optimal probability,: (j) and tries
to become a CH with this new probability.

7. Letj =4 +1, go to step 2.

It is worthy noting that we are not trying to develop a minimize Z D,, peP, (20)
global optimization solution to energy efficiency becauge o
the complexity of the problem. In the above algorithm, each
node attempts to find and stay at its optimal cluster locallgubject to the constraints:

The algorithm is carried out by all nodes simultaneously and .

independently. In the times of no serious changes detected, Bi = Ci = Smin, 1 € pathp, (1)
the algorithm is aborted silently. If the changes exceedsesowhere Smin is the minimum power required for a node to
predefined threshold level, the node automatically adjiists receive a packet correctly.

where0 < v < 1 is a coefficient used to weight between the
two requirements: power-aware and energy-efficient.
Now the energy efficient routing problem can be written as:

pathp

cluster to adapt to the changes in real-time. To find a global optimal solution by solving Egs. (20)
and (21), a source node, which can be possibly any one of
IV. MULTI-HOP ROUTING the CHs, needs to communicate to all the other nodes and

In SEERA, the CHs form a multi-hop network, in which theconducts intensive computation. This is not practical for a
base station is usually multiple hops away from the repgrtitarge-scale sensor network, because a sensor node only has
CH. One solution is to use a table-driven approach to improlimited computing and battery power.
energy efficiency in a low-mobility network [6], in which dac  In this paper, we develop a destination-assisted routing
node needs to have multiple paths to the base station. Anothkgyorithm that solves Eqgs. (20) and (21) by a BS. The BS
solution is to use location-based routing [14], in which thselects multiple routes as candidates and gives each route a
locations of the sensors need to be known to each other.power consumption index (PCl), that is, a number to reptesen
SEERA, we improve the cost during route setup by takirthe total power consumption along the route, which has been
two measures: first, we use a two-tier hierarchical architec collected by the BS. The BS informs each node along each of
so that the route setup is only limited to tier-2 network thahultiple possible routes the index value. The BS does not
consists of the CHs, which has a much smaller size than the ftabose a final route because it does not know the battery
structured network. Second, by using both energy-effigientife of a local node. It is the responsibility of each node to
and power-awareness metrics, similar to the minimum enemake a choice of its best route or energy-efficient route to
per packet and minimum cost per packet proposed in [7], wlee destination. The BS also observes and collects the total
develop an energy-efficient and power-aware routing pmtocenergy consumption of the network by accumulating energy
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consumption information from each node. In this way, ther if some node on the route fails, the maintenance and local
BS calculates a current reference value (CRV) to indicate thonnectivity management procedures are responsible ue iss
average remaining battery power of a node. The CRV is alaoroute error (RERR) message to notify all the nodes about
sent to each node along a candidate route. the failure of the route.
The routing algorithm in SEERA has been implemented Compared to the existing power-aware and energy-efficient
similarly to AODV, which has four procedures: route discovrouting algorithms, the proposed routing algorithm hasfte
ery, forward path setup, route maintenance, and local @annewing advantages. First, a sensor node does not need t@reco
tivity management. We modify the first two procedures bthe total power to reach the BS, as in [15]. Second, intensive
incorporating the power consumption and battery life nestricommunications and computation have been avoided by a
into the route selection procedures. sensor node, not to say the location information [14]. Third
In the route discovery procedure, a node sends out a robteth the power consumption and battery life requiremenis ha
request message (RREQ) when the node wishes to send datn considered without relying a radio propagation model,
to the BS, The RREQ message is flooded to other nodesich needs distance or location information. The algarith
Each node piggybacks a transmitting power value in the RREQ [15] does not consider the battery life requirement. The
message when relays the messages. By estimating the rkcealgorithms in [14], [16] consider both requirements by gsin
power, each node can compute the various channel atteraalio propagation models, which are highly depending on the
tions between itself and its neighbors. The node also updateployment environment and can be vastly different. Fourth
its cache with the various routes and keeps the informatitime proposed algorithm is a destination-assisted routigg- a
up to date. The route is considered to be established whé&hm that only the BS involves most of the computation and
either the RREQ message reaches the final destination orsafects the candidate routes, although the routing redsest
intermediate node, which has a route to destination in itsitiated by a source node.
cache. Based on Eqgs. (17) and (18), the BS calculates thét is worthy noting that the proposed algorithm is only
total power consumption for each route and assigns a PCI toiocal optimization method. The complexity of the routing
each route. By adding all the consumed power from each nga®blem in Eqgs. (20) and (21) has been greatly reduced,
and dividing it by the total number of nodes in the networlalthough the solution may be not globally optimal.
the BS finds a value to indicate the average battery life, wvhic

