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ABSTRACT

Simple in-network data aggregation (or fusion) technigques Tor
sensor nedworks have been the focus of several recenl rescarch
clforis, bul they are insafMicscnl lo supporl advanced fusion ap-
plications. We cxtend these lechnigues 1o fulure sensor nel-
works and ask teo related questions: (a) whal is Lhe appropriate
sl of data Mesion Lechnigues, and (b) how do we dynamically
assign aggregalion rodes b the nodes of a sensor nelwork 7 We
have developed an architectural framework, [ rse, lor answer-
ing Lhese two guestions. [ consists of a data fusion APl and a
distributed algorithm [or encrgy-aware role assignmenl. The
Fusican APl enables an application 1o be specificd as a coamsc-
grained dataflow graph. and cascs application development and
deploymenl. The role assignmend algorithm maps the graph
oalo the network, and oplimally adapls the mapping al run-lime
using roke migration. Experiments on an iPAQ farm show that
the Musion AP has bow-overhead, and the role assignment al-
gorithin with role migration significantly increascs the network
lifctime comparcd W any slalic assignmenl
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1. INTRODUCTION

Wilth advances in lechnodogy, il is becoming increasingly [ca-
siblc W pul a fast processor on a single small sensor along with
a sizable memory and a radio transceiver. There is an over-
cvildving continuam of scnsing, compuling, and communica-
Liom capabilitics [rom smandust, W seasors, 1o mishile devices,
Ly deskiops, o clusters. With this ovollulion, capabilitics arc
mowing [from larger [oolprinl o smaller foolprinl devices, B
cxample, lomommow s maoie will be comparable in resources Lo
Loday’s maobile devices: and lomomow s mobile deviees will be
comparable 1o currenl desklops. These developments suggest
Lhat Muure sensor networks may well be capable of supporting
applications Lhal require resource-nich supporl teday.  Exam-
ples of such applications include sircaming media, surveillance,
imagc-bascd racking and inkcractive vision. Many of Lhese fu-
siom applicalions share 8 common requircmend, namely, hicrar-
chical dafa fusion, e, applyving a synlhesis operalion on npual
Elreams.

This paper focuses on challenges invodved in supporiing (u-
sion applicalions in wirelesy ad hoc seasor networks (WASN)L
Developing fusion applications is challemging in gencral be-
cause of the me-scnsitive nalure of the Musion operation, and
Lhee nosed Tor symchrondzation of the data lrom maltiple streams.
Since the applicalions arc inherently distributed, they ane Lypi-
cally implemenicd via distribuled threads thal perlorm lusion in
a hicrarchical manner. Thus, the application programamer has o
deal with thread managemaent, data synchroaization, bafler han-
dling, and cxceplions (such as me-ouls while waiting [or inpul
dala lor a fusion Manclion) - all in a distribated (ashion. WASMN
add another level of complexity o such application diewebop-
ment due 1 the scarcily of power in the individwal nodes 5]
In-metwork aggrcgation and power-aware routing arc icchnigues
Lix alleviale the power scarcity of WASN. While the good nows
aboui [asion applications is thal they inherently nocd in-neiwork
aggregalion, a naive placement of the usion [unclions on the
nclwork nodes will diminish the wselfulness of in-nelwork [u-
sion, and redoce the loagevity of the network (and hence the
application}. Thus, managing the placemend (and dynamic re-
location) of the fusion lanclions on he network nodes wilh a
vicw Lo saving power becomes an additional responsibility of
Lhe gpplication programmer.  [Mynamic rckocalion may be re-
uircd cither bocause the remaining power bevel al the currenl
nide is going below threshold, or o save the power consumed
in the nelwork as a whode by reducing Lhe tolal dala trapsmis-
sion. Supporiing the rekocation of lusion fenclions al nen-lEme
heas all the traditional challenges of proccss migration | 15].



