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ABSTRACT

Pervasive micro-sensing and actuation may revolutiotizenay

in which we understand and manage complex physical systems:

from airplane wings to complex ecosystems. The capatsilfte
detailed physical monitoring and manipulation offer enoasop-
portunities for almost every scientific discipline, and ithalter
the feasible granularity of engineering.

We identify opportunities and challenges for distributégt s
nal processing in networks of these sensing elements apdtinv
gate some of the architectural challenges posed by syshenare
massively distributed, physically-coupled, wirelessstworked,
and energy limited.

1. INTRODUCTION

The availability of low-power micro-sensors, actuatorapedded
processors, and radios is enabling the application ofibligad
wireless sensing to a wide range of applications, including
vironmental monitoring, smart spaces, medical applicati@nd
precision agriculture [1][2]. Most deployed sensor netgoin-

volve relatively small numbers of sensors, wired to a céiptra:

cessing unit where all of the signal processing is perforfBgdn

contrast, this paper focuses distributed, wireless, sensor net-
works in which the signal processingdsstributed along with the
sensing.

e Why distributed sensing? When the precise location of
a signal of interest is unknown in a monitored region, dis-
tributed sensing allows one to place the sensors closer to
the phenomena being monitored than if only a single sen-
sor were used. This yields higher SNR, and improved op-
portunities for line of sight. While SNR can be addressed
in many cases by deploying one very large sensitive sen-
sor, line of sight, and more generally obstructions, cannot
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many envisioned applications, the environment being mon-
itored does not have installed infrastructure for eitheneo
munications or energy, and therefore untethered nodes must
rely on local, finite, and relatively small energy sources, a
well as wireless communication channels.

Why distributed processing? Finally, although sensors
are distributed to be close to the phenomena, one might still
consider an architecture in which sensor outputs could be
communicated back to a central processing unit. However,
in the context of untethered nodes, the finite energy budget
is a primary design constraint. Communications is a key en-
ergy consumer as the radio signal power in sensor networks
drops off withr1[4] due to ground reflections from short
antenna heights. Therefore, one wants to process data as
much as possible inside the network to reduce the number
of bits transmitted, particularly over longer distances.

2. MOTIVATING APPLICATION

The potential applications of wireless sensor networkshagkly
varied: e.g., Physiological monitoring; Environmentalnitoring
(air, water, soil chemistry); Condition based maintenar@mart
spaces; Military; Precision agriculture; Transportatiactory in-
strumentation and inventory tracking

Habitat monitoring [Cerpa-etal01, Hamilton, Steere@@pro-
vides a rich collection of sensing modalities and environtae
conditions and we use it to motivate our technical discus3Bnn-
sider the goal of supporting data collection and model dpraknt
of complex ecosystems. Scientists and environmental itmpau-
itoring authorities would like to monitor soil and air chestmy, as
well as plant and animal species populations and behavior. F
the latter, the primary modalities are imaging and acosigtido-
calize, identify and track species or phenomena based odicitnp
signals (acoustic and seismic), or explicit signals (RB}aghese

be addressed by deploying one sensor regardless of its senfacilities must be deployable in remote locations that iackalled

sitivity. Thus, distributed sensing provides robustness t
environmental obstacles.

e Why wireless? When wired networking of distributed sen-
sors can be easily achieved, it is often the more advanta-

geous approach. Moreover, when nodes can be wired to re-

newable (relatively infinite) energy sources, this too tyea
simplifies the system design and operation. However, in
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energy and communication infrastructures, motivatingiwed for
low-power wireless communication.

