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Abstract

Sensor networks, a novel paradigm in disiributed wireless commumicaiion technology, have been proposed
Jor wse in variows applications including military surveillance and environmenial monitoring.  These systems
could deploy heierogeneowus colleciions of sensors capable af observing and reporiing on various dynamic
properties of their surrotmdings in a fime sensitive mapmer.  Such systews suffer bandwidth, energy, and
throughput consiraints that limit the quomtity of information transferred from end fo end These factors cou-
pled with unpredictable traffic patterns and dyneonic network fopologies make the task of designing optimal
protocols for such networks difficult Mechanisms o perform data cemiric aggregation ufilizing application
specific knowledge provide a meais fo augmenting throughput, but have limitations due to their lack of adap-
iation and reliance on application specific decizions. We therefore propose a novel aggregation scheme thai
adaptively performs application independert data aggregation in a time sensitive marmer. Owr work isolates
ageregation decizions infe a module that resides between the network and the data link layver and does not
require ary modifications to the currertly existing MAC and network layer profocols. We take advaridage of
quening delay and the broadeast nature of wireless commmmication fo concatenate network units infe an ag-
gregate wing a novel adaptive feedback scheme to schedule the delivery of this aggregate fo the MAC layer
Jor travumiszion. In ouwr evaluaiion we show that end-to-end travsmiszion delay is reduced by as much as 80%;
under heavy traffic loads. Additionally, we show @ much as a 30% reduction in iraysmiszion energy con-
sumption with the addition of only 2 bytes of header overhead per network unit  Theoretical analysis, simula-
tion, and a test-bed implemertation on Berkeley s MICA motes are provided to validate our claims.

1. Introduction

Wirelesz Sensor Networks have emerged as a new information-gathering paradigm based on the collabora-
five effort of a large number of sensing nodes. In such networks, nodes deploved mn a remote environment
must self-configure without anyv a priori mformation about the network topeleogy or global view. Nodes wall
act m response to environmental events and relay collected and possibly aggregated mformation through the
formed multi-hop wireless network in accordance with desired syvstem fimchonality. The inherently d".'ﬂﬂl.‘l!llﬂ
and distributed behavior of these networks, coupled with inherent phy=sical limitations such as small instruction
and dafa memory, constramed energy resources, short communication radn, and a low bandwidth medium in
which to cn:unmxl.m.lnzate make developing commumecation protocols difficult.

Fesearch on hardware for such devices has taken place at Berkeley [14][30][32] and vanous other research
mstrfutions [24] throughout the world. Usmg such hardware az a basis for development, the sofiware architec-
fure and communication stack rezsiding on theze devices has prompted prolific research m the areas of ad-hoc
networkang [10][15][17]1[20], data ageregation [16][21][26], cluster formation [13], distnbuted services [22].
sroup formation [6], chammel contention [3][3][7][19], power conservation [4][12], and much more. Work on
the wtibty of such an mnovative techmelogy has unearthed potential applications meluding environmental
momtonng, event fracking [1], disaster relief, and search and rescue.

In thiz work we address the problems of low bandwidth and energy limitations inherent to sensor devices.
These networks™ ever-changing and unpredictable state demands 2 self-confipurmg, adaptive elar. Our solu-
fion 1s a novel adaphive application mdependent data aggregation (AIDA) component that fits seamlessly into
the current zensor network communication stack Our goal 13 to maximuze uhhzation of the communication
channel (zingle frequency) with energy savings coming as an ancillary benefit. With sigmficant costs mewrred
from channel contention, packet header overhead, and data padding for fixed sized packets, thiz work abates



such costs by employing varving deprees of data apgrepation at forwarding nodes m accordance with current
local traffic patterns.

Data aggregation techniques have been extensively inveshgated m recent literature. Our work, as a nowvel
data ageregation approach, distingmshes itzelf from current state of the art solubions in three respects. First, all

priar Application Dependent Data Agpregation (ADDA shown m Fipure 1b) relies on application layer mfor-

maticn and must have a bi-directional interface, and therefore dependence wath, the data centne routing
protocol Jmplemmted AIDA isolates aggregation decisions from application specifics by performing adaptive
aggregziion In an intermediate laver that resides between the tradihonal data-link and network layer protocols
(Figure 1.a). ATDA i3 totally transparent to other layers and can be swapped into the network stack without
modifying any existing interface. Second, no prioT work in data agprepation adapts itzelf to the fraffic situation
in 2 time sensitive marmer. ATDA takes the timely delivery of messapes as well as protocol overhead mto ac-
count to adaptively adjust apgregation strategies accordance with assessed traffic conditions znd expected
sensof network requirements. Smaulation results show that ATDA can adapt to varying raffic sitnafions and
dramatically reduce network congestion and transmission energy consumphion. Third, previcus data aggrega-
tion schemes (e.g., data centric routing [16]) perform in-network processing to reduce the amount of applica-
fion data fransmiited. Thesze in-network processes (e.g. averaging) can achieve higher degrees of aggregation;
however data are less available to the application (e.g_ standard deviation of the data zet can not obtamed from
the average). In contrast, AIDA performs loss-less aggregation allowing the upper layer to decide whether m-
formation compression is appropriate at the time. Very important, our design enables AIDA to remain com-
plementary to other data aggregation strategies (Figure 1.c) while providing sigmificant timesaving benefits
the lower layers of the commumication stack.
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Figure 1: Architectural Designs

Thiz paper attempts to address the aforementioned preblems through a novel adaptive time sensitive data
aggregafion component. Az an niroduchon to sensor networks, and to provide a more i depth dizcuszion of
the tyvpe of research taking place within this field, we begin sechion 2 with a discussion of related and ongoing
work Section 3 addresses the need for adaptation, data aggregation, and real-time data delivery. Section 4
then presents zpecific details about cur protocel. Sections 3 and 6 dezcnbe our simulation environment the
fype of experiments rin, and a dizcuszion of the results we cbtan mn both simmlation and in the Berkeley
MICA test-bed. Finally, we conclude m Sechion 7.