We have developed DFuxe, an architeclure for programming
Fusion applications. I supports distribaled data fusion with aw-
lomalic managemenl of fusion poinl placement and mizralion
Lo opdimize & given cosl function (such as network longevity ).
Using the 1MFuse ramework, applicalion programmers necd
oaly implement the [usion [unctions and provide the datallow
graph (lhe relalionships of [usion [unctions o onc another, as
shown in Figure 1) The fusion AP in the DFuse architectare
subsumes issucs such as dala synchrondzation and buller man-
agemenl thal arce inherenl in distribaled programming.

The main contribuwlsons of this work arc summarceed below:

|. Fusion ADPl: We design and implement & rich ARG that
affords programming case [or developing complex sen-
sof [usion applications. The APl allows any svnthcsis
operation on stream data wo be speciied as a Masion Mame-
L, ramging (rom simple aggregation (such as min, max,
sum, or concatenalion) 1o maone complex perceplion Lasks
{such as analyring a sogquence of video images). This s
im coabrast Lo currenl in-nelwork aggregation approaches
[11. &, 6] that allow only lmitcd types of aporegalion
opcralions as Mosion lunctions.

2. Dastnibuied algorithm for fusion fenclion placement and
dymamic relocation: Thene is a coambinalonially larpe nom-
ber off oplions for placing the Musion functions in the nel-
work. Hence, inding an optimal placement that mini-
mizcs communicalion is dificull. Alse, the placcmend
neods 1o be re-cvalualed quite [requently considering the
dymamic nalure of WASN. We develop a nowvel heuristic-
based algorithm o find a good (according Lo some pne-
defined cosl fwnclion} mapping of [usion anctions b the
network nodes. The mapping ks re-cvalusied periodically
o address dynamic changes in nodes”™ poweer levels and
nciwork behavior.

3. Quantilative cvalualion of the DFese framework: The
cvalealion inclodes micro-benchmarks of the primilives
provided by Lhe fusion APQ as well a8 measarement of
the dala transport in a tracker application. Using an im-
plementation of Lhe Musion AP on a wirckess (IPAC) (arm
coupled with an cvent-driven cngine thal simulates the
WASN, we quantily the ability of the distibuted algo-
rithm 1o wncrcase the longevily of the network with a
given posver badgel of the nodes.

The rest of the paper is structured as [ollows. Seclion 2 an-
alyres fusion applicalion requircments and preseals the DFuse
architcctore. Im Scction 3, we describe how DFuse supports
distribuicd data lesion. Scction 4 cxplains a hewristic-hased
distributcd algorithm for placing fusion points in the nedwork.
This is [ollowed by implementation dedails of the framework
in Scction 5 and its cvaluation in Scction 6. 'We then comparne
our work with cxisting and other ongoing cfforts in Section 7,
prescnl stame directions e folwre work in Scction 8, and con-
clude in Section 9.

2. DFUSE ARCHITECTURE

This section presents the DiFuse architccture.  First, we ex-
plore targed applications and cxcoution envirmnmenls 1o iden-
lily the architecoral requirements. 'We then describe the archi-
leclare and discuss how il is 1o be wsed in developing Tusion

2.1 Ta ““mftplu:ahmﬁ and Execution En-

IM-use ks suilable for applications thal apply hicrarchical fu-
sion Munctions (inpual b a fusion fenclion may be the oulpal of
anodher [usion [wnclion) on lime-scquenced dala ilems. A (u-
sion opcralion may apply a unction 1o 3 scquence of sLrcam
dala from a single soarce, [rom multiple sources, or from & sel
ol sources and ofther [usion Manclions.

IM-use accepls an applicalion as a lask graph, where a verlex
in the lask graph can be one of defa sorece, data sink, or fu-
siow poiat. A dala source represcals any dala producer, such as
a sensor of 4 slandalone application. DFuse assumes hal data
sources are known al query lime (when the user speci ics Lhe ap-
plication Lask graph). A dala sink is an cnd consumer, including
a human in the loop, an application, an actualor, oF an owlpal
device such as a display.  Indermediate Tusion podnils perform
applicatien-specific processing on streaming data, Ths, an ap-
plication is a directed graph, with the data fow (ic. producer-
consumer relalionships) indicaicd by the directionality of the
associated cdge betwoen any Dao verlices.
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Fizure 1: An example tracking application that vses dis-
tributed data Musion. Here, filter and collape are the two fu-
sion points laking inpuis rom camerss, and the [ace recop-
nition alzorithm is running al the sink. Edge labels indicale
refative (expected) transmission rates of dala sources and
Fusion poinis.

