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Abstract— When sensors are redundantly deployed, a subset of is referred to as a “cover”). The remaining set of nodgs
senors should be selected to actively monitor the field (referred = 7V — V4, can be put to sleep and later activated to form
to as a "cover’), while the rest of the sensors should be put o\, covers. Besides prolonging coverage time, reducing the

to sleep to conserve their batteries. We consider networks in . .
which all the nodes are not aware of their locations or the number of active nodes also reduces channel-contention and

relative directions of neighbors. We develop several geometric Collisions in the network.

and density-based tests for deciding whether a sensor should .
turn itself off without degrading the quality of field coverage. Most proposed protocols for selecting sensor covers assume

These tests rely on estimated neighbor distances and locallythat nodes can estimate their locations (via localizatenht
advertised two-hop neighborhood information. We design an hiques) or at least the directions of their neighbors (¢93,,
algorithm (LUC) that exploits these_tests for computing covers. [16], [19], [20], [25]). Equipping every node with a GPS
Based on LUC, we propose twodistributed protocols (LUC-1 s not cost effective, so localization is typically perfach

and LUC-P) that periodically select covers and switch between . . . . .
them to extend “coverage time” and tolerate unexpected failures by estimating distances between neighboring nodes (e.g.,

Our protocols are highly efficient in terms of message overhead RADAR [3]) and triangulating positions using a small set
and processing complexity. We implement LUC-I in TinyOS and of location-awareanchor nodes (e.g., [5]). In this work, we
evaluate it using the TOSSIM simulator. Experimental results focus on applications in which network-wide localizatia i
indicate that our approach significantly prolongs coverage time. unnecessary and possibly infeasible. Localization is cese
sary in applications that do not require reporting the liocabf
events. An example is a warfare scenario, where the detectio
I. INTRODUCTION of any radiation or chemical activity is enough to alert the
troops to evacuate. Localization may also be infeasibletdue
Several applications, such as environmental monitoringe failure or bad distribution of anchor nodes. Note thateno
require sensors be redundantly deployed to accommodkgealization can be performed based only on distance etténa
unexpected failures and improve the fidelity of received meand arbitrary selection of anchors. However, in practibes t
surements. Redundancy means that some parts in the fRfgroach may result in failure to place some nodes due to
are covered by more than one sensor at the same tiri@iccurate estimation of distances [23]. Thus, we need new
If idle sensors are not put to sleep, then redundant notkslundancy check tests that are based on “distance ranges”
deployment does not necessarily improve tmwerage time and not on “locations.”

of the field, defined as the time until the fraction of thezgntributions. In this work, we develop four tests for
area that is monitored by at least one sensor falls belowdétermining node redundancy, assuming that nodesnate
gllvep.threshold.. This IS because 'the. sen'sor.’s raQ|o e,Xp@ndé\Nare of their locations or the relative directions of néigs.
significant portion of its battery lifetime in idle-listerg to Two of the proposed tests are geometrically provable, while
support data forwardi_ng, and thus active sensors tend to gi& iher two are based on the dense random deployment.
at roughly the same time. For example, the powers ConsUmggdl jetermine if a node is redundant, our tests exploit the
by the radio of the MICA2 mote [7] during idle-listening a”dtwo-hop neighborhood information advertised g one-hop
reception are almost the same, as reported in [2]. It was al§gghhors, as well as the estimated neighbor distances. We
reported in [13] that in the WINS Rockwell seismic sensor th&ropose a location-unaware coverage algorithm (LUC) that
power consumed in the receive _and idle-listening modes #Rorporates our tests. Then, we design two computation-
0.36 mW and 0.34 mW, respectively. In contrast, the energyy efficient distributed protocols for periodically selecting
consumed in the sleep mode of the MICAZ is three orders gf,; active covers and switching between them. We refer
magnitude less than that during idle-listening. to these protocols as LUC-I and LUC-P (for iterative- and
Therefore, the network topology should be controlled bgrobabilistic-LUC, respectively). We implement LUC-I in
selecting a subset of nodes to actively monitor the field adégnyOS [17] and evaluate it in the context of a multi-hop
putting the remaining nodes to sleep. More specificallyhéf t network application using the TOSSIM simulator [17]. To
set of nodes in the network i%, it is required to select a the best of our knowledge, our work is the first to study
subsetl, C V that covers the entire area coveredy(V, cover selection in the absence of information about theivela



locations of nodes. They also assumed that the employed localization mechanism

. . . n provide reasonably accurate location estimatealldhe
The rest of the paper is organized as follows. Section E@des, which may be difficult in large-scale networks [28]. |

briefly surveys related work. Section Il introduces our re; . .
dundancy check tests. Section IV presents the LUC algorithtrhr{S work, we do not make any of these assumptions.
and its associated protocols. In Section V, we study the

properties of our protocols via simulation. Section VI déses Il. DETERMINING NODE REDUNDANCY

our implementation of LUC-I in TinyOS and evaluates its
performance in the context of a multi-hop network applimati

Finally, Section VII gives concluding remarks.

Below, we introduce our system model and describe our
proposed tests for determining node redundancy.

A. m Model
Il. RELATED WORK Syste ode

) We consider sensor nodes for whiéh is the maximum
Several protocols were proposed f_or selecting sensor $0Vf,nsmission range an&, is the maximum sensing range
These protocols are either centralized (e.g., [6], [9L[12(e. the distance from the sensor after which an event or

or distributed (e.g., [19], [20], [25]). They target eithéeld phenomenon is not detectable). We assume the following:
coverage, where a whole area is to be monitored, or target

coverage, where a set of targets in the field are to be moditore 1) Nodes are randomly and redundantly deployed. They

have similar batteries and energy consumption rates.

