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Abstract

Theavailability of cheapandsmartwirelesssensingdevicesprovidesunprece-
dentedpossibilitiesto monitor the physicalworld. On the technicalside these
devicesintroduceseveraloriginal researchproblems,many of themrelatedto the
integrationof therampanttechnologyproposals.GlobalSensorNetwork (GSN)is
a platformwhich providesa scalableinfrastructurefor integratingheterogeneous
sensornetwork technologiesusinga smallsetof powerful abstractions.GSNsup-
portsthe integrationanddiscovery of sensornetworks andsensordata,provides
distributedquerying,�ltering, andcombinationof sensordata,andsupportsthe
dynamicadaptionof thesystemcon�gurationduringoperationthrougha declara-
tive XML-basedlanguage.
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1 Towards a SensorInter net

In 1999,BusinessWeeknamednetworked micro-sensortechnologyasoneof the 21
mostimportanttechnologiesof the

�������

century. Today, cheapandsmartdeviceswith
multiple on-boardsensors,networkedwith wirelesslinks areavailablefrom research
groupsandcompanies,for example,MICA Motesfrom Berkeley or BTNodesfrom
ETH. Currently, sensorsrun specializedoperatingsystems,mostlyTinyOS,andtools
exist for accessingandqueryingsensordatausingdeclarative languages,for example,
TinySQL or TAG. To date,theresearchin thesensornetwork communityhasmainly
focusedon routing protocolsand informationcollectionandaggregationin a single
sensornetwork with multiple differentsensorsconnectedthroughwirelesslinks. As
the pricesof sensorsdecreaserapidly, therewill soonexist hugenumbersof sensor
networks in differentplaces,managedby differentorganizations.To fully exploit the
potentialof this “SensorInternet,” platformsenablingtheintegrationandmanagement

�
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of the sensorsitesand the produceddatastreamswill be required. At the moment
sensornetworksarebeingdeployedandmadeaccessiblein anad-hocfashion.

Giventhecurrentgrowth rate,we maysoonexpectto arrive at a situationcompa-
rableto the publicationof documentson the Web whosesuccessis mainly basedon
sharingafew simplelogicalabstractions(URL, hyperlinks,HTML) andbasiccommu-
nicationprotocols(HTTP, morerecentlyWeb Services)thatprovide universalaccess
andlinking amongautonomouslypublisheddatasources.TheGlobalSensorNetwork
(GSN)platformtakesupthesesuccessfulideasandaimsatmakingpublicationandac-
cessto sensornetworksandsensordataassimple,powerful, and�e xible asaccessing
Webdocuments.Thedesignof GSNfollows four basicgoals:

Simplicity. The goal wasto designthe systembasedon a minimal setof powerful
abstractionswhich could be easily con�gured andadoptedto the user's needs. We
targetedthepossibilityto de�ne sensornetworksanddatastreamsin adeclarativeway
by usingSQL asdatamanipulationlanguage.As a syntacticframework for system
con�gurationwe reliedonXML.

Adaptivity. Adding new typesof sensornetworks anddynamic(re-) con�guration
of datasourceshasto besupportedduringrun-timewithout having to interruptongo-
ing systemoperation(queryprocessing,etc.). To thatendwe useda container-based
implementationallowing dynamicrecon�guration.

Scalability. Targetinga very largenumberof dataproducersandconsumerswith a
varietyof applicationrequirements,GSNhasto considerscalabilityissuesspeci�cally
for distributedqueryprocessinganddistributeddiscoveryof sensornetworks.To meet
this requirement,thedesignof GSNis basedona peer-to-peerarchitecture.

Light-weight implementation. GSN wasplannedto be easilydeployable in stan-
dardcomputingenvironments(no excessivehardwarerequirements,standardnetwork
connectivity, etc.),portable(Java-basedimplementation),shouldrequireminimal ini-
tial con�guration,andprovideeasy-to-use,web-basedmanagementtools.

In this paperwe provide an overview of the key designdecisionsof GSN that
we madein orderto achieve thegoalsmentionedabove. In Section2 we provide an
overview of the conceptualmodelGSN is basedon. In Section3 we introducethe
key abstractionof virtual sensors. In Section4 wediscussourapproachto datastream
processing.In Section5 weprovidethearchitectureandimplementationof thesystem.
In orderto illustratethepotentialbene�ts of GSNwe sketchsomeusagescenariosin
Section6. We concludein Section7 by comparingto relatedefforts in the�eld.