For cxample, Figure | shows a task graph for a tracking ap-
plication. The fler fusion fenclion selects images wilth some
intcresting propertics (e.g. rapidly changing scenc), and scnds
the compressed image dala to the collage [funclion. Thus, the
flter Menclion is an example of a lesson poind thal does dala con-
traction. The collage [wnciion uncompresses the images com-
ing from possibly diflferent locations. 1L combines these images
and scads the composile image W the ool (sink) for fwriber
processing. Thus, the collage lunclion represenls a lesion poanl
Lhal may do dala expansion.

I-use is imlended For deplovment in a helerogeneous ad hoc
sensor nolwork environmenl.  Howewver, DFuse cannol be de-
ployed in currenl sensor networks given the limited capabilitics
available in sensor node prololvpes such as Berkeley moles [7].
Frul, as we add devices with more capabililics o the scasor nel-
wirk, of improve the sensor naodes themschves, more demesnd-
ing applications can be mapped onko such nelworks and DFuse
provides a Bexible fesion AP for such a deploymenl. As will
bocome clear in later sections, [DFuse handlkes the dynamic na-
ure of such networks by cmiploying a resowrce-aware heurislic
For placing the usion points in thee melwork.



DFuse assumes thal any node in the nctwork is rcachable
from any olher node. Farther, Iuse assemes a rouling laver
that cxposcs hip-counl information belween any two nades in
the network. Typscally, such suppon can be provided by a scp-
arale laver thal supporls a rowting profocol forad hoc networks,
like ynamic Source Rouling (DYSR) | 10], and exposcs an in-
lerface W gquery the rowling endormation.

2.2 Architecture Components

Figure 2A) shows a high-level view of the Dluse archilec-
lure thal consisls of lwo main nalime components: fusion mod-
ule and placement module. The fusion module implements the
Fusioan AP wsed in the developmenl of the application. The fu-
sion misdule inderacks with the placement module Lo delermine a
good mapping of Lhe fesion lunclions o the sensor nodes given
the dynamic siale of the network and the application behavior.
These two componenls constilule the untime support available
in cach node of the nelwork.

Figure 2(B) shows the internal strectore of the Mosion meod-
ule. etails of the Mesion module are discussed in soction 3.
The modules thal implement resource maonforing and rouling
are cxlermal (o the DEese architecture. These modules help in
the cvalualion of cosl funclions that is uscd by the placcment
module in determining & good placemenl of lusion Funclions.

l.aunching an Application and Network Deployment

An applicalion program congisls of bwo calilbes: a kask graph,
and the code For the fusion fusctions thal mecd 10 be ron on the
dilferend nodes of the graph. H-use automatically gencrales the
gluc code for indantiating the Lask graph on the physical nodes
of the network. Dlase also shiclds the applicaion program-
mer [rom deciding the placemenl of the lask graph misdes in the
network.

lLaunching an application is accomplished by prescating the
lask graph and the fesion codes o DFuse al soame designated
node, led us call it the mof node. Upon getling this lasnch -
quesl, the placement maodule of Duse al the ros node slarts
a distributed algorithm for determining the best placement (de-
Lails 1 be preseated in Section 4) of the fusion unctions. The
alzorilthm maps the fuston lunctions of the lask graph onto the
physical network subject Lo some cosl (unctia. In this resulling
owverlay nolwork, cach node knows the [usion lunction (il any)
it has 1o run as well as the sowrces and sinks thal are connected
o il. The resulting overlay nelwork is a direcled graph with
source, fuston, and sink modes (there could be cycles since the
applicalion may have lcedback control). The application slarts
up with lhe sink nodes running their respective codes, resulling
in Lhe transilive launching of the codes in the inlermediate §o-
sion nides and eventually the source podes. Cycles in the over-
lay network are handled by cach node remembering il a launch
request has already beea send o the nodes thal il i connecied
o

The rode of cach node in the network can change over Lime
duc 1o both the application dynamécs as well as health of the
nodes. The placement module al cach mode performs. periosdic
re-cvaluation of ils health and those of il ncighbors 1o deler-
mine il there is a betler choice of placement of the Nesion Monc-
s, The placement module requests the Tusion moduke 1o
alfect any necded relocation of Musion aeclions in the network.
Dietails of the placement maodule are orhcoming in Section 4.