2. Leveraging Previous Work

Efforts to maxumize channel uhlization have been spread across various layers of the sensor network
communicziion stack Starting at the MAC laver, theze include attempts to munimize collisions through con-
tenhion-based mechamizms designed for a lossy wireless mediom.  Such work meludez 202.11 [3], MACA
[19], MACAW [5], FAMATT], S-MAC[29], and Multi-Hop Scheduling [18], to name a few. All of these solu-
ficns rezde within the data-lnk layer of the commumication stack and, therefore, can coexist with the higher
laver aggrepation compenent we provide.

Similar to the data link layer the network laver, and more specifically the roufing component, has brought
about sipmificant efforts to avoid congestion and maximize use of the communication medium. Such schemes



include distnibuting the traffic load to route around congestion [10] and using a minimal hop path to reduce the
total mumber of fransmizsions [27]. Beyvend the roufing layver the commumication stack in sensor networks be-
comes more amorphous. Clustening [23], sroup formation [6], and other higher laver hierarchical components
serve fo combine nede responsibilities and come to consensus on what data to send. Often such information 15
application specific and mmst rely on a general inderstanding of exactly what the network 1z tazsked to do. Ad-
diionally, the hierarchical and grouping components often uhlize vanous forms of data aggregation through
consensus algornthms or other forms of local processing

Basic schemes [16] for the aggregation of data mclude the Center at the Nearest Source (CINS), where data
15 agprepated at the source nearest to the destination; Shortest Path Trees (SPT), where data iz sent along the
shortest path from source to sink and aggregated at common mtermediate hops along the way; and Greedy In-
cremental Trees (GIT), which builds an aggregation tree sequentially to merge paths and provide more aggre-
gafion opportunties.

An exfremely popular data apgregation scheme for sensor networks, Directed Dhffusion [13][11], 15 a data-
centric architecture where named (apphication specific) data gets propagated along paths back to the requestor.
Effective paths are reinforced as they are used to optimize communication from point to point. Specifically
designed for sensor networks, Directed Diffusion aggregates data along these reinforced paths to reduce the
quantity of data transmitted across the network Smmlarly Data Placement [26] 1= designed for applicabions
where multiple smks coexist and use m-network caching to update and distnbute data to leaf nodes at the
minimally requested rate. LEACH [12] 13 a ugh layer protocol that provides clustering and local processing to
aggregate sensor data and reduce global commumecation. Many other data ageregation schemes exist that also
provide network, fransport, and application level mechanizms taking advantage of apphcation specific kmowl-
edze about the data in question. All of these schemes reside either at or above the network layer and are o1-
thogonal and can coexst with our work:

Appregation scheme comparizon studies have demonstrated the effect of network parameters and the wil-
ity of apgregation mechamsms in a wide vanety of applications [16][21]. These siudiez discnzs potential sav-
mngs that aggresation can provide and are noted to explicate the potential for such work to improve network

To date, very few sensor network papers have addressed the need for meerporating adaptive behavior into
their protocels. Sensor nefworks exhibit complex distnbuted behavior rendenng stabic pre-confisuration ut-
terly useless as network traffic, often mmtated by environmental events of mnterest, transihons from one ex-
freme to another. Several protocols have taken a first stab at addreszing the need for adaptive behavior m such
dynamic networks. RAP [23] and SPEED [10] utihize locally available information to adjust pnionity levels or
make more informed routing decizsions in response to network congestion and changing traffic patterns. SPIN
[13] makes adaptive decisions to participate m data dissenuination based on current energy levels and the cost
of commumication. [30] uses adaptive rate control at the data-link layer to fine tune contenbion parameters m
response to local traffic conditions. GAF [28] monitors network connectivity and tumns nodes on/off to adapt
network density for energy-conservation. While many more examples of cnline adaptation exist, theze solu-
tions provide relevant examples of how adaptation is beneficial in dynamic and unpredictable sensor networks
and serve as a starting pomt to miroduce adaptive behavior mto these complex systems.

In addition to maximmzing channel utilization and adapting to dynamic network conditions, ENETZY CONser-
vation has become a central focus in sensor network research. Similar to data apsresation, work in Energy
conservation for sensor networks has been considered at various levels of the commmmication stack. Aside
from nmmimizing power consumption at the hardware level [24], MAC layer protocols developed for energy
zavings mostly take advantage of overhearing and scheduling to allow nodes to sleep while they are not trans-
mitting or receiving messages [§][12][27]. At the network and routing layer, schemes work to minimize
power along the transmizsion path [26], set routes according to the energy remamming at nodes along that path
[31], and use mechamsms to save power through the distnbution of messages among vanous paths from
source to destmation [10]. Fmally, higher laver protocols that often incorporate routing semantics exist to
form groups and rotate leadership responsibilihes allowmg non-leader nodes to sleep and conserve their en-
ergy [4]. Again all of these protocels mvolve layered decisions that should adhere to strict modular program-
ming interfaces allowing cur work to coexist with them