2 Global SensorNetwork Model

The currentview on wirelesssensornetworks is basedon a physicalview asshown
in Figure1. Singlesensorsor wholesensornetworksareconnectedvia wirelesscon-
nectionsto an accesspoint. Ad-hoc routing protocolsroutedatato selectedsensors
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(sinks)thatcommunicatewith anaccesspoint which is connectedto the Internetand
canprocessandmakeavailablethedatareceivedfrom thesensors.Applicationswant-
ing to usesensordataneedto �rst identify theaccesspoints,possiblythroughmultiple
layers,andthenfollow thespeci�c accessprotocolsde�ned.

Internet

Figure1: Physicalview of sensornetworks

A majorproblemof thismodelis thedependency of theaccessto sensordataonthe
speci�c implementation.SincesensorscanbeconsideredasdatasourcesGSNadopts
asa fundamentalidea the principle of data independence. This abstractionis well-
acceptedandhasproven extremelysuccessfulin the designof databasesystems.It
allows theusersof GSNto abstractfrom thehighly heterogeneousphysicalinfrastruc-
turescomingalongwith currentsensornetwork platforms,justasin adatabasesystem
wheretheuserabstractsfrom thespeci�c implementationof physicaldatastorageand
access.

GSN providesa logical view on sensornetworks basedon the virtual sensorab-
straction. Virtual sensorsabstractfrom the implementationdetailsto accesssensor
dataandmodelsensordataastemporalstreamsof relationaldata.Virtual sensorscan
alsorepresentderivedviewsonsensordatastreams,resultingfrom post-processingand
combinationof sensordatafrom differentsources.This is shown informally by the
conceptualdata�o w in Figure2 which illustrateshow datastreamsfrom sensornet-
workscanbeconnectedin a peer-to-peeroverlaynetwork. Virtual sensorsarebound
to physicalnodesin thenetwork by deploying themto GSNcontainers that hostvir-
tual sensors.This approachsupportsour goal of simplicity, asuserswith onesingle
abstractioncanwork with sensordatafrom heterogeneoussensorsourcesandany data
derivedfrom raw sensordata.

ArchitecturallyGSNadoptsaservice-orientedview onsensornetworksasshownin
Figure3. This architecturalparadigmhasalreadysuccessfullyprovenits applicability
in several otherdomains,for example,Web Services. In this view sensornetworks
areconsideredasabstracttypesof servicesperforminga sensingtaskandproviding a
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speci�c typeof data.Thesensorservicesarepublishedthroughapeer-to-peerdirectory
and searchedbasedon their properties. Applicationscan discover sensornetworks
usingthe registry andsubsequentlyaccesssensornetworks by usinga standarddata
accessinterface. The useof the service-orientedparadigmfacilitatesGSN's design
goalof adaptivity asit enableson-demanduseandcombinationof sensornetworks.

Sensor
Networks

Sensor
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Network

GSN

discover
query,

subscribe

register

Figure3: Service-orientedview of sensornetworks
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3 Virtual SensorSpeci�cation

The key abstractionin GSN is the virtual sensor(VS). Virtual sensorsabstractfrom
implementationdetailsof accessto sensordataandthey aretheservicesprovidedand
managedby GSN.A virtual sensorcorrespondseitherto adatastreamreceiveddirectly
from sensorsor to a datastreamderivedfrom othervirtual sensors.Thespeci�cation
of avirtual sensorprovidesall necessaryinformationrequiredfor deploying andusing
it including:

	 metadatausedfor identi�cation anddiscovery

	 thestructureof thedatastreamswhichthevirtual sensorconsumesandproduces

	 a declarative SQL-basedspeci�cationof thedatastreamprocessingperformed
in avirtual sensor

	 functionalpropertiesrelatedto persistency, error handling,life-cycle manage-
ment,andphysicaldeployment

To supportrapiddeployment,thesepropertiesof virtual sensorsareprovidedin a
declarativedeploymentdescriptor, asshown in Figure4.