2) Nodes have omni-directional antennae and do not pos-
sess localization capability. Thus, node locations and
relative directions of neighbors cannot be estimated.

) Ry > 2R,. Under this condition, coverage implies
connectivity [25]. An example where this assumption
holds is the MICA2 mote [7], which has a maximum
communication range of about 1000 feet and a sensing
range of about 100 feet [20].

4) A node can estimate the distances to its one-hop

neighbors. This can be achieved using well-known ap-
Several distributed algorithms were recently proposed. proaches, such as time of flight or RF signal strength [3],

Wang et al. proposed CCP [19], which probabilistically pro- [24]. If transmission ranges are short, these approaches

vides different degrees of coverage according to the appli- can provide reasonably accurate estimates of one-hop

cation requirements. Zhang and Hou proposed OGDC [25], distances. For example, the Cricket sensor [7] uses
which determines the minimum set of working nodes by  time of flight of packets for accurate ranging based on
reducing their overlap. They provided necessary condition ultrasound and RF beacons (effect of distance inaccuracy

on the ratio between the sensing and transmission ranges is evaluated in Section V).

to guarantee that coverage implies connectivity, and studi 5) Links can be asymmetric due to radio range irregular-

the case where the sensing range is non-uniform. Tian and ity [26]. A node decides whether it is redundant or not

Georganas [16] proposed a simple approach for selecting based on the one-hop neighbors it is aware of.

covers based on checking tBponsored areadefined as the

area covered by other working neighbors. If the union of af Redundancy Check Tests

sponsored areas includes the sensing area of a sensofithen t

sensor decides to go to sleep. Gupta et al. [9] and lyengar etet N(v,r) denote the set of neighbors of noddhat lie

al. [10] proposed algorithms for selecting connected cavemwithin a ranger. Discovering such a set relies on an approach

These algorithms do not enforce constraints on the relatithmat is described later in Section IV. A node can be in one of

between sensing and transmission ranges. Yan et al. [H0jee states: ACTIVE, ASLEEP, or UNDECIDED. All nodes

proposed a protocol for collaborative sleep and wakeup gmostart in the UNDECIDED state. LeVy denote the set of
neighboring nodes, assuming that the network is synchednizundecided nodes. Note thét= V4 | J Vs | Viy. Definewgt(v)

Ye et al. [21] proposed the PEAS protocol that provides faulto be the weight of a nodein the network (e.qg., its remaining

tolerance coverage using randomized sleep/wakeup saseduattery). We will use different definitions fapgt(v) in our

PEAS focused on maintaining network connectivity by perl-UC-I and LUC-P protocols, described in Section IV.

odically awakening nodes to probe the active ones. Kumar e

al. [11] provided theoretical bounds on the number of nod

required to achievé-coverage.

Cardei et al. [6] computed a number of set covers that
maximize the lifetime of the sensor network. They proposed
two centralizedheuristic techniques for target coverage; one
uses linear programming and the other is a greedy approac
We use the greedy approach in [6] as a baseline for com-
parison with our protocols (see Section V). Meguerdichiain e
al. [12] proposed centralized algorithms for achievinghbot
deterministic and statistical coverage using Voronoi iats.
Slijepcevic and Potkonjak [15] proposed a centralized iséar
to compute a disjoint maximal set of covers.

We propose two geometrically proven tests (RTest-D1 and
??sl'est—DZ) and two density-based tests (RTest-H1 and RTest-
H2) for determining node redundancy. RTest-D1 and RTest-

All the aforementioned protocols assumed that nodes cB2 decide that a node is redundant only if its sensing region
estimate their locations and/or the directions of theighbors. is geometricallycovered by active nodes. These tests assume



that nodev’s sensing capability is uniform in all directionsR; and computing the success ratio over 10,000 experiments
and thusv’s sensing range can be approximated by a circ(e&ve say that RTest-D1 fails if the three neighbors form a

C(v). RTest-H1 and RTest-H2 decide that a node is redundaatrrect cover but the test cannot determine that). RTest-D1
if certain conditions on node density and distribution arghowed a success ratio of about 57%.

satisfied. They only require a node’s sensing region be 60N Tast H2: Node v is redundant if3 three nodesy;, 1 <
but not necessarily circular. i < 3, where (1)v; € N(v,0.618R;) Vi, (2) v; € V4 Vi, and
RTest-D1: Node v is redundant if3 three nodesy;, 1 < (3) thew;'s are pairwise non-neighbors within rangg (i.e.,
i < 3, where: (1)v; € N(v, Rs) Vi, (2) v; € Va Vi, () the v; €U, ,; N(vj, Ry), Vi).

v;’s are pairwise neighbors within range;, (4) v lies inside
the triangle formed by the;’s, and (5) the circumference of
C(v) is covered by the”(v;)’s.

Lemma 2: RTest-D2 provides a sufficient condition for the
redundancy of node.

Fig. 1. Demonstrating RTest-D1 whetelies inside the triangle formed by
three of its neighbors.

