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The Evolution of the GridStix Wireless Sensor
Network Platform

Geoff Coulson, Danny Hughes, Gordon Blair, Paulc@&ra

Abstract— The GridStix wireless sensor network platform is a
combination of custom embedded node hardware and Laaster’s
Open Overlays middleware. The first version of thiplatform has
been deployed and evaluated in a flood monitoringral warning
scenario since 2006. This paper reviews the desigihtloe GridStix
platform and reflects on our deployment experienceand on how
the hardware and software have evolved over the pasvo years
to meet application demands. Some performance detsion the
latest version of the platform (i.e. GridStix2) arealso provided.
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|I. INTRODUCTION

deployed to support flood monitoring on the RiveeeDin
North Wales.

Each GridStix runs our ‘Open Overlays’ middleware
framework [6] which supports flexible overlay-basedtual
networking functionality, and is part of the lardgeridKit [5]
middleware platform. In turn, Open Overlays is bujon the
reflective, run-time reconfigurable OpenCOM [7] qumnent
model. As Open Overlays is based on OpenCOM, drietitly
supports reflection and run-time reconfiguratiorgking the
platform extremely flexible.

By exploiting environmental awareness elements into
GridStix, including the predictions of the aboventiened on-
site flood models along with internal resource amass, we
have explored how the run-time reconfigurabilitpahility of
Open Overlays may be exploited to optimize Gridgtix

HE GridStix Wireless Sensor Network (WSN) p|atformdiﬁerent environmental conditions [6]. This hacessitated a

was originally developed in collaboration

with humber of extensions to Open Overlays, includingpsut for

hydrologists from Lancaster University’s Environrten distributed run-time rec_onfiguration and the depetent of a
Science department. GridStix provide rich suppoor f number of WSN-centric overlays. Our current work the

environmental monitoring and specifically river dhb

prediction using a combination of powerful embeddeffconfiguration _ _
runtime-reconfiguraﬁ?@mpmat'onal platform may be reconfigured in order

hardware and component-based
middleware. GridStix support ‘classic’ WSN functidity,
such as the dissemination of data from a large euanab
sensor nodes to lab-based environmental modelag aldth
rich support foiin-network computatioandadaptation

In-network computation is used by hydrologists tipmort
image-based flow measuremeantd on-site flood modeling
Image-based flow measurement is an emerging tee@rfior
measuring flow rates using cheap digital imaginglithvare [1].
On-site flood modeling uses computationally-simgdeint
prediction models [2] which execute on the sensodes
themselves. This increases the timeliness of fla@dnings
and also increases system robustness.

The initial GridStix hardware platform was based the
GumsStix embedded computing platform [24], plus 8QB.
and Bluetooth networking support [3]. However, tl@mmands
of the environment in which the system operatestsixce
necessitated that we extend this hardware with tiaddi
features including low-power networking and new siag
functionality [4]. From 2006 to 2007, 15 GridStixere
deployed on the River Ribble in North West Engladidring
which time GridStix proved to be a versatile enmir@ntal
monitoring platform. A similar system is currentlyeing
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GridStix platform explores the benefits of radicajstem
wherein  both the networking and

optimize the system.

This paper surveys both the hardware and software
elements of the GridStix platform and discusses hbe
platform has evolved to meet ongoing environmerstatl
technical challenges. The remainder of the papstrigtured
as follows. Section Il describes the evolution loé GridStix
hardware. Section Il describes the evolution of fBpen
Overlays middleware. Section IV presents detailtheflatest
extension to the middleware — our low power Dusrtay CF.
Section V discusses related work. Finally, sectivh
concludes.