In orderto referto thedatastreamsproducedby avirtual sensorweuselogicalad-
dressing.Eachvirtual sensorcanbeequippedwith a setof key-valuepairswhich can
be registeredanddiscoveredin GSN.The examplespeci�cation in Figure4 shows a
virtual sensorwith threeinputstreams.Thevirtual sensorsgeneratingtheinputstreams
areidenti�ed by their metadata(lines17–18,25–26,and33–34)andthemetadatafor
identifying thevirtual sensorproducingtheoutputstreamis given in lines2–5. This
examplealsodemonstratesGSN ability to accessmultiple streamproducerssimulta-
neously.

In GSNdatastreamsaretemporalsequencesof relationaltuples.Thisis in line with
the modelusedin moststreamprocessingsystems.The structureof the datastream
a virtual sensorproducesis encodedin XML asshown in line 7–11. Thestructureof
the input streamsis learnedfrom the respective speci�cationsof their virtual sensor
de�nitions.

Datastreamprocessingis separatedinto two stages:(1) processingappliedto the
input streams(lines 20, 28, and36) and(2) processingfor combiningdatafrom the
differentinput streamsandproducingtheoutputstream(lines38–43).To specifythe
processingof theinputstreamsweuseSQLquerieswhichreferto theinputstreamsby
the reservedkeyword WRAPPER. Theattributewrapper="remote" indicatesthat
the datastreamis obtainedfrom the InternetthroughGSN. Thus logical addressing
could be usedto addressthe virtual sensor. In the given examplethe outputstream
joins the datareceived from two temperaturesensorsandreturnsa cameraimageif
certainconditionson thetemperaturearesatis�ed.Thespeci�cationof thestructureof
theoutputstreamdirectly relatesto thedatastreamprocessingthatis performedby the
virtual sensorandneedsto beconsistentwith it. In thedesignof GSNspeci�cations
we decidedto separatethetemporalaspectsfrom therelationaldataprocessingusing
SQL. ThusstandardSQL is usedfor the differentprocessingstages.The temporal
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processingis controlledby variousattributesprovidedin the input andoutputstream
speci�cations,e.g.,theattributestorage-size . Dueto its speci�c importancewe
will discussthetemporalprocessingin detail in a latersection.

In additionto the speci�cationof the data-relatedpropertiesa virtual sensoralso
provideshigh-level speci�cationsof functionalproperties:The<storage> element
allows theuserto controlhow streamdatais persistentlystored,the<life-cycle>
elementenablesthe control of network deployment aspectssuchas the numberof
threadsavailable for processing,the <priority> elementcontrolsthe processing
priority of this virtual sensorwhencompetingfor resourceswith othervirtual sensors,
andthedisconnect-buffer-size attributespeci�estheamountof storagepro-
videdto dealwith temporarydisconnections.




�

�




1 <virtual-sensor name="room-monitor" priority="11">
2 <addressing>
3 <predicate key="geographical">BC143</predicate>
4 <predicate key="usage">room monitoring</predicate>
5 </addressing>
6 <life-cycle pool-size="10" />
7 <output-structure>
8 <field name="image" type="binary:jpeg" />
9 <field name="temp" type="int" />
10 </output-structure>
11 <storage permanent-storage="true" />
12 <input-streams>
13 <input-stream name="cam">
14 <stream-source alias="cam" storage-size="1"
15 disconnect-buffer-size="10">
16 <address wrapper="remote">
17 <predicate key="geographical">BC143</predicate>
18 <predicate key="type">Camera</predicate>
19 </address>
20 <query>select * from WRAPPER</query>
21 </stream-source>
22 <stream-source alias="temperature1" storage-size="1m"
23 disconnect-buffer-size="10">
24 <address wrapper="remote">
25 <predicate key="type">temperature</predicate>
26 <predicate key="geographical">BC143-N</predicate>
27 </address>
28 <query>select AVG(temp1) as T1 from WRAPPER</query>
29 </stream-source>
30 <stream-source alias="temperature2" storage-size="1m"
31 disconnect-buffer-size="10">
32 <address wrapper="remote">
33 <predicate key="type">temperature</predicate>
34 <predicate key="geographical">BC143-S</predicate>
35 </address>
36 <query>select AVG(temp2) as T2 from WRAPPER</query>
37 </stream-source>
38 <query>
39 select cam.picture as image, temperature.T1 as temp
40 from cam, temperature1
41 where temperature1.T1 > 30 AND
42 temperature1.T1 = temperature2.T2
43 </query>
44 </input-stream>
45 </input-streams>
46 </virtual-sensor>