The lusion madule at cach node of the network retricves the

fezion functionis) o be launched al this mode. 11 is a space-
Lime lrade-ofl o cither reireve a lusion Manclion on-demand
of slire (the code corresponding 1o all fusion lunclions al cvery
made of the metwork. The later design choice will cnable quick
lawnching of a [usion lunction al any node while increasing Lhe
space need al cach node.

J. DISTRIBUTED DATA FUSION SUPPORT

IM-use wlilies & package ol high-kevel abstractions for sup-
porting [usion operations in stream-oricnied covironmenls. This
package, called Fusion Channels, is conceplually language and
platform independenl

ata Nesion, broadly delned, is the application of an arbi-
brary transformation o a correlated sel ol inpuls, producing a
“fased” oulpul ilem. In streaming covironmenls, this is a con-
Limsous process, producing an owlpul stecam of Mesed dlems. As
mentioned previously, such lransformalions can resull in Lhe ex-
pansyn, conlraction, o slates gue in the data Now raie aller the
fusion. Mole thal a [her lunclion, laking a singde inpul sUrcam
and producing a ingle oulpal stream, is a special case of such
a lransformation. We assume Lhal fusion oulputs can be shaned
by mulliple consumers, allowing *“lan-oul™ from a [usion point,
bt we dizallos a lusion poinl with two or more distinel owlpual
sircams. Fusion poinks with distinel oulpal sircams can be cas-
ily musdeded as two scparate Mesion poinls with the same inpuals,
cach producing a single outpul. Nole that the inpul of a Masion
penl may be the oatpul of another lusion poinl, creating Mesion
pipclines or rees. Fusion compuatations thal implement control
Lo with focdback creale cyclic fusion graphs.

The Fusion Channcls package aims W simplify the applica-
Liom of prosgramimcr-supplicd ransformations o correlated scls
of mpul ilcms from sequenced inpul strcams, producing a (pos-
sibly shared) owpal stream of “fused ems.” I docs this by
providing a high-level AP] for creating, modilying, and ma-
nipulaling lusion poinls thal subswmes cortain recunring oon-
cerns (failare, lateacy, buller managemend, prelfclching, meobil-
ily, sharing. concurrency, cic.) common Lo [esion cavironmenls
such as sensor pebworks. Only a subsel of the capabilitics in the
Fusion Channels package are currcntly used by DiFusc.

The [usion APl provides capabilitics thal fall within the Fol-
livaving pencral calcgorics:

Structure manazement: This catcgory of capabililics primar-
ily handkcs “plumbing”™ isswes. The lundamental absiraclion in
[MFuse thal cncapsulates the Musion Munction is called a fusion
channel. A [usion channcl is 2 named, global entily that ab-
siracls a s of inpuwls and cocapsulales & programmer-supplicd
Mezion Mpcticn. Inputs o a Mesion channel may come from the
nisde Lhat hosts the channel or from 2 remaole node.  Hiem (o-
sion is auloamatic and is performed according L 8 programmer-
specibed policy cither on request (demand-driven, lazy, pall
model) or when inpal dala is available (dals-driven, cager, push
maodel). liems are lused and accessed by timestamp (uswally the
caplwre Lime of the incoming data ilcms). An applicalion can re-
qucsl an ilem with a particular Umestamp or by supplving some
wildcard specificrs supported by the AM (such as earfiest ilem,
latest item). Requests can be blocking or non-blocking. To ac-
comimadate [ailure and lale arriving dala, reguests can inclode a
mimimuem member of inpuls requined and a Gmeoul ipdcrval. Fo-
sion channels have a [ixed capacily specificd al crealion Lime.
Finally, inpuls o a [usion chanmel can themselves be [usion
Channcls, crealing Musion nctworks or pipelines.