Il. HARDWARE PLATFORM

The GridStix hardware platform has evolved sigaifity
since its original incarnation, to deal with vamotechnical
and environmental challenges [3], [4]. Our inittldsign was
influenced strongly by the high computational aedaorking
requirements of on-site flood modeling and imagseblaflow
analysis. As a result, the initial GridStix platforproved
capable, but also power hungry. This shortcominty s to
integrate  low-power networking hardware which, in
combination with Open Overlay’'s support for dynamic
reconfiguration [6], allowed us to fall back to lopower
configurations when flooding was not envisaged. éor
recently we have begun experimenting with radical
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reconfiguration policies in which we adapt both theonnected to the wired Ethernet port of the ‘Net€kpansion
networking and the computational elements to best scard. Interms of networking, each GridStix wasipped with
environmental conditions. The evolution of our heade 802.11b/g and Bluetooth network hardware, wherdatter is
platform is described in more detail in section®AC below. used to provide ad-hoc communication. A small nunaf¢he
devices were also equipped with a GPRS modem for
A GridStix 1.0° A ‘Powerful Mote’ transmitting and receiving data from off-site. _
To address the power requirements of the GumStigh e

The original GridStix platform was based on the Gtim node was outfitted with a small solar array. Itigiawe
embedded computing platform [3], which was seledtasled sypplied each node with two 2.5W 15&Nhono-crystalline
on its support for the following three key requiesnts: solar panels. Unfortunately, this proved insuffittieo provide

Support of a variety of sensors, from traditionaitey POWer during the dark Britigh winter m(_)nth_s. T_o Bl this,
depth sensors to more novel sensors such as digiftrﬁm 2007 onwards we equipped all GridStix wittoarfpanel

imaging hardware. array. In both cases the solar array trickle-chreag@AH 12V
High bandwidth, long-range wireless networkinggel battery, which in turn powers _the GumsStix. _Tmimize
suitable for supporting image-based flow analysis. the effects of harsh weather, flooding and vandglise house

Availability of sufficient resources to support tGmen the devices in durable, water-tight containers andose all

Overlays software platform and the above-mentidned external wiring in resilient piping. A first-gengi@n GridStix,
network computation scenarios. deployed on the River Ribble is shown in Figuresloty.

Each Gumstix is roughly the size of a pack of gurd & B. GridStix 1.5: Low Power Networking
equipped with a 400 MHz Intel XScale PXA255 CPUi4 . s .

While the GridStix 1.0 platform met the highest deis
of RAM and 16MB of fIa_sh memory. The;e hardwareof our flood prediction application in terms of cputational
resources support the execution of a standard Lkeuxel and . ) . .

; i : . . and networking resources, it soon became evidetdtring
Java virtual machine, making GumsStix inherently patible

with the Open Overlays middleware. Furthermore, thgwescent periods, the system was largely idie wasted a

PXA255 is capable of supporting both image-basev fi S|gn|f|(_:ant amqunt of battery life. As neither otpsflood
. . . modeling nor image-based flow measurement is napgess
measurement and on-site flood modeling. The high- o . )
. ; when flooding is unlikely, it became apparent thet could
performance GumsStix platform was chosen over deviteh

as Berkley Motes [8] because, while these latteicds have conserve S|gn|f‘|cant.p,ower by rgconﬁgurmg thet pokar .to
. . behave like a ‘classic’ WSN during these period®laying
modest power requirements, they do not have seiffici

" . : only small amounts of sensor data from the 15 dsetisors to
computational power to support the required in-ioekw . . .
computation the GSM gateway. Supporting this form of reconfaion

required both hardware and software extensionsléther are
described in section Il1).

In order to provide hardware support for this nesgign,
we added low power 433MHz serial radio moduleshe t
GridStix platform [4]. These radio modules consume
significantly less power than either Bluetooth 628 1b/g and
are suitable for the low-bandwidth disseminatiordafa from
sensor nodes during quiescent conditions. Thougbiférs
only 19.2kbps of bandwidth, the 433MHz radio conssranly
26mA while transmitting. This is significantly leskan the
GridStix Bluetooth radio at 72mA, or 802.11b/g a8&hA.

