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ABSTRACT

In Lhis paper we investigabe alllcionl strategics [or support-
ing on-demand information dissemination and galhering in
larpe-scale wircless sensor nolworks. In particular, we pro-
pose a “comb-needle” discovery support. model resembling
an ancienlt method: wse a comb o help (nd a needle in
sands or a haystack. The model combines push and pull for
information dissemination and gathering. “The push compio-
nend features data duplicalion in a linear neighborhood of
each node. The pull component features a dynamic forma-
tion of an on-demand routing structure resembling a combb.
The comb-necdle medel enables us Lo investigate the oosl
of a spectrum of push and pull combinations lor suppori-
ing diseovery and query in large scale sensor networks. Ouwr
resull shows Lhat the oplimal routing surecture depends on
the requency of query occurmence and the spatial-temporal
Ireqquency of related evends in Che nedwork. The benedll of
balancing push and pull for discovery in large scale goomed-
ric neiworks are demonsirated. We also rase the issee of
query coverage in unreliable networks and investigabe how
reclundancy can improve the coverape via bolh theorstical
analysis and simulation. Last, we study adaplive suratogios
for Lthe case where Lhe requencies of query and evenls ane
unknown o priori and Lime-varying.
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1. INTRODUCTION

The goal of Lthis work is Lo investigate allcient and redi-
able routing mechanisms for supporting queries in large scale
ad hoe wircless sonsor neltworks. Recenlly, wireless sonsor
nolwork has altracted a lot of allention rom Lhe rescarch
communiky, g, [1, 2, 3, 4, 5, 6, T, 8. Many emerging sen-
sor nedwork applications involve disssmination of observed
information Lo intercsted clients and thus demand efllcient
dissemination mochanisms doe Lo resouroe limitations. For
instance, a sensor nedwork might be deploved for enhancing
soldiers” battbe Meld sibuation awareness when visibilivy is
kow {either at night or dee Lo smoke). A solider might be in-
Lerestod in where the Lanks are in Lhe battlofleld. The nodes
detecting Lhe Lanks can periodically push (broadeast) the
informaLtion Lhroughout the nelwork in anticipation of the
soldier’s needs, as shown in Figure 1{a). This push-based in-
formation dissemination sirategy is efllcient when Lhere are
many solders in Lhe neltwork constantly in need of the mfor-
mation. However, a lol of broadeast bandwidlh s wasied
when the demand for Lhe information s low. Allernatively,
Lhe systbem may choose a pull-based information dissemina-
Lion strategy, as shown in Figure 1{b). The soldier broad-
casis a query for the information when it s necded. When
Lhe nodes that have Lhe information receive query, Lhey send
Lhe mformation Lo the soldier. “T'his pull-based sbrategy is
refatively more allicient Lhan Lhe push-based sirategy when
Lhe (requency of query & relatively bow compared Lo the
frequency of Lhe interested evenls, because communication
Lakes place only when it 15 needed. A natural question is:
can we codnbine Lhe advantages of bodh push and pall strate-
gies and build an allicient query-support. mechanism Lhat
adapls L Lhe Mequencies of query and events?

In Lhis paper, we propase a novel “comb-needle™ query
support moddel thal mtegrates bolh push and pull dala dis-
semination, and analysze ils performance in large scale ad
hoe wireless nedworks. Using this moedel, we are able w ox-
plore a whole speclram of push and pull surategies shown in
Fig.2. In Lthe comb-necdle model, each sensor node pushes
ils dala o a certain neighborhood and the query is dissemi-
naled only Lo a subsed of Lhe nobwork. More specifleally, the
query process buikds a routing surecture dynamically Lhat
rescembles a comb and Lhe sensor nodes push the data do-
plication strecture like a neadle, as illusirated in Figure 3.
COhne can view Lhis query proeoss as combing for necdles in
Lhe sands or haystack. The desirable progsertios of this mech-
anism inelude:

e In mosl cases, Lthe comb-nesdle strategy s more el
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Figure 2: A Spectrum of Push-Pull Strategies
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Figure 1: (a) Pure push-based strategy (b} Pure
pull-based strategy

cient than bolh pure pash and pure pull stralegios.
Pure push and pull strategies can be oonsider as Lhe
end points of Lhe combing siralegy.

e The combing granularnity is dynamically adjusiable based
on demand. No infrastructure is boill a prion

We analyze the communication cost of Lhe comb-nesdle strat-

X o s @ 0
il o
. g8 T TR 1 0
=& _\_1|.
- o B . _
oG =]
. 1. B . “
d y a :
. o o 9
(a)

(b}
Figure 3: A Comb-Needle Example

ey based on query (requency and event [requency, explore
Lhe issue of query coverage and reliability in the case of
faulty nedworks, and stedy adaplive strabegies [or the case
where Lthe [requencies of query and evenls are unknown
priort and Lime-varying.

This study adopis a low assumplions aboul Lhe environ-
ment, Lhe network, and Lhe application soenario

# Lhe evenl of interest can occur randomly at anywhere



al any Lime

» Lhe query enlry point can be anywhere in the network
amnd occur al any Lime.

e Lhe noltwork B ad hoe and uniform in Lhe sonse Chal
all nedes are equivalent and Che notwork does nol. have
builkd-in hierarchy.