The strategy for node cooperation strategy has significamt ¢
sequences in terms of communication bandwidth and energy co
sumption. For example, consider the task of identifying bpecies
in view of several cameras. If it is to be accomplished thioug
image analysis, we could stream all the video back to a human
operator-a very costly approach. Alternatively, we coulgam
audio to a central location, which then performs signal pssing
to identify and stream back only those streams that are rikes |
to contain a target species. While this reduces communoitsti



overhead greatly, it still suffers from communicationsfaty and
lacks scalability due to the need to stream audio thorouginaal
processing point. Finally, we might distribute the problemiher,
hosting the audio signal processing software on the nodesdie:
veloping algorithms that require only local cooperationrake a
decision to capture images. This approach is scalable tmiha
long-range streaming of audio or video is necessary, iaguith
more efficient use of communications bandwidth and limited e
ergy resources.

In the remainder of this paper we identify some of the tech-
nical challenges associated with the design of wirelessoseret-
works and discuss several algorithmic approaches.

3. TECHNICAL CHALLENGES

Most envisioned sensor network applications encounteoonere
of the following challenges:

¢ Untethered for energy and communication requiring max-
imal focus on energy efficiency.

Ad hoc deployment, requiring that the system identifies
and copes with the resulting distribution and connectivity
of nodes.

Dynamic environmental conditions requiring the system to
adapt over time to changing connectivity and system stim-
uli.

Unattended operation requiring configuration and recon-
figuration be automatic (self-configuration)

To address these challenging environments, several gigate
are likely to be key building blocks/techniques for wiralegnsor
networks:

e Collaborative signal processingamong nodes that have
experienced a common stimulus will greatly enhance the
efficiency (information per bit transmitted) of these sys-
tems. Develop botltoherent signal processing on small
clusters by a centralized entity within the cluster, soh-
coherentprocessing with much less stringent synchroniza-
tion requirements and applicable across larger numbers o
more loosely coupled elements.

Exploiting redundancy of hardware elements to compen-

ena in the presence of communication noise and sensor di-
versity, the fidelity and timeliness of the signal procegsih
individual sensor nodes can be adapted to energy resources
and latency requirements.

A hierarchical, tiered architecture can greatly contribute

to overall system lifetime and capability. Whenever pos-
sible, higher capacity system elements can be used to of-
fload drain on small form factor elements, while the latter
can be exploited to obtain the desired physical proximity to
stimuli. Moreover, even among elements with homogenous
capabilities, creating clusters and assigning special-com
bining functions to cluster heads can contribute to overall
system scalability. However, to avoid compromising ro-
bustness, such clusters/hierarchy must be self-configurin
and reconfiguring in the face of environmental or network
changes.

4. TECHNICAL APPROACHES

We now describe three generic techniques that would enable d
tributed signal processing tasks in wireless sensor n&swvor

4.1. Coherent processing algorithms

Coherent signal processing algorithms are distinguisteed hon-
coherent methods in that information about the phase of gwew
front impinging on the nodes must be conveyed. Beamforming
techniques allow localization of signals that originatehivi the
convex hull of the participating nodes, higher SNR estimate
the signals compared to non-coherent methods, and desgiamn

of bearing angles for signals that originate outside the@ohull

of the participating nodes. The price is a higher level ofcéyn-
nization (to within a small fraction of one oscillation),dacom-
munication of relatively high bit rate data streams coirgisbf
sampled waveforms. Given its high resource cost, we shauld r
sort to coherent processing only when we cannot attain adequ
accuracy in the result with non-coherent methods such adieom
fnation of likelihood functions.

One way to organize the operations leading to coherent beam-

forming is as follows. Nodes go through a sequence of intéema

els of signal processing before determining that neighbbosild

sate for ad hoc deployment of systems. If elements cannot e jnyolved in a detection/localization decision. An ad In@t-

be carefully positioned relative to each other and the envi-
ronment, then an alternate strategy to achieve “coverage’

_work is constructed for non-coherent decision-making gisor
example the single winner election algorithm of [2]. Theaalg

is to deploy a greater density of elements so that one canyithm js optimized to minimize the overhead in finding a fusio
make use of some subset that have the desired absolute andanter, since relatively little data must actually be comicated.