While this low power networking hardware increased
battery life during quiescent conditions, the GumSittill
consumed a significant amount of power even whém ad
72mA. Our first attempt to address this problem wasxtend
the ATMEGA128-based RoboStix expansion board (wlisch
used primarily to connect analogue sensors) withwapower
radio, flash memory and real-time clock — essdptial
transforming it into a low power mote platform. TReboStix
and GumsStix were linked via the 12C bus so thatRbb&oStix

Figure 1 — GridStix 1.0 Deployed on the Ribble could operate in either ‘master’ or ‘slave’ mode. slave
mode, the low-power ‘mote’ acts as an expansiomdfm the

In terms of sensors, each GumsStix was outfittech wit GridStix, adding low power radio, flash memory aedl-time
pressure-based depth sensor, connected via the #fie  clock. In master mode, the GridStix is put to sleey the
‘RoboStix’ expansion board [8]. A subset of GridStiodes low-power ‘mote’ implements basic wireless sensetwork
were add|t|0na||y equipped with d|g|ta| |mag|ng tanmre fUnCtionaIity. The necessary software fUnCtionaliwas
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initially coded directly on the ATMEGA and configad from
the GumStix [4].

The use of two bus-linked computational platforroag
designed for
performance operation appeared promising. Howewer,
initial low-power platform proved somewhat inflelégband,

due to the manner in which the GumStix and RoboSt

interface, it was not possible to fully power-dfiet Gumstix,
only to place it into ‘sleep mode’, which still camed
significant power. We tackled this problem in GtictS2.0
(see below) by integrating the GridStix with a nmatlow-
power mote platform: Dust Network’s 2135 Dust m@e

C. GridStix 2.0: A Highly Configurable Mote

maximum battery life and one for high

GridStix 2.0 is evaluated in section V.

. SOFTWAREPLATFORM

Under the GridKit model, the various facets of WSN
functionality are implemented as independem@mponent
frameworks[5] that are available at run-time as first-class
X . ; I . .
entities. This approach facilitates dynamic reagunfation
through run-time component replacement/ deletialditaon/
reconnection, as well as enabling developers tcaus@mmon
software base to build a wide variety of middleware
configurations ranging from complex back-end clustased
flood modeling, to stripped-down deployments suéafor
execution on embedded hardware such as GridStix.

As with our previous home-brew boards, the Dust5213

mote is capable of acting as either a Network fater Card
for the GumsStix or as a complete low power WSN fptat.
However, Dust motes are far more flexible than @un low-
power mote platform and offer better control ovdre t
actuation of the attached GumsStix. We refer todbmbined
GridStix/Dust platform as GridStix 2.0.

The Dust 2135 motes implement a so-call&ime
Synchronized Mesh Protoc6ISMP) [10]. TSMP is a purely
time-synchronized protocol. As motes only haveisteh for
incoming traffic in their allocated time-slots, amdllisions
should not occur, retransmissions are minimized poaer
consumption is significantly reduced. Conversely rasles
must wait for a time-slot before transmitting, commication
incurs higher latency than Carrier Sense Medium easc
(CSMA) based protocols such as those based on B-MAL
Joining a TSMP network is also a relatively powandry
operation as nodes must listen to an entire seguencframe’
of time slots to pick up the timing sequence. T8&tl, neither
of these disadvantages is problematic for our apptin as

A. Component Frameworks in Open Overlays

In our component framework model [12], each framdwo
has a reflective ‘meta-interface’ that enables @asipn and
dynamic adaptation of the internal ‘architecturef the
framework in terms of its local components and rthei
interconnections.  Additionally, the integrity of dm
components framework (hereafter, CF) is maintaiimedhe
face of dynamic change,
architectural rules plugged into the CF [13].