» all nodes in Lhe network have information of their lo-
cations in the 21) spacs.

The remainder of Lthe paper is organied as [ollows: in Soc-
tion 2, we describe and analyze Lhe comb-needle mechani=m.
In Section 3, we present simulation resulis for supporting
queries on random grid networks. In Seclion 4, we explone
the coverage Bsucs Inoan unreliable network and present
more robust surategies, which s [ollowed by an adaplive
comb-needdle sirabegy in Section b Seclion & inclides e
lated work, which is followed by a discussion seclion and a
conclusion section.

1. BALANCING PUSH AND PULL

2.1 Motivaton

Wo consider Lhe global discovery Lype query such as “whoro
are all the tanks? | and “what locations have a lemperalune
excoeding 90 degrees?™ ele. For such queries, the whaole net-
work necd Lo be Lraversed by Lhe underlying query resolution
mechanism in order o gol a complobe response. Nole thal
ol all queries require a global discovery. Queries like “ane
ithere 5 tanks in the region™ eould only traverse part of Lhe
nelwork {up Lo Lthe podnt where Lhe answer B posilive.) Fur-
ther, we assume Lhal query eniry can be any nodes in Lhe
network. Such query genecration mode can support mofile
information-gathering agencies (e.g., soldiers in balUlcfleld)
or hierarchical nelworks where higher herarchies are more
intellipent and may demand information.

For resolving a global query, a frequently used query dis-

seminalion mechanism is Che (loeding-based querying (FBC)[9).

In FEOQ), Lhe underlying query support mechanism [loods Lhe
reqquest o Lhe whole network.  All nodes with relevant in-
formation respond. The Mooding often represent Lhe most
signillcant message overhead for such querics. Nole that we
are only interested in one-shol query, rather than contin-
wous query. In a continuons query, direcled dillusion Lype
of schomes work suMiciently well sines the initial Noeding
cosl can be amortized over the duration of Lhe conLinwous
information Mow from the sensor nodes Lo Che querior.
FBL) represenis a pullbased query support mechanism.
As nobed in Lhe introduction, there is a polenLial advantago
in combining Lthe push based sirategy with the pull based
strabegy Lo inerease query ellciency. For instance, lel’s oon-
siler a simple grid network like Lhe one in Figare 4. Nodes
(4,2} and (T,6) delecled some abnormal evenl K, push Lhe
informadion vertically in the networks, and have i@ Lemporar-
ily stored on Lthe nodes traversed. Mode () 8) i an enbry
point of a discovery query inderesied in such events. Nole
that the query only needs Lo be disseminabed horisontally
o be resolved, ie., the information pall only need Lo oocur
horizontally rather than throughout the nelwork. Assume
that Lhe events are only detecied onee al the Lwo nodes, and
the query only occurred once as well. “The total message
oosl for supporting Lhe query is about 30 by this push-pall

model, comparing Lhe approximately 100 messages neoded
for the FBO) method. In the present hardware state, com-
munication cost oflen weights moech more Lhan the storage
cosl, 50 Lthis push-pull strategy seems desirable. One also
can observe Lhal the relative benalit of this push-pull stral-
ey depends on Lhe relative rates of coturrence of the events
and query in Lthe neltwork. When Lthere are more querios,
Lhera are more savings in the message overhead for support-
ing the queries. In this seclion we introduce a more general
pull-push model and analyze its perlormanee.

g L 1} L} L L Lb b b ik L

——— e — | e | e | i

A B i il L L L
T i i L L L L L i} il
8 ) L m i o o ] . )
B O ) L} i ) o L l:l o u
a4 i} L} o ) L} L} L} i) i)
3 0 i i} i i it Lt l:l- it il

g = i ik ¥ i ¥ ¥ ¥ i3 i

Figure 4: A Special Push-Pull Strategy

2.2 The Combing Strategy

The push-pull query support model we propose resombles
Lhe action of combing for needles in a haystack or ina pool of
sand, and is thus dubbed as the “comb-needbe™ model. The
comb-needle query support,. model combines bolh push and
pull in the following way: cach sensor node pushes ils data
Lo a cortain neighborhood and Che query node dissominates
ils request o a subset of Lhe network. More speciflcally,
Lhe query process builds a routing structure dynamically
Lhat resembles a comb and Lhe sensor nodes push Lhe data
duplication structure like a noadle, as illustrated in Figure 3.

To analyze mathematically the oot and benefit of vhe
query support. mechanism, we need W have a model of the
worlkd Lhat the sensor network is moniloring. In Lhis paper,
we assume Lhe [ollowing random event and query maodels.
Evenis oocur uniformly in space and Lime across Lhe sensor
nelwork. "T'he discovery query enbry poinl can be any node
in Lhe nelwork wikh Lhe same probability. Accordingly, we
dollne two paramelors:

Jy: the arrival frequency of discovery queries.
[e: the arrival frequency of relevam events.

A life-time paramelor could also be included in the gquery
message Lo indicale whether it @5 inlerested im0 the oventds
happened in Lhe past halFan-hour or in Lhe next (ve min-
uies. I this paper, we consider homogensous query mes-
sages Lhal are inberested in evenls inoone Lime unil.