Figure4: A complex virtual sensorde�nition usingothervirtual sensorsasinput
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In contrastto Figure4,whichshowsthespeci�cationof avirtual sensorfor process-
ing datastreamsreceived from othervirtual sensors,Figure5 shows a virtual sensor
producinga datastreamgenerateddirectly by a sensor, in this casea TinyOS-based
sensor.




�

�




1 <virtual-sensor name="Light-sensor1" priority="11">
2 <class>gsn.vsensor.BridgeVirtualSensor</class>
3 <author>Ali Salehi</author>
4 <email>ali.salehi@epfl.ch</email>
5 <description>A TinyOS temperature vsensor</description>
6 <life-cycle pool-size="10" />
7 <output-specification rate="500" />
8 <addressing>
9 <predicate key="geographical">BC143-N</predicate>
10 <predicate key="type">temperature</predicate>
11 </addressing>
12 <output-structure>
13 <field name="temperature" type="int" />
14 </output-structure>
15 <storage history-size="10s" permanent-storage="true" />
16 <input-streams>
17 <input-stream name="temperature" >
18 <stream-source alias="tsensor" storage-size="1">
19 <address wrapper="tinyos">
20 <predicate key="host">lsirpc24.epfl.ch</predicate>
21 <predicate key="port">9001</predicate>
22 </address>
23 <query>
24 select WRAPPER.TEMPERATUREas temperature,
25 WRAPPER.TIMEDas timestamp from WRAPPER
26 </query>
27 </stream-source>
28 <query>
29 select temperature from tsensor
30 </query>
31 </input-stream>
32 </input-streams>
33 </virtual-sensor>

Figure5: A virtual sensorde�nition usingaphysicaltemperaturesensorusingTinyOS

In contrastto thecomplex virtual sensor, this virtual sensorobtainsits datastream
from a speci�c physically deployed sensor, rather than throughGSN. This is indi-
catedby the attribute wrapper="tinyos" in line 19. This speci�cation relieson
the availability of the implementationof sucha wrapperthat connectsthe GSN to a
speci�c type of sensoror sensornetwork. The implementationof the wrapperis re-
ferredto in line 2. The wrapperis responsiblefor providing implementationsof the
accessfunctionsusedin the speci�cation of the outputstreamof this virtual sensor
(WRAPPER.TEMPERATUREandWRAPPER.TIMEDin lines 23–26). In this variant
of a virtual sensorspeci�cation,a binding of thevirtual sensorto its physicalimple-
mentationis required. Thus the sensoris addressedphysically (lines 19–22)rather
thanlogically. Despitethis necessarydifferencein addressing,locally andremotely
produceddatastreamsareotherwisetreatedlogically thesameway.
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4 Data StreamProcessingin GSN

Datastreamprocessinghasreceived substantialattentionin the recentyearsin other
applicationdomains,suchasnetwork monitoringor telecommunications.As aresult,a
rich setof solutionsfor querylanguagesandqueryprocessingfor datastreamsexist on
whichwe canbuild. Currently, moststreamprocessingsystemsusea globalreference
time asbasisfor their temporalsemanticsbecausethey weredesignedfor centralized
architecturesin the�rst place.

As GSNis targetedat a distributed“SensorInternet” imposinga speci�c temporal
semanticsmight be inadequateandmaintainingit might comeat unacceptablecost.
GSNprovidesessentialbuilding blocksfor dealingwith time but leavestemporalse-
manticslargely to applications.In our opinion,this pragmaticapproachis viableasit
re�ects therequirementsandcapabilitiesof sensornetwork processing.