is called CRV. V. SIMULATION RESULTS

In the forward path setup procedure,'the BS sends back 4n this section, we conduct our simulation studies for two
route reply message (RREP) to the originator of the RRE%

o dificati de is to pidavback the P ample sensor networks, with an architecture shown in Fig.
C;Tj:a%er‘ ear;i T(Sutlem:nlgntr\:ée 1$3atee§ C(:)RQ/Igi%oa&e ReRE 5 and compare our results to those reported in [4], [5],.[17]
message, in addition to the modification in [15], which makes
the protocol to generate multiple routes by replying migtip A Example Network 1
RREQ messages. The BS selects multiple routes by comparinghe parameters use the same values as in [4]. We assume
the total power consumption of each route. The nodes on tiat the sensor network is used to cover a square area of side
multiple candidate routes are all informed of these valuez: = 10 m, and the areal = 100 m?2. The BS is assumed at
When a node forwards a RREQ it also caches a route babk center of the square area. We assume that the sensdes insi
to the originator. The PCIl and CRV values are also obtain#lte area are distributed according to a homogeneous spatial
by these forwarding nodes. Once the source node receivesRmésson process, with an unknown intensitylofHence, the
RREP message from various nodes, it updates its routing.talslverage number of sensors in the netwahk,= AA. The
The best route is selected among the candidate routes is teprobability of a node is beyond one-hop distance from a CH
of Eg. (21) in which theS,,;, value is replaced by the CRV.is o« = 0.001, which means only one-tenth of a percent

If any node in the selected route does not have enoughthe total nodes will not join any clusters and become
battery power, the route is discarded. Then, the next begt rosingle node cluster. We assume the free space propagation
is selected in terms of the PCI. If more than one route membdel with coefficientey, = 1 for simplicity. The measured
the criteria of CRV, then the one has the lowest PCI value fisinimum received signal powers afg,;,, = 0.0746, 0.1244,
selected. This case happens when the event traffic in someé) a88, 0.1639, 0.2018, and0.2002, respectively. These values
the network is not balanced so that the CRV does not reflagintain a50% of measurement errors that are represented
the remaining battery power of the local nodes. This prosedby White Gaussian noise, compared to the real values of
is continued until a final route is found. If no such rout¢he intensity of the Poisson process,= 5, 10, 15, 20, 25
exists, then the CRV has to be adjusted by reducing somed30 sensors/m?, respectively. Or equivalently, the average
percentage, which is depending on a predefined unit in thembers of sensors in the network dve= AA = 500, 1000,
operation. Finally the route selected is power-aware akasel 1500, 2000, 2500, and 3000, respectively.
energy-efficient. To verify the correctness of the proposed real-time estima-

The route maintenance and local connectivity managemeioin algorithm, the estimately values are in Fig. 2. Compared
procedures are the same as in AODV, which are used ttothe analytical values aiV, we can see that the estimation
manage the link status and time validity of a path and to mforalgorithm has a good accuracy. Even in the casesfof7a of
its neighbors the aliveness of a node. If a route becomeldnvameasurement errors, the resulting relative errors of @sitm
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on the number of active nodes are in the rangé ef 15%.

The optimal number of clusters in the network, as shown

Fig. 3, is also very close to the analytical values.

During the simulation, it has also been noticed that the re
time algorithm is able to generate a stable estimation of
N values within abouts ~ 6 iterations, by starting from
an initial value that is close to the initial number of activ
nodes, which is given in practice. If the initial number ofiee
nodes is unknown, by starting from a random probability
becoming CH, the number of iterations on average is arou
10. Therefore, the estimation algorithm converges fast as we

expect.

B. Example Network 2
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Fig. 4. A Clustering Senario
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Examples 1 and 2. The clustering result is shown in Fig. 4.
'he ratio of the energy spent in clustering is plotted vs. the
t(i)tal energy spent in the network in Fig. 5. It can be seen that
e proposed SEERA clustering process consumes much less
energy than the one used in LEACH [5]. It is also less than

HEED [17], especially when the number of nodes is large,

She energy reduction is more obvious. For example, when

tpe number of active nodes 80, the SEERA clustering
reguces the energy consumption more tHd@¥. Clearly,
8EERA works well for large-scale sensor networks, because
e probability of a node becoming CH is optimized and the
each node makes decision to become CH in a distributed
fashion.

To demonstrate the effectiveness of the proposed adaptive

In this example, the parameters use the same values as ttabgstering algorithm in prolonging the network lifetimeew

in [17]. The network is assumed to havé = 300 ~ 700 plot the network lifetime, which is measured by the time
nodes that are uniformly dispersed into a square ared of either the first node becomes inactive or the last node bexzome
10000 m?2. The BS is located at the right side of the area, witimactive, vs. the number of active nodes in the network in

a distance ofl25 m to the center of the square.