Fig. 2. Determining the probing rang&f) in RTest-D2.
RTest-D1 can be explained in the context of Figure 1 (we

use three neighbors in this test for tractability). Nodas Proof. Geometrically, if the centers of three circles lie

12 a1, are acte neghtors of noce and are panwise SUIENIYTOse o e center of  fouthone en e ree
neighbors within rangeR, (the first three conditions). Two Mpletely cov ' P . .
to determine the radiug, of the largest probing circle in

conditions need to be satisfied. First, should lie inside . :
the virtual triangle formed by the lines connecting the enreVhich the three centers af (v,), C(v2), and C(vy) lie and

neighbors. Second, the sectors where h@);)’s intersect cgmpletely coverC(v). Conside_zr t_he scenario depicte_d in
with C(v) should completely cove€(v). For example, in Fig. 2. The worst-case organization (which results in the
Figure 1,C(v1), C(v2) and C(vs) intersectC(v) in sectors S.m?"es}tR’é). oceurs vghenv% I||es or|1_ the bﬂunt()jarydof th?
aivas, byvby, andcyvey, respectively. The challenge is how to-irele ofra 'hUSRp (p_ro Ing i:|rc e)’UQI.'eS on the ounaary Of
determine these sectors in the absence of location infaymat C(v1) and the prob|.ng circte, and lies on the boundary o
We propose a simple approach to solve this problem. (v2) a”?' .the prqblng circle, SUChdefthéI(U?’) barely Covers
estimate of the distance between any two neighbors oft'€ fémaining region o€ (v). Leta = R, + R,. From basic
can be determined (see Section IV-A.1), as well as two_h(%zometry, we have:

neighborhood. Thusy can compute relative coordinates of 1
thev;’s as follows. Nodey assumes that it resides at (0,0) and @ = - X Vd?(=d +2R,)(d + 2R,) = \/4R? — &2,

that v; resides atd;,0), whered, is the estimated distance

betweenv andv;. It then uses the distance between itself anghere ¢ < |lvivs]| as shown in Fig. 2. To computd,
vy (vs) and the distance between and v, (vs) to assign consider the anglg in Fig. 2. Clearlyg = cos™! (42-). Since
coordinates forvy (vs3). Based on these coordinates,can *

1 — oin /1 = 2 _ ainl. /1o B i
determine whether or not it lies inside the triangle,vs and cos ' (z) = sin 1-2% g = sin 1 4R2" which

can compute the intersection sectors. results ind = 2R, sin(g) = 2R,/1 — %_ Thus,R,+ R, =
Lemma 1: RTest-D1 provides a sufficient condition for the, /4 p2 _ AR2(1 — 4’?2 ). This results in the following quartic
redundancy of node. equation: R, — SREI%I% — 2R3R, + 3R} = 0. Solving for

Proof. It is trivial to show that if the conditions in RTest- R, yields: R, = (v/5/2 — 1/2)R, =~ 0.618R,. Thus, if the
D1 are satisfied then’s sensing range is covered. Howeverconditions provided in RTest-D2 are satisfied for nedeve
these conditions may not be satisfied even thowglsensing can assert that is redundant. However, the converse is not
range is covered by active nodes. Thus, RTest-D1 providesriage (i.e., RTest-D2 is a sufficient condition for redundgnc

sufficient but not necessary condition for redundancy. Our empirical evaluation of the conservativeness of RTest-

We empirically evaluated the conservativeness of RTest-IDR indicates a success ratio of 3.2%. However, this testlis st
by randomly placing three neighbors of nodevithin range useful since it is computationally cheap and shows sigmifica



success when individually applied in dense settings, agrsho Dy

in Section V. 7 .
Since RTest-D1 and RTest-D2 only provide sufficient con- R?/'/ Ve

ditions for determining node’s redundancy, we provide pthe 4 A. o

tests (RTest-H1 and RTest-H2) that exploit conditions otleno d v

density to improve the confidence in determining redundancy B

RTest-H1: A node v is redundant if (L3S = {v; € V4 : ViVa¥aVa

v; € N(v,Rs),1 <i < M,M > 4}, and 2)N(v,Rs) C _ - _
M Fig. 3. Correctness of RTest-H{v,u,v1,...,vs} identify nodes while

Ui:l N(“i» RS)- {A, B, C, D} identify square cells within the network area.

RTest-H1 says that if hasM > 4 active neighbors within
distanceR; and if every neighbor ol is also a neighbor ) ) ] o ]
of one or more of thesel/ active neighbors, then is simulation experiments (Section V) indicate that RTestisl1
considered redundant. The choice of four neighbors steth§ most effective in redundancy elimination.

from the fact that the network is “sufficiently” dense (aRTest-H2: Assume that nodes are uniformly and redun-

defined below) when each node has neighbors in all directiofigntly deployed. A node is considered redundant #S =
(north, south, east, and west). The density model definembelf,, . v, ¢ N(v, R,), v; € (V4 U V), 1 <i <~}, wheren is

is an extension of the work in [4]. a constant, such that (X)gt(v) < wgt(v;) Vv; € S, and (2)
Lemma 3: Assume thai nodes with sensing range, are N(v, Rs) € Uiy N(vi, ).
deployed uniformly and independently in a fiefti= [0, L]>. Unlike previous tests, RTest-H2 aims at turning off “weak”

Let F' be divided into5L?/ R} square cells, each of side lengthodes in the network. It checks if nodehas at least active
R,/+v/5. Let R2n = aL*In L, for somea > 0 such thatR, < or undecided neighbors within distan&e, and if every other
Landn > 1.1If a > 10, thenlimy, .o E(uo(n)) = 0, where neighbor ofv is also a neighbor of one or more of these
to(n) is a random variable that denotes the number of emply neighbors. Nodev is then put to sleep if its weight is
cells in F. the smallest among the neighbors. The rationale for this