relative position. In some contexts, even if elements can
be uniformly placed in 3-space, environmental conditions

However, if the decision has insufficient certainty or resioh,
the same set of nodes become involved in a new network set-up

might be such that coverage is not uniform due to obstacles ihat seeks to minimize the energy consumption in conveyang-s

and other sources of noise. Another application of redun-
dancy is when the incremental cost of a node during initial
deployment is much smaller than the incremental cost of

pled waveforms to a common central processing point. To this
end significant overhead is acceptable since large amoftidtta
will be conveyed in the local neighborhood. A multi-winnéee

deploying new nodes or renewing node resources (€.g., N-jon algorithm to accomplish this is also described in [2hr&lard
ergy). In this case, one can exploit redundancy to extend peamforming techniques can now be applied using the data col

system lifetime by adjusting duty cycle based on local den-
sity and local demand.

¢ Adaptive fidelity signal processings another strategy that

can be exploited in sensor networks to make trade-offs be-
tween energy, accuracy, and rapidity of results. Recogniz-

ing that one is trying to detect non-deterministic phenom-

lected from the cluster of nodes.

There is no requirement for uniform lay-down of nodes to
achieve beamforming [5]. To track distant sources, two oremo
clusters of nodes can be used, and with the intersectioneof th
bearing lines used to establish location. Note that simging
all nodes in the network to do one massive beamforming operat



could accomplish this end, but excessive communicatiodsan
nal processing complexity would be required. Rather, foca-s
able solution a signal processing step is required thatgrézes
whether near or far objects are being tracked. A crude tgaleni
is to consider the SNR variations among nodes in a clustetand
neighboring clusters. If the SNR is similar, then the sigmlrce
is likely to be distant. Having made this determination,stdus
may decide to estimate lines of bearing or not, whether fnitiba
tically or according to a predetermined schedule. The mé&iion
on the bearing lines is then conveyed to a central node dasidn
to perform the (noncoherent) fusion. Thus, there is neveisa

locally distributed iterative multilateration [8] whengh node cal-
culates its position and is promoted to a beacon as soon agleno
of its 1-hop neighbors are beacons. Starting with a critiegisity
of beacons, a percolation-like phenomenon would resultad-g
ually all the nodes discovering their position. With a suéfit
beacon density, a small number of successive multilaterateps
lead to rapid convergence of location estimates. The corimun
cation overhead is much lower than in centralized approacilla
message exchange is strictly local and is easily piggylthoke
routing messages.

Another challenge in localization is estimation of disthe-

which sampled waveforms must be conveyed over a large numbentween a pair of nodes. Using time-of-flight of radio signals in

of hops.
Achieving the required level of synchronism for cohererarne
forming is in principle relatively straightforward for sgsns in

GPS) is ruled out when the distances are too tiny and radio fre
guencies not very high. A readily available method would doe t
use the received signal strength indication (RSSI) pralioethe

which every node possesses a radio. Since the propagation veradio. The RSSI data can be cheaply piggybacked on regular ro

locity of seismic and acoustic signals is six orders of magtd
slower than that of radio waves, achieving data lock for RfR-co
munications would seem to already be much better synctaeniz
tion than is required for beamforming. However, particudare
must be paid to the node architecture to take advantagesditini
ing information. The typical interrupt cycles of generalrpose
processors can be tens of milliseconds, an eternity withego
even acoustic signals. Thus, embedded real-time compoaeat
required in the nodes to deal with time-stamping of the data.

4.2. Localization

Node location is employed by routing protocols that useiapad-
dresses, and by signal processing algorithms (e.g. beanimgy
that are used for tasks such as target tracking. The undgrajt
gorithm problem is that of localization whereby the nodeshia
network discover their spatial coordinates upon networbt-agp.