The values of these parameters afg:= 75 m, Fejee =
50 nJ/bit, €75 = 10 pJ/bit/m?, €y, = 0.0013 pJ/bit/m?,
Etusion = 5 nd/bit/signal, DPs;,. = 100 bytes, BPg;,. =
25 bytes, PKThq, = 25 bytes, Tepyster =5 TDMA frame,
and Epgitery = 2 J/battery.

Figs. 6 and 7, respectively. From these two figures, we can
see that SEERA outperforms LEACH in network lifetime
measured by both the first and last nodes become inactive. The
network lifetime achieved by SEERA is comparable to HEED,
depends on the cluster updating cycles and number of nodes
in the network. In this example, we ug&;,si.r = 5 TDMA

To verify the energy efficiency of the proposed adaptivieame, which means the cluster updating is so frequent tieat t
clustering technique, we apply the same algorithm used glustering setup cost is high. The reason is that the estiinat
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number of active nodes does not reach a stable and optinta reclustered tier-2 network, with routes established/éen

value, especially when the initial value in the estimatisn ISN and BS.

randomly selected. On the other hand, the HEED clusteringThus, SEERA still outperforms the existing clustering tech

uses a fixed value for the probability of becoming clusteringiques and energy-efficient routing algorithms.

and the number of clusters uses an initial value that is very

close to the optimal value, as reported in [17]. Therefore, V1.

a high percentage of the total energy is used in the cluster )

formation process in SEERA. If a longer cluster updatingeyc” Discussion

were used, the ratio of the total energy expended in clustefThe SEERA architecture and protocols proposed in this

formation process would be lowered, as shown in Fig. 5. paper are developed for a general class of environment moni-
In Fig. 8, the route needs to be established is betweertoging systems based on networked sensors. The eventgoutin

source node (SN) located &t0,45) and the BS a{25,25). concept and adaptive clustering technique are the criiaeb

The final route is shown in solid line and the possible routés SEERA. There are some assumptions are worthy to be

in each hop are shown in dotted lines, which are possitflether discussed.

routes that could be taken if the routing algorithm was not We assume that the sensors are capable of comparing the

power-aware. The possible routes are only energy-efficiepbwer levels of the received signals and thus keeping tréck o

not power-aware, which means that the nodes on these rodtes minimum signal power levels. In the case that the sensors

do not meet the minimum power requirements. Thereforare very simple device that could not make difference among

they are not chosen for the final route. After the next hagceived signal power levels, the applications of the psego

is chosen, the dotted lines indicate the possible routes tlhustering technique would be restricted. We may eitheehav

could be taken from that hop. This procedure continues urttil increase the capability of the sensors, or investigats-al

the BS is finally reached. For a higher node intensity, a similnative methods to estimate the number of active nodes in the

route is shown in Fig. 9 between SN and BS, which are CHsetwork. One such method may be estimating the average

As battery power decreases, some nodes are not availableniember of active nodes in terms of the average signal power

routing. Thus, the dynamic clustering alogrithm is triggger by using a relationship between the node distribution afid ce

to rediscover the network topology. Figures 10 and 11 shoadius [13].

DiscussION ANDCONCLUSION
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50¢ ' : . power-aware multi-hop routing algorithm, for large-scsém-
: sor networks.
a0t ' . The simulation results have demonstrated that the two-tier
' hierarchical architecture with the adaptive clusterirghteque
and routing algorithm adapt to changes in network topology,
scale well to large network sizes, and are energy-efficient.
Our future work would be further investigating the appli-
cability of the proposed technique and algorithm to a larger
number of other applications of sensor networks.

30t

201

10f s : REFERENCES

[1] D. Estrin, R. Govindan, J. Heidemann and S. Kumar, "Nexttasn
0 L , - , , challenges: scalable coordination in sensor networlsgc. of the 5th
0 10 20 30 40 50 ACM/IEEE Int. Conf. on Mobile Computing and Networking, Pages 263-
Solid: SEERA Route. Dotted: Energy—-Efficient Routes. 270, August 15-19, 1999, Seattle, WA USA.
[2] T. Kwon and M. Gerla, "Clutering with power controlProc. MILCOM,
Fig. 10. Energy-Efficient and Power-Aware Routing Scenario vol. 2, Atlantic City, NJ, Nov. 1999. _ o _
[3] R. Ruppe, S. Griswald, P. Walsh, and R. Martin, "Near teligital radio
(NTDR) system,”Proc. MILCOM, vol. 3, Monterey, CA, Nov. 1997, pp.