The lemma states that if the network area is divided inf§St iS that if nodes are uniformly deployed, themill have
small square regions (cells), andrifand R, satisfy a certain neighbors in all direction§ (as as;sumed_in RTesthl), which
constraint, then every cell will contain at least one sens8fe likely to cover the entire sensing regionwofPuttingo to
asymptotically almost surely (a.a.s.). Consequentlynenede sleep early will force “stronger" ne!ghbors to become axtiv
(except those at the borders) will have at least one neighdf recommend, > 4 to avoid leaving uncovered holes (we
in each of the four main directions. The proof of Lemma 45€7 = 6 in Section V).
is a straightforward extension of the one provided in [4] for
one-dimensional networks. We omit it here for brevity IV. LOCATION-UNAWARE COVERAGE

L_emma 4. If the density model prowd_ed in Lemma 3 is Based on the proposed redundancy check tests, we now
satisfied, then RTest-H1 correctly determines whethgould present the LUC algorithm and present two distributed proto
be put to sleep. cols to realize it in operational scenarios.

Proof. Consider the scenario depicted in Fig. 3. Assume a

worst-case configuration in which all the active neighbdrs & | UC Algorithm

nodewv (v, ve, vs, andwv,) are placed inB. Also assume

that one undecided neighbog is placed on the boundary of 1) Distance Estimation:The LUC algorithm at nodev

A while the rest of the neighbors are all asleep. We proygoceeds as follows. Node discovers its neighbors within
Lemma 4 by contradiction. Assume thatis put to sleep the rangeR; (its maximum transmission range) and their
although cellC is not covered. Now, consider a nodethat approximate distances (estimated using the time of flight
resides inD. If u is active, therC is covered. Ifu is not active, and/or received signal strength, as described in Sectioh)ll
thenwvs must be included in the probing neighborhoodutf To accommodate uncertainties due to fading, reflection, and
active neighbors. This also implies that will be covered, radio sensitivity, we use a conservative approach to estima
which contradicts the original supposition. distances in whichR; is divided into a discrete set of,

The above argument may only be violated at the cells on t%stance% and every range Of. signal str_engths is mapped to

4 one of these distances (similar to radio maps [24]). Every
corners of the network area. This does not affect the coeerag’ '\ adcasts the estimated distances to its neighbtatso
of the field since the number of cells is supposegiyl. Our ; : ) gno X

every node is aware of its 2-hop neighborhood. Our simuiatio
lwe choseR;/+/5 as our cell dimension to allow a node to completelyexperlments in Section V show that imprecision in distance

cover neighboring cells in the four main directions. Thisiigedent from the
cell definition used in [4]. 2We refer tony as the “discretization level.”



estimation does not affect the performance of our protocolsighbors that are within range; and having higher weights
This is due to the efficiency of RTest-H1. have made their decisions. However, a node can put itself to
sleep once any redundancy check test is satisfied. In LUC-
I, the weight of the node is selected in a way that favors
activating nodes with higher residual energy. Thus, theghiei

2) Activation Test: LUC uses an activation test (ATest)
that returns SUCCESS (i.e., “tentatively” sets the statarof
undecided node to ACTIVE) if v has the highest weight _ } = e(v)
among its undecided neighbors (note that the weight is a rQhnodev is set to:uwgt(v) = e(v)+ I NI o) wheree(v)
number and thus no ties occur). The test is necessary to sietthe residual energy of nodeand|f\7€v,Rs)| is the number
the network with active nodes and force “stronger” nodes tif v's neighbors within range?,.

be active, giving an opportunity for putting “weaker” nodes LUC- has two phases. The first phase isnaighbor

sleep. This has a desirable effect of keeping every 'nda"dudiscovery phase that runs for,; seconds. By the end of

node alive as long as possible for better reliability againg.. : : . ; :
. is phase,v will have discovered its neighbors and their
unexpected node failures. Note that when ATest succeeels, ih b Y g

. . ; . weights, and computed the neighbor sSisand S,. In the
LUC algorithm (Fig. 4) gives another opportunity to a nOdgecgnd phasey st:rts thecoverage proce$SNhich2runs for
to go to sleep (by executing RTest-H1) before making ﬂ}ep seconds. Whenever receives an update from one of
activation final. % )

its neighbors changing its state to ACTIVE or ASLEEP, it
ATest: A nodew € Vy is tentatively active if for every node executedRCheckwith mustDecideO0 (see Fig. 4). Ifv decides

u € N(v, Rs) with u € Vi, we havewgt(u) < wgt(v). that it is redundant, it does not wait until the end of the
t.p interval and immediately goes to sleep.dfdecides to
o Discover N(v, R) at diff. probing ranges become active, it broadcasts its new state and keeps clgeckin
Initialize(v) e § =NV, R), S,=N(v, 0.618R) its redundancy whenever one of its probing neighbors besome
RCheck(NODE v, BOOLEAN mustDecide) active. This continues until the end of thg, interval (in
order to allowwv to pruneitself from V, if possible). If the

tep interval expires before has made a decisiom, executes
RCheckone last time withmustDecide= 1. LUC-I is re-
invoked everyt., seconds, which we refer to as the “cover
update” interval. The pseudo-code for the LUC-I protocol is
provided in Fig. 5.