When the sensor nodes are deployed in an unplanned topology,

there is no a priori knowledge of location. The use of GPS in
sensor nodes is ruled out in many scenarios because of power ¢
sumption, antenna size, and overhead obstructions sucknae d
foliage. The ad hoc nature of deployment rules out infrastme

for many scenarios of localization. It is critical that senset-
work nodes be able to estimate their relative positionsoutlas-
sistance, using means that can be built-in.

The localization problem initself is a good example of a aign
processing task that the sensor network needs to solve. &he b
sic approach would be for sensor nodes to gather sufficiemt nu
ber of pair-wise distance estimates via some suitable nmésina
and then use multilateration algorithms to estimate positof the
nodes. To begin with, a few nodes might know their positica vi
other means (beacon nodes), but at the end of the localizato
cess every node would hopefully know its position.

A key problem however is that in conventional formulations
of multilateration [6][7] one needs to estimate the locatad an
entity given estimates of its distance to 3 or more beacotis wi
known positions. In sensor networks a very high density af-be

ing and data. The accuracy of this approach can be improved by
using a parameterized channel, path loss model whose pai@me
are also estimated together with position [8]. However racfice,

the RSSI based approach works only in the absence of sigttifica
multipath effects. In most environments other than opertepa
multipath is an issue. A promising alternative technolagyoi es-
timate distance by time of flight of acoustic or ultrasourghsis,

and using the much faster radio signal to establish timeeate
[9][10][11].

4.3. Distributed power management

Dynamic power management techniques such as shutdown and
dynamic voltage scaling have emerged as powerful methads fo
power-aware computing. Power-aware operation is even imore
portant for wireless sensor networks, and requires diggtbver-
sions of power management techniques.

As an example, consider shutdown, which is widely used in
portable computing systems such as laptops. In sensor nets o
could exploit redundant nodes by turning on only a time- vagy
subset of nodes, where the subset is selected for desirsorserd
radio coverage. The remaining nodes can be shutdown, ohly to
woken up to provide additional sensor readings or commtioita
routes when something interesting happens [12].

A key problem in such a distributed shutdown scheme is the
strategy to select which node to shutdown and which to turn on
at any given instant. A good way to model this problem is to op-
timally divide the sensor nodes into several subsets suattathy
given subset provides a baseline level of sensing and coieaiun
tion coverage. The different subsets can then be turned@ofan
according to a duty cycle determined by a repetitive scheediis
nodes die by depleting their batteries, the subsets argeldan

Unfortunately, modeling the problem in this fashion reqair
one to gather global information to find the subsets. Sinee-co
munication is expensive in energy, the cost of the power gena
ment algorithm would swamp the savings from power manage-
ment! This illustrates the dilemma that so often arises in prob-

cons nodes would be needed. To keep the required beacotydensi lems in sensor nets: the seemingly optimal way of solving a

and energies low, a preferred method would be to jointlyeste
positions of all the non-beacon nodes via a collaborativéilat
eration formulation based on criterion such as least-sqaeor
minimization. Besides being computationally hard for &argim-
ber of nodes, doing this would require a centralized noderevakk
the distance estimates would be collected at significantuom
nication and associated energy cost. A more scalable spligi

problem often results in algorithms whose communication en
ergy costs exceed their benefitsTherefore, a better strategy is
to use algorithms that only shoot for good though sub optimal
sults but require only locally distributed processing witinimal
communication costs.

This suggests that the decision regarding when to shutdown
and wakeup a node should be made using information in thé loca
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Maintaining a constant level of synchronism is helpful in re
ducing network latency and for health-keeping, but it is tet
most energy efficient strategy in all traffic scenarios. Wtien
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5. CONCLUSIONS

In conclusion, wireless sensor networks present fascigathal-
lenges for the application of distributed signal procegsind dis-
tributed control. These systems will challenge us to applyre-
priate techniques and metrics in light of the technologyoopmi-
ties (cheap processing and sensing nodes) and challermgagye
constraints).