To manage reconfiguration, which is mainly effected
inserting ‘plug-in" components into the CF, CFs uge
‘configurator’ pattern. A configurator is assignéd each
framework instance, and acts as a unit of autonimmsnaking
decisions about when and how to change the frantewach
configurator maintains a set of local policies itsrframework
and is connected with the Open Overlays ‘contegirei [6]
to receive relevant environmental events that mely as
reconfiguration triggers. Communication between
configurator and the host framework occurs throubk

node joins are rare and outside of a flood evehe treflective meta-interface. This separation of tlafigurator

transmission of sensor data is latency-tolerarduah a fine-
grained level .
Management of the Dust network occurs through

allows different configurators and policies to beed for
different framework types. Typical configurator jpods use
the Event-Condition-Action pattern. When an evest i

specialized ‘manager mote which controls basic WsSHNetected, it triggers the corresponding actioncivhs of the

functionality such as scheduling sensor readingsiasing
attached devices and monitoring mote and senstusstahis
allows us to use the Dust motes in one of two basies:
Firstly, as each Dust mote provides analogue sgrsiannels,
they can be used to implement a stand-alone WSttnsky,
each Dust mote can be used as a serial networfaiogefor its
attached GridStix.

form of a set of component inserts, deletes, diseots,
connects, or replaces.

We thus support the development of rich middleware
frameworks through component composition and allow
components within these frameworks to be dynanyicall
reconfigured. Of particular significance in the tmt of
WSN-based flood monitoring is the Open Overlays @ikich

Each GumsStix can be actuated by its attached Dost mProvides overlay based virtual networking suppditis is

and vice-versa, allowing the system to operatdiiae modes
(i) a low-power Dust-only mode; (i) a computatitiga
capable configuration where the Dust mote provites
power networking for the GumStix; and (iii) a featrich
GridStix 1.0 mode which provides both high perfonca
computation and flexible networking. Section llIsclisses

how Open Overlays is used to harness and manage th

options and support dynamic reconfiguration betwtam.

discussed in section I11.B.

B. The Open Overlays Framework

The Open Overlays CF offers rich support for viktua
overlay-based, networking. Like all OpenCOM CFsnéy be
reconfigured at run time, allowing networking fuociality to
Be adapted to suit the present demands of the cemuent.
The Open Overlays CF accepts ‘plug-in’ componemis offer

using developer-specified

the
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various types of overlay-related behaviour, fronwoek-level
protocols such as TSMP or 802.11b to applicatimeile
spanning trees for the dissemination of data frenssr nodes
to the gateway. Furthermore, multiple overlays cdo@
supported simultaneously, and overlays may be sthok top
of each other. Overlay plug-ins are themselves-@fs, each
of which follows a control/ state/ forward sepawati of
concerns:

A Control sub-component

manages cooperation

4

the structure of the Bellman-Ford tree is computeda
distributed fashion, meaningfuleconfiguration of the tree
necessitates coordinated support  fordistributed
reconfiguration (previously, reconfiguration opé&at were
managed centrally from the gateway node). Sectib I
discusses how Open Overlays was extended to support
coordinated distributed reconfiguration.

D. Supporting Distributed Reconfiguration

between nodes to build and maintain an overlay- Coordinated distributed reconfiguration is requirémt

specific network topology.

many forms of WSN adaptation, including reconfigima of

A Forwarding sub-component determines how nodes ifistributed network protocols as just describeseiation I11.C.

the overlay routes messages over the topology.

A Statesub-component is maintained for each overlayr

e.g. containing neighbour nodes or other node.state

As each element of the Open Overlays CF exposes

standardized OpenCOM interfaces, overlays may belyr
composed or reconfigured at run-time. Furthermateis
possible to mix and match compositions so thatef@ample,
alternative Forwarding components can be used thiétsame
Control component (i.e. to support different datapagation
strategies over a common virtual topology).