LUC-I(v)
1. Initiate timerT'1 for ¢,,4 seconds (neighbor discovery)
2. After T'1 expires:

2.1. ComputeS; andS2 as in Fig. 4

! o )
e Broadeast| [ Broadcast 2.2, Initiate timerT'2 for ¢, seconds (coverage process)
“UNDECIDED" “ACTIVE” | | “ASLEEP” 2.3. RCheckg, 0)
2.4. If (v.state2 UNDECIDED), stopT2 and exit
End 3. While T2 has not expired
3.1. If an update is received from v € Sy
3.1.2. Else RCheck( 1)
3) Order of Test ExecutionThe flowchart of the LUC 3.1.3. If (v.state# UNDECIDED),  stopT2 and exit

algorithm is provided in Fig. 4. LUC executes the geometrjc4. After T'2 expires
tests before the density-based ones since they guaranteg¢ no 4.1. If (v.state = UNDECIDED), RCheck( 1)
false positives (erroneously putting a necessary nodestp}l
even under arbitrary node distributions. RTest-H1 is imegbk ~ Fi9- 5 Pseudo-code for the LUC-I protocol executed at nede
only when the node is about to make a decision because
it is the most aggressive test, as shown in Section V. Tle propabilistic LUC (LUC-P) Protocol
RCheck{, mustDecidg function in Fig. 4 checks whether a
node must make a decision (ACTIVE/ASLEEP) or can remain Under worst-case distribution of node weights, where every
in the UNDECIDED state. IfmustDecidel, then the node node has to wait for another one, the convergence of LUC-
must make a decision regardless of the status of its neighbdrwill be dependent on the number of nodes (Section IV-D).
This motivates the need for another protocol in which nodes
B. Iterative LUC (LUC-I) Protocol autonomously decide to joili4 or Vg within a fixed number
of iterations, regardless of the network size. In the prdisdic
We refer to this protocol as “Iterative LUC” (LUC-I) LUC protocol (LUC-P), a node is added to//4 according to
because a node does not decide to be active unless allaitsactivation probability?,,, that corresponds to the remaining




energy inv. This way, decision-making is implicitly based onconvergencel{;....), and (2) the processing time at each node.
node weights without needing to exchange information amo#g “iteration” is defined as one attempt by a node to decide
neighbors. Pseudo-code for the LUC-P protocol can be fountdhether to go to sleep or continue executing the LUC protocol
in [22]. In LUC-l, Njer ~ O(n) in the worst-case (very rare). To
ound the convergence time of LUC-I, we limit the time of

The neighbor discovery phase in LUC-P is similar to tht o o cess by a fime described in Section 1V
of LUC-I. At the start of the coverage process phase, node & coverage process by a timer (as descri in Sect i

N > - _ B). The worst-caseV;;., for LUC-P is [log, =~ + 1. For
I I follows: iter ; >2 Prin

initializes an activation probability?,,, as follows example, forP,.,, = 0.01, Ny, = 8 iterations.

6(’[}) X Pstart

y Pnin<Pp<1 (1) The processing complexity of the LUC algorithm is not
IN(v,Rs)| - N

e(v) + X5 e(i) significant. For a node, RTest-D1 and RTest-D2 take @)
where P, is an initial probability that is periodically dou- in the worst case, where, is the number of active neighbors
bled by every node. Increasing,;.. leads to an increase in©Of v. RTest-H1 and RTest-H2 take @) time, wheren, is

P, and this causes the set of active nodes to grow gradualfj§e humber of neighbors within rangde,. ATest takesO(n.)

P, is the smallest allowed value faP,,. As described time for LUC-I andO(1) time for LUC-P.

below, i, ensures that LUC-P terminates in a constaffjessage overheadin the LUC protocols, each node sends
in LUC-I. A new timerT'3 is also initialized tal,; (activation and remaining energy), another message to announce its 1-
test) seconds in order to periodically check eligibility o hop neighbors and their proximities, and a third message to

join V4. WheneverT'3 expires during the coverage processannounce its decision (ACTIVE/ASLEEP), if any. Therefore,
v checks whether it can go to sleep. If notuses itsf, 10 (1) messages are required per node.

probabilistically set itself to the ACTIVE state. If the aettion

test is successfuly performs RTest-H1 before committing

itself to V4. If v does not pass the activation test, it doubles V. SIMULATION EXPERIMENTS

its P4+ vValue and re-evaluateB,,,. As in LUC-I, if v has

decided to become active, it is still allowedgauneitself from ~ We first focus on the construction of one cover only and
V4 if it becomes redundant befofE2 expires. IfT2 expires assume that, nodes are randomly distributed in58 x 50
andw is still in the UNDECIDED statey decides to become meters field (n = 1000, unless otherwise specified). We focus
active. Ideally, the,; value ofT'3 should be selected such thapn a snapshot during network operation where the residual
v's P,,, probability is allowed to grow to 1 beforE2 expires. energy of each node is a uniformly distributed fraction esw
Since P,,;, is constant, the maximum number of iteration® and 1. We choose, = 10 (other values did not have a
until P,,, reaches 1§,,..) is also constant (computed below)noticeable effect on LUC’s performance). Every point in our

on —

Therefore t,; should be selected ds; = t.p/Nmaq- results is the average of 10 experiments of different random
topologies. We focus on the following metrics: (1) size af th
D. Analysis active setVy, (2) coverage redundancy, (3) coverage quality,

and (4) average residual energy ¥y. Coverage quality is
Correctness.Three observations can be made about our LU@xfined as the fraction of the field area covered Wy.
protocols. First, when the protocols terminate, every niode Coverage redundancy is defined as the minimum number of
the network will have joinedV, or Vs. Second, the areasensors covering any point in the sensing range of any active
covered by the nodes iiivy is equal to that covered if all sensor. Thus, the optimal value for coverage redundancy is 1

the nodes inl/ are active. Third, applying the LUC protocols We compare LUC-I and LUC-P to a centralized approach

improves coverage time and reliability in the network. Thgsreed L
. . . y-MSC) [6] and a distributed approach [16] that agsum
first observation stems from the fact that every node is fibrc omplete knowledge of node locations. Although Greedy-

to decide after a timer expired'¢ in LUC-l or 73 in LUC- o aq proposed for target coverage and not area coverage,