507 ) : 1282-1287.
45 ’ ’ [4] S. Ban_dyopadh_yay and E.J Coyle, "An energy efficientrdmehical
clustering algorithm for wireless sensor network$ZEE INFORCOM,
a0t 2003.
[5] W. Heinzelman, A. Chandrakasan, and H. Balakrishnan, &fplication-
35} - specific protocol architecture for wireless microsensownets,” |EEE
Transactions on Wireless Communications, vol. 1, no. 4, pp. 660-670,
30t October 2002.
[6] K. Sohrabi, J. Gao, V. Ailawadhi, G.J. Pottie, "Protoedior self-
25t organization of a wireless sensor networkEEE Personal Communi-
i cations, vol. 7, no. 5, pp. 16-27, Oct. 2000.
20t . : [7] S. Park and M. Srivastava, "Power aware routing in semsgiwvorks
’ ) using dynamic source routing ACM MONET Special Issue on Energy
15r . Conserving Protocols in Wireless Networks, 1999.
: [8] C. E. Perkins and E. M. Royer, "Ad Hoc On-demand Distancetdfe
10r . Routing,” Proc. 2nd IEEE Workshop On Mobile Computing Systems and
) ) ) o ) Applications, pp. 90-100, Feb. 1999.
50 10 20 30 40 50 [9] D. Johnson and D. Maltz, "Dynamic Source Routing in Ad Hooééss
Solid: SEERA Route. Dotted: Energy—Efficient Routes. Networks,” Mobile Computing, T. Imielinski and H. Korth, Eds., Ch. 5,
Kluwer, 1996.

[10] C. Intanagonwiwat, R. Govindan, and D. Estrin, "Direttdiffusion:
a scalable and robust communication paradigm for sensor retyo
Proceedings of the ACM/IEEE International Conference on Mobile Com-
puting and Networking, pp. 56-67, Boston, MA, August, 2000.

We also assume that the sensors in the network are dig] M. Ettus, "System capacity, latency, and power consimnptn

: : ; : multihop-routed SS-CDMA wireless network$foc. Radio and Wreless
tributed according to a homogeneous spatial Poisson @oces Conf. (RAWCON), pp. 55-58, Colorado Springs, CO, Aug. 1998.

For heterogeneous node distribution, the estimation of the] A. s. Tanenbaum, Computer Networks, 4th Edition, 200%nEce
number of active nodes and thus the computation of optimal Hall, Upper Saddle River, NJ 07458.

o ; ] S. G. Foss and S. A. Zuyev, "On a Voronoi aggregative gssaelated
number of clusters and the probability of becoming CHs ne to a bivariate Poisson procesgytivances in Applied Probability, vol. 28,

to be extended. The proposed local optimization scheme may no. 4, pp. 965-981, 1996.
not be optimal in terms of energy efficiency. Moreover, wH4] |. Stojmenovic and X. Lin, "Power-Aware Localized Raugiin Wireless

: P : : : Networks,” |[EEE Trans. Parallel and Distributed Systems, vol. 12, no.
need to find a globally optimized solution to the estimation 11, pp. 1122-1133, Nov. 2001,

problem if it exists. [15] P. Bergamo, A. Giovanardi, A. Travasoni, D. Maniezzo, Nbazzini,
In the event routing, we assume that channel utilization in and M. Zorzi, "Distributed Power Control for Energy EfficieRouting

sensor networks is only a secondary goal, and each node cari?lU'ijerH/fgad'\‘:r;"i"é’r;fésyjrgﬁggworkS vol. 10, no. 1, pp. 29-42,

randomly select a frequency band from a large pool of pogs] s. Doshi and T. X. Brown, "Minimum Energy Routing Schemes &
sible frequency bands. For a large-scale sensor netwdsk, tr117 V\gelsss Ad Hodc glet'\évohrk,”lEEEDl_l\ltF_gCtog/l, |20Ct>2-_ o bhee

H : H : H . Yyounis an . Fanmy, Istriputed clustering In aa nsor
assumption may be_ too strong fo_r practical app|IC§tI0nﬁ]IBl . [ ]networks: a hybrid, energyyefficien approactEEE INI?ORCOM, 2003.
case, we can consider a dynamic channel allocation techinigis] m. Yu and A. Malvankar, "SEERA: Sensor-Enabled EventuRiag
that a few clusters may have to share the same frequencyArchitecture In Networking Envi,ronmental Monitoring Systs,” Int.
bands. The related problems such as latency, throughput andO on Wreless Networks (ICWIN'05), pages: 459-465, Las Vegas, NV,

. . . June 2005.
fairness will have to reconsidered.

Fig. 11. Energy-Efficient and Power-Aware Routing Scendrio

B. Conclusion Remarks

In this paper, we present a networking protocol that incdude
an adaptive clustering technique, and an energy-efficiedt a
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