Our experiences with the flood monitoring scendrave
led us to make a number of extensions to the Opeal&ys
middleware in terms of (i) developing new overlamsd (i)
supporting distributed reconfiguration. These issuare
discussed in sections IlIl.C and Ill.D respectivalgd are
followed in section IV by a discussion of how Opewerlays
has been extended to support the GridStix 2.0qlatf

C. Development of WSN Overlays

Supporting our flood monitoring application scepahias
necessitated the development of a number of newlaywe
implementations for the Open Overlays CF and sjpady a
family of spanning-tree protocols. The first spaugnitree
overlay we developed was based on Dijkstra’s aligori
Experimentation showed that this spanning tree ccdug
optimised according to one of two alternative (andflicting)
metrics: power-efficiency(shortest path) ominimum latency
(fewest hop). To support these conflicting strafeg¢wo
separate ‘control’ elements were developed for Dhijestra
overlay. By reconfiguring which control componerdswsed,
the network could be changed at runtime betweerova |
latency fewest hop tree and a low power shortet pae.
Thus, it was possible to optimize the system in fdee of
changing environmental conditions [6].

But a significant drawback of the Dijkstra spanninge
implementation was that it was centralised, ands tlioe
gateway node which drives the building of the treastituted
a single point of failure in the network. To addrethis
problem, we developed a fully distributed spanrtieg based
on the Bellman-Ford algorithm [13]. Bellman-Fordasping
trees have no single point of failure and are tloeee
significantly more robust than the Dijkstra treeovttver, as

Open Overlays provides inherent support for local
econfiguration through the OpenCOM component maael
described in section IIl.A. Support for coordinateghamic
reconfiguration has since been implemented thrahghuse of
so-calleddistributed CFs

A distributed CF is a set of local CF instanceshef same
type, which may be spread across a set of cooetirdgvices;
e.g. nodes in the Bellman-Ford overlay. The desifrihe
distributed framework follows the same basic pples as
local frameworks: reflection is used to supporpertion and
adaptation of the software, and configurators aseduto
enforce autonomic actions.

Each distributed framework maintains a basic MelgeCt
Protocol (MOP) that reifies information about thentents of
the framework in terms of the node members. The MOP
enables the inspection, insertion and deletion ofall
framework elements for any distributed frameworketd
information can be reified to various locations @ndoes not
necessarily need to be stored at every node -\itinsdead be
stored on the gateway node, or some subset of n@ias
current MOP implementation uses the scalable meshiger
protocol — SCAMP [14]. Individual frameworks may viea
more than one configurator (e.g. there could be amevery
node), and therefore consensus protocols are wusethdure
that all members of the framework agree on an act®m
perform. We are currently investigating the introglon of
selectable and replaceable consensus algorithmsre Mo
information on Open Overlay's distributed reconfigfion
support can be found in [13].

IV. THEDUSTOVERLAY CF

To support GridStix/Dust integration as described i
section 1I.C, we have developed a ‘Dust overlay’ &bng
with various support mechanisms. The Dust overt@iods
the standard control/state/forward abstraction; éwar the
implementation is relatively straightforward as thest motes
themselves manage maintenance of the TSMP network
structure (cf. the Control component). As previgusl
discussed, Dust motes fulfill three distinct roleach of which
is best suited to specific environmental conditions

Dust Only. In this mode, Dust motes act as a stand-alone
WSN that is capable of relaying data from pressauméd
conductivity sensors, though not of supporting isag
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based flow measurement or on-site flood modelingstD As Dust networking is now encapsulated in a stahdar
motes in this mode also act as actuators for tittached overlay CF, it can easily be used in network coritjprs. For
Gridstix. example, the Dust overlay could itself be overlaith an
Dust Networking for GridStix:In this mode, Dust motes application level spanning tree to support theadigeation of
act as a NIC for their attached GridStix, whichfpens data between nodes participating in on-site floadieting.

all sensing and computation. In this mode, the Duste
provides a low-power, though low bandwidth, TSMP . . .
networking substrate. This mode is best suited forA' Exploiting Overlay Reconfiguration

supporting on-site flood modeling, which has siigaifit Examination of the Dust overlay once again revehés
computational  requirements, but low bandwidtienefits of a component-based network abstracAonOpen

requirements. Overlays implementation of the core mote-to-manalgeiP

GridStix Only: In this mode, the Dust mote is deactivatedrotocol is developed simply by implementing a sec®ust
and 802.11b networking is activated. This modedstb forwarding component and re-using the existing Dugsttrol
suited for supporting image-based flow measuremerid state components. As components are re-used, th
which requires high performance computation andnplementation is efficient in terms of both deveiwent

significant bandwidth.