P) to avoid waiting indefinitely for neighbors that may haV(\?ve generalize it by discretizing the area into a large number

failed. The second obsgrvation followg from the sequentig% points (targets). Individual cover selection in Gredd§C
construction of’, according to node weights. A node WhOS‘?ollows the approximation algorithm in [8], which tries to

sensing range is not comple_tely covered Wi" fail all th inimize the size of every,. Thus, we conjecture that
e e et Sl v o e ctled ot e slectedy il be smalle tan tht seected by any
redundancy check tests and not the operation of the praoc H|str|but¢_ad protocol, The dlstnbut_ed approach n [16]use
The third observation is due to the refreshment/af every eometric test assuming t_hat relative node locations amkn
te, interval, which results in distributing energy consumptioEVery nOdeU.IS initially actlye and has a randomly ;et tmier
a(ﬁd extending the lifetime of every individual sensor WhenT expires,v checks if the areas covered by its currently
' active neighbors (referred to aponsored sectoysompletely
Time Complexity. The time complexity of our LUC protocols span its sensing range. If so, thendecides to go to sleep.
is defined in terms of: (1) the average number of iterationis unWe refer to this approach as SP-SECT.
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Fig. 6. Performance of LUC-I and LUC-P in contrast to SP-SE@d &reedy-MSC.

Fig. 6(a) depicts the size df4 (|Val]) as a function of the 08 —
sensing range. As expectelds| drops for all the compared § Metos | 8 o, pouEesEssne
protocols asR, increases.|V4| of LUC-I and LUC-P is & 06 RTestH1 o g | ,e° e
about 20-50% larger than that generated by Greedy-MSC a@d NI 8 ost 5> 20l
is about 10-35% smaller than that of SP-SECT. This is & *[ | abes el £ y 7 7S i
very good result given that our protocols are distributed arg ~ $g2%27% " s *j/ RTestDl —+—
location-unaware. LUC-P generates a Bgtthat is about 2- 3 ] L 02 !/ EPSZ%B% -
10% larger than that of LUC-I. 5 erre NN B . RTestHz &
Fig. 6(b) shows that all protocols have coverage redundan- 200 500 800 1100 1400 1700 2000 200 500 800 1100 1400 1700 2000
cies that are about 3-6% from the optimal value (except for Nu("zlxh)erofmdes Nu(rggemmdes

SP-SECT which goes to 10% redundancy for large densities?. _
L g. 7. Evaluating the percentage of nodes put to sleep bytemts when

This indicates that our LUC protocols are able to compulgjied: (a) in combination, or (b) individually.

near-minimal covers (a minimal cover is one in which every

sensor is necessary for field coverage).

Fig. 6(c) shows that all the compared protocols have similgattery of 1 Joule, and consumes™" Watts while being
coverage quality, which is governed by the node density. V@&tive and10~" Watts while being asleep. We take, =
also study the quality of the selectddy in terms of the 6_meters and update the_ network cover every 100 seconds.
average battery levels of nodes included in it. Selectinyac F19- 8(2) shows the fraction of the field that is covered by
nodes that are richer in energy than their peers is impoftant 8ctive nodes whem = 500 nodes. If none of the nodes is
maximizing the lifetime of every individual sensor. Figdp( alowed to sleep, the network becomes completely uncovered
illustrates that LUC-I and LUC-P select nodes that have érigh@fter 100 time steps (a time step corresponds to 100 seconds)

MSC. improves coverage time by a factor of 3 to 6. The figure shows

that LUC-I and SP-SECT behave similarly. This is a very good
~ We also assess the performance of our proposed tests. \A&,it given that LUC-I is location-unaware. The differenc
fix R, at six meters and vary. Figure 7(a) shows the fractionj, coverage time between LUC-P and LUC- is attributed to
of the nodes that are put to sleep by each test (compareqg fact that the latter selects a smaliér at smaller node
the total number of deployed nodes) when the original LU§ensities. Fig. 8(b) shows that the discretization levethef
algorithm is applied. The figure indicates that the densityzqio range 1) has an unnoticeable effect on coverage time

based tests are very effective in eliminating redundaniois i i, | yc-I. This is attributed to the effectiveness of RTest:H
because they can put a node to sleep faster than the geometric

tests. The effectiveness of the geometric tests is denatadtr
in Figure 7(b), where each test is applied individually.(i.e
without the application of the other test). Coverage quatit
not compromised under any test, as shown earlier.

VI. IMPLEMENTATION

We implement LUC-I within the TinyOS [17] operating
system. Since in our protocols, the weight of a node depends

Now, we assess the impact of our protocols on coverage the remaining battery, we augment TinyOS with an energy
time and consider a simple operational scenario in which théssipation model (explained below) that is based on thiorad
energy consumed by a node’s radio is dominated by the wakieBerkeley MICA2 mote [7]. We also integrate a TinyOS
state. We deduct a fixed amount of energy from the nodeiwulti-hop network application with LUC-I to evaluate an
battery according to its state. Every node starts with a fudperational scenario. In this application, reports ardoper
ically transmitted to an observer (Surge) [1], [17]. While
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constructing the routing tree, nodes that can communicate™"~ Bt
directly with the sink are labeled “level-1" nodes. Nodeatth Module[ ]
cannot communicate with the observer but can communicate

with level-1 nodes are labeled “level-2" nodes, and so on. Fig. 9. Multi-Hop routing in TinyOS augmented with LUC-| andiezgy
. control. Arrows show interface provider/user relatiopshi
In our experiments, we use the documented power con-

sumption values from the Chipcon CC1000 data-sheet and

measurements reported in [14]. The MICAZ mote consistsThe schematic diagram for the extended multi-hop router is
of several components, including a processor, a radio, agvided in Fig. 9 (extension to that in [1]). RoutingLogidM

a sensing device. The operational energy consumption oth@ module that performs the cover selection. It also exscut

componentc; is given bye; = V; x A; x t;, whereV; is the link estimation and parent selection (LEPS) algorithms
the voltage across;, 4; is the current drawn by;’s circuits, Parent selection is responsible for estimating the link tms

andt; is the time taken by; to complete its operation. Foreach neighbor based on the “quality” of communications and
example, the radio of the MICA2 sensor draws 8 mA whil@s proximity to the observer [18].

receiving. Assuming thaV; = 3 Volts and the radio is in the L L

receive mode for 1 second, then= 24 mJ. While the radio is Our exten_ded des!gn mtroduces an energy monitor mte_rface
in the sleep mode, and assuming no other activities in the m&ltEnerg)_/M_onltO), Wh'_Ch s used to deduct energy durmg
during radio sleepd; = 1 yA, and thereforee; = 3 pJ. For tran§m|SS|on, reception, and sleep cycles. Iq our evaluau.
transmission, the value of the HROW register determines W€ 'gnore the energy consumed in processing and Sensing.
the drawn current and the transmission range. For instan Qe Mqltlhpp Router” uses the energy 'monltor _to inform
assuming that the mote consumes 1 mW during transmissfdfi @Pplication whether the battery is still operationaheT
(which corresponds to 16.8 mA), the bit transmission timf@PPlication uses this |n_format|0n to stop dat"?‘ transmrssio

is 62.4 usec (as measured in [14]), and the packet size i‘ghe Comm interface, |IIustrateq in Fig. 9, is responsmleT
36 bytes,e; for one packet transmission is 0.9 mJ. In ou r packet capture and transmission. The Message ID is

evaluation, we transform the energy cost into integer \tsalueUSEd to identify whether the packet is an application packet
(AM _SURGEMSG) that is sent through the MultihopEngineM

module or a routing update packet (AMULTIHOPMSG)

that is sent through the RoutingLogicM module. The Queued-
Send interface is responsible for buffering packets to Im¢ se

A sequence. Details of the Comm and QueuedSend interfaces

eceiveMsg
e
ReceiveMsg
MULTIHOPMS!
SendMsg
MULTIHOPMSG]

[AM!
[AM

Provider Defn  User

Configuration 1 1 Interface "\, 0" ——e Name

A. System Design

We discuss the design details of the multi-hop routin
module in TinyOS [1] when augmented with our LUC-I .
protocol. LUC-I extends the existing multi-hop router b;:an be found in [17]
adding the cover selection logic, which is executed prior to We implemented new timers to support the operation of
parent selection in the routing tree. This adds about 11@&li LUC-I, as was described in Fig. 5. When the LUC algorithm
of code to the TinyOS codeMost of this code is added to theis triggered, a node that is in the ASLEEP state moves to the
module responsible for parent selection. We used a paciet 9UNDECIDED state and starts the neighbor discovery phase.
of 100 bytes in the Surge application to accommodate largen the other hand, a node that is initially in the ACTIVE
routing tables (the default packet size in TinyOS is 36 hytestate moves to another state called ACTIVRIDECIDED.
Enlarging the packet size was needed to facilitate evalnatiln this state, a node continues to send data packets as usual
of the code, and is not a requirement of our design. while executing LUC-I so as not to interrupt the network

operation. The benefit of this approach will become apparent

3The complete implementation can be obtained by contactingutimss. in the results shown in Section VI-B. A state diagram of a



node executing LUC-I is depicted in Fig. 10. the PAPOW value, provided in the data sheets of the MICA2
radio. For simplicity, we assume th&, = 16 meters, which
corresponds to a drawn current of 10.1 mA (from the MICA2
CC1000 radio datasheet), and every one-meter increaBg in

LUC-I triggered

ACTIVE_UNDECIDED

Neighbor
discovery

Operation

corresponds to the next current value reported in the datet sh
[AcWe ] [ uuecoe ] The maxim_um battery_ lifetime is selected_to be a fraction
o lzemredor Luc-Ifiggered of the maximum possible for 2 AA batteries of a MICA2
sensor All the nodes start their operation randomly within a
Coverage No interval [0,5] seconds from the start of the simulation. lmr o
pocess e O e operation experiments, the depth of the routing tree varies from 2 to 5

according to the specified transmission range and link tyuali

Fig. 10. State diagram for a node executing LUC-I. A circldidates an

action, while a rectangle indicates the new state of the node We define coverage time here as the time until the observer