The Dust overlay also extends the networking fumetiity

complexity and memory footprint, as explored intseclV.
As is clear from figure 2, the core mote-to-manag8MP
implementation requires just 5 bytes of header,daltéle our

provided by Dust motes. The core TSMP implementaticextended TSMP protocol requires an additional &byt an

supports dissemination of data from motes to arabsed
Dust manager and vice-versa; however it does nppat
message passing between motes. In combinationsivithle
routing extensions installed on the manager, thst Duerlay
now provides support for mote-to-mote messagingvels as
network-wide broadcasting. The packet structure aof
extended TSMP packet is shown in Figure 2 below:

Figure 2 — Extended TSMP packet structure

Of the fields that are not required by the Dust at®ot
implementation of TSMP, the packet structure breksn as
follows:

Table 1 — Extended TSMP Packet Structure

increase of 60% in message overhead. This increasgtiead
leads to reduced throughput and increased powesuoggption
for mote-to-manager communications (though it eesiphote-
to-mote messaging). Thus, by reconfiguring Baerwarding
component of the Dust overlay it is possible theaitoptimize
the Dust network for mote-manager communicatioprovide
support for mote-to-mote communication.

B. Complexity and Memory Footprint

As reported in [6], the Open Overlays CF has proaen
compact and efficient abstraction for the impleragah of
diverse networks at all levels from the physical ttee
application level. Table 2 provides an analysisoaf Dust
overlay implementation in terms of lines of codeorh this it
can firstly be seen that the Dust overlay impleragon is
compact, and that the additional ‘core’ implementatof
TSMP requires just 422 additional lines of codesigmificant
reduction in development complexity and footprinhem
compared to a monolithic re-implementation of theisD
protocol. The supporting Open Overlays software is itselb als
very compact. Common Open Overlays functionality

Byte 2 TSMP address of originating node. consumes an additional 24KB of flash memory, whhe
OpenCOM component model kernel consumes just 52KB.
Byte 3 TSMP address of destination node. ) )
Table 2 — Complexity and Memory Footprint
Bvie 4 Message Type ((un)reliable mote-to-mote
y messaging and (un)reliable broadcast). Element Lines of Code
Byte 5-N Message payload of up to 72 Bytes. Dust Overlay 1025
- Control - 162
In terms of the control/forward/state pattern the&isD| _ giate .19
overlay’s Control component manages initialization of the
serial link to the Dust mote along with activatiand | - Forward (core) - 422
deactivation of Dust networking; tHfeorwarding component | _ r5nyard (extended) - 422

manages the construction and transmission of egteAGMP
packets; and theState component stores serial port
configuration data along with the Dust mote’s TSMRd
MAC addresses.
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C. Reconfiguration and Power Consumption

networks; (ii) reconfigurable middleware; and (iverlay

Section 1I.B described the reconfigurable hardwarBetworking middleware.

platform of the latest GridStix (v2.0), and sectiomh.B
discussed the Open Overlays framework’s suppordyaamic
reconfiguration. This section now provides sometexinon
the extent to which reconfiguration can be usethémage the
power consumption of the GridStix 2.0 platform.

Table 3 — Power Consumption

Mode RX Radio T Idle
Dust Only 22mA 50mA 10nmA
GridStix / Dust 94mA 122mA | 72mA
GridStix / 802.11b 164mA | 340mA | 122mA

As can be seen in table 3, the power profile ohezfcthe
three modes of operation is significantly differerBy
reconfiguring to a Dust-only network during quiestce
conditions the lifetime of the network can be irsed by an
order of magnitude (compared to GridStix v1.0). ifiny, to
support the high computation but low bandwidth regraents
of on-site flood prediction, Dust motes may be uasdc NIC
by the attached GridStix. Finally, during periodsaihich both
high computation and networking performance areuireq
(such as for image-based flow measurement) thersysan
revert to a powerful GridStix profile with 802.1hletworking.