cannot receive any reports. This occurs when all level-lersod

To asynchronously trigger LUC-1 in the network, node deplete their energy. Fig. 11 shows the coverage times for
whose timerT, has expiredmmediatelybroadcasts a routing LUC-1 and Surge, where LUC-| refreshé everyt., = 300
update packet to its immediate neighbors, indicating thist S€conds. LUC-I provides 100-200% improvement in coverage
starting LUC-I. Upon receiving this message, the neighlors time over Surge. The amount of gain is affected l?y two factors
v that are close to completing their cycle (i.e., more than 0(&) the size ofVs, and (2) the frequency of updating, (¢c.)-
t.. has passed since the cycle started) trigger the executio 8f # = 75 nodes andz, = 12.5 meters, LUC-I achieves a
the LUC-I algorithm and re-initialize theif timers. Hence, Vs Of sizeé 20-40 nodes, i.e., about 30-60%:0fThe effect
the start of the coverage process diffuses throughout tRereducing the size of the active set is apparent only when
entire network. Thus, triggering LUC-I only requires a iagt Mere level-1 nodes are put to sleep.
update message. For a realistic scenario where the battery
lifetime is in the range of months, LUC-I will be triggered 8000

at a coarse granularity, e.g., hours or days. 5 7000
Q
. w6000 S—
B. Performance Evaluation E /
g 5000 —
We conducted experiments to compare the performance of 3 a0l S
our extended Surge/LUC-I implementation (which we refer to Z 2000 ’
as “LUC-I" for brevity) and the original Surge applicatiomait R = e e L
is included in the TinyOS software [17]. We used the TOSSIM 00 0 1

discrete-event simulator, which is included with the Tig/O
release, to evaluate our implementation. TOSSIM has Severa
advantages: (1) it runs actual TinyOS implementations;t(2) Fig. 11. Coverage time for LUC-l and Surgk.{ = 300 sec).

allows experimentation with a large number of nodes, (3) it

accurately captures the TinyOS behavior at a low level (e.g. We also report the number of nodes that fail during opera-
timer interrupts), and (4) it models the CSMA/CA MAC layettion due to energy depletion witR; = 12.5 meters and.,, =

of the node. Therefore, imperfections, such as interferemel 300 seconds. Fig. 12 shows that most of the nodes die quickly
packet collisions, are accounted for. in the original Surge application. This detrimental effesctiue

The parameters used in our experiments are as foIIov*té:Ithe %ontlllnuggsallst:n(l)r;%hof allen%c(i;s. ﬁ;seﬂ;r LtJeC-I,_zaﬂes
n =75, field sizeL, = 50 50 meters (from (0,0) to (50,50)) reld gc::sl::rl]eﬁ coerjsS m t'oﬁI;rl‘zorr: rledS ndsnvtviod-eusplThe time
the observer is at (25,50), maximum batterg = 107 points, u gy umpti g redu ) !

energy consumption (receive) = 24000 points/sec, ener which a node dies depends on how frequently it was put to
ep during the network operation.

consumption (sleep) = 3 points/sec, packet size = 100 bytes,
packet transmission time = 49.92 ms, current (transmigsion To measure the quality of coverage, the observer keeps
= 10.1-18.5 mA, data rate = 1 packet/10 sec, routing updatack of the nodes from which it has received reports within
= 1 packet/15 seayq = 10, t,q = 20 sec,t,, = 20 sec, and 7. seconds, wherd, = 20 sec. Fig. 13 demonstrates the
tew = 300 sec.t., is the time until LUC-I is re-triggered. coverage quality as time evolves for different, intervals.
Every node has to wait fot,,; to collect information about An important observation to be made is that LUC-I keeps the
its neighbors. However, a node can terminate LUC-I any tinfield completely covered even when the number of sleeping
during the ensuingd,, interval if a sleepdecision has been nodes is as large as/2. Other results (shown in [22]), indicate
made. The values af,; andt., are selected in a way to allowthat the best coverage time is achieved@=300 seconds.

for at least one routing update to arrive from every neighgpr Choosing the appropriate value fty, to optimize coverage
node. The energy consumed during transmission dependstiore remains an open issue.

Sensing range (meters)



75 [2]
[}
% 60
< 3]
T 45
Q
he
s
Y [4]
Qo
§ 15
[5]
O L L L
0 2000 4000 6000 8000
Time (sec) [6]
Fig. 12. Node failure rate.
[7]
[8]
g Lp—— [o]
© i
9
3 075 {
o &
3 [10]
b 0.5 % E 1
o i jul
SRl
S 025 rLycH (15,=300) —— [11]
L LUCH (t5,=100) :
0 iSurge —x— ¢ 4 [12]
1000 3000 5000 7000
Time (sec)

[13]
Fig. 13. Coverage quality foRs = 12.5 meters and differert., values.

(14]

VIl. CONCLUSIONS

We proposed a novel distributed approach for cover seldt?
tion in the absence of location information. Our redundancy
check tests rely on locally advertised neighborhood inform[26]
tion and estimated neighbor distances. We incorporated our
tests into a novel coverage algorithm (LUC), and designerf]
two distributed protocols (LUC-I and LUC-P) that realizd!8l
LUC in multi-hop sensor networks. Our LUC protocols incur
low overhead and can significantly reduce the set of actium)
nodes. Simulations showed that the coverage-time extesisio
achieved by our protocols are comparable to those achieved
by a typical distributed protocol and close to those aclieveo)
by another centralized protocol, both assuming knowledge o
node locations (unlike our protocols). We implemented ﬂl?l]
LUC-I protocol in TinyOS and incorporated it in a network
application used for data aggregation. Experimental tesul
show that LUC-I significantly improves coverage time. [22]
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