D. Future Work

In the immediate future, our work will focus on bming
the potential benefits of dynamically relocatingngutation
within the flood monitoring scenario. For exampta-site
flood modeling may be distributed across all nodeshe
system, or a subset of nodes, or may run centtbypowered
gateway location. While fully distributed modelirgyexpected
to be more resilient to node failure, table 3 shaivat
supporting in-network distributed computation conegs a
significant cost in terms of power. Support for thgnamic
relocation of computational processes requiresnsidas to
support the re-distribution of relevant state-datang with
support for the check-pointing of long-running cartgtional
processes such as flood modeling.

As the deployment of GridStix at the new site om River
Dee is completed, we will also undertake a detadesluation
of the GridStix 2.0 platform in terms of performanc
resilience and power consumption. As reported olice IV,
our initial results are encouraging.

V. RELATED WORK

A. WSN-Based Flood Monitoring

Like the environmental monitoring scenario desdatibe
this paper, the Hydrowatch project at U.C. Berkelsgs a
wireless sensor network to gather data, which és thsed as
input to compute-intensive environmental modelsweleer,
Hydrowatch focuses on the low-level issues of power
management [15] for sensor network based envirotahen
monitoring, rather than the associated middlewsseads. The
Floodnet project at the University of Southamptose a
platform similar to GridStix 1.0 to support floodbmitoring on
a tidal river. Floodnet has also investigated geonfiguration
of sensor nodes based upon prevailing conditiongiekier,
reconfiguration in FloodNet is limited to re-paraerézation
of an existing sensor behaviour model [16].

B. Specialist Middleware

Apart from Open Overlays, a number of other middlew
platforms have also been developed to support eddukend
mobile computing, including context-aware and adapt
technologies [17]. In fact, there is currently sgainterest in
middleware for sensor networks. This is a relajivaew
development building on early experiences with afieg
systems in this area. In general, middleware amhes for
wireless sensor networks seek to provide abstract
programming models that offer a more global distiéiol
systems management perspective, often enablingipheult
applications to co-exist and share the underlyimmpser
infrastructure. A good taxonomy and recent survey o
middleware for sensor networks can be found in .[18]
Specialist middleware approaches (as opposed t@@ngric
framework-based approach) have a number of sigmific
limitations. In particular, due to the lack of anmmon
architectural framework, these systems do not heith
interoperability and offer no support for the rexwud software
in other domains.

C. Reconfigurable Middleware

There has been considerable interest over theléastde in
techniques that support configurability and recgunfability in
middleware. Such techniques typically rely on suel and
behavioral reflection. Along with Open Overlays, yke
reflective middleware platforms include ExORB [1®ctic
Beans [20] and RAPIDWare [21]. Open Overlays folatis
general approach, with reflection at the heart led Open
Overlays approach.

D. Overlay Networking Middleware

Aside from the small number of WSN-based flood A growing number of initiatives from the networking

monitoring systems that are in existence, relatéddieware
research falls into three main categories: (i) st
middleware platforms for mobile systems and wirglssnsor

community have focused on the development of fraonksvto
support overlay software. iOverlays [22] was aryeattempt
to define a framework for the support of overlayjwuarks.
iOverlays is low-level software cross-connect tfatwards
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Building Systems Software”, to appear in ACM Trangac on
Computer Systems, February 2008.
[8] XBow, Mica Mote Data Sheet,

messages according to a script that embodies thardies of
a particular overlay. Other solutions target thelakative
description of overlay networks and the subseqaetdmatic
generation of code to implement the desired virngtwork —Www.xbow.com/Products/Product_
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