In GSN a datastreamis a setof timestampedrelations,i.e., eachelementof the
datastreamconsistsof a setof tuples.Theorderof thedatastreamis derivedfrom the
orderingof the timestampsandthe GSNcontainerprovidesbasicsupportto manage
and manipulatethe timestamps.Theseservicesessentiallyconsistof the following
components:

1. a local clock ateachGSNcontainer

2. implicit managementof a timestampattribute(TIMEID)

3. implicit timestampingof streamelementsuponarrival at theGSNcontainer(re-
ceptiontime)

4. a windowing mechanismwhich allows the userto de�ne count-or time-based
windowsondatastreams.

In this way it is alwayspossibleto tracethe temporalhistory of datastreamele-
mentsthroughoutthe processinghistory in GSN.Multiple time attributescanbe as-
sociatedwith datastreamsandcanbemanipulatedthroughSQL queries.In this way
sensornetworkscanbeusedasobservationtoolsfor thephysicalworld, in which net-
work andprocessingdelaysareinherentpropertiesof the observationprocesswhich
cannotbemadetransparentby abstraction.

Let us illustrate this by a simple example: Assumea bank is being robbedand
imagesof thecrimescenetakenby thesecuritycamerasaretransmittedto thepolice.
For the insurancecompany the time the imagesaretakenat thebankwill be relevant
whenprocessinga claim, whereasfor thepolicereportthe time the imagesarrivedat
thepolicestationwill berelevantto justify thetimeof intervention.Dependingon the
context therobberyis thustakingplaceat differenttimes.

Wedescribenow theservicesprovidedbyGSNfor supportingtemporalprocessing.
Theproductionof a new outputstreamelementof a virtual sensoris alwaystriggered
by thearrival of a datastreamelementfrom oneof its input streams.Thusprocessing
is event-driven.Informally, theprocessingstepsarethenasfollows:

1. By default thenew datastreamelementis timestampedusingthe local clock of
thevirtual sensorprovidedthatthestreamelementhadno timestamp.
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2. Basedon thetimestampsfor eachinput streamthestreamelementsareselected
accordingto thede�nition of thetime window andtheresultingsetsof relations
areunnestedinto �at relations.

3. Theinput streamqueriesareevaluatedandstoredinto temporaryrelations.

4. Theoutputqueryfor producingtheoutputstreamelementis executedbasedon
thetemporaryrelations.

5. The result is permanentlystoredif requiredand all consumersof the virtual
sensorarenoti�ed of thenew streamelement.

Additionally, GSNprovidesa numberof possibilitiesto controlthetemporal pro-
cessingof datastreams,for example:

	 Boundingtherateof a datastreamin orderto avoid overloadsof thesystemthat
might causeundesirabledelays.

	 Samplingof datastreamsin orderto reducethedatarate.

	 Boundingthe lifetime of a datastreamin orderto reserve resourcesonly when
they areneeded.

In orderto specifydatastreamprocessingasdescribedasuitablelanguageisneeded.
A numberof proposalsexist already, so we comparethe languageapproachof GSN
to themajorproposalsfrom theliterature.In theAuroraproject(http://www.cs.brown.
edu/research/aurora/)userscancomposestreamrelationshipsandconstructqueriesin
a graphicalrepresentationwhich is thenusedasinput for thequeryplanner. TheCon-
tinuousQueryLanguage(CQL) suggestedby the STREAM project(http://www-db.
stanford.edu/stream/)extendsstandardSQL syntaxwith new constructsfor tempo-
ral semanticsand de�nes a mappingbetweenstreamsand relations. Similarly, in
Cougar(http://www.cs.cornell.edu/database/cougar/) an extendedversionof SQL is
used,modelingtemporalcharacteristicsin thelanguageitself.

The StreaQuellanguagesuggestedby the TelegraphCQproject (http://telegraph.
cs.berkeley.edu/)follows a differentpathandtries to isolatetemporalsemanticsfrom
the querylanguagethroughexternalde�nitions in a C-like syntax. For example,for
specifyinga sliding window for a querya for-loop is used. The actualqueryis then
formulatedin an SQL-like syntax. GSN's approachis relatedto TelegraphCQ's asit
separatesthe time-relatedconstructsfrom the actualquery. Temporalspeci�cations,
e.g.,thewindow size,areprovided in XML in the virtual sensorspeci�cation,while
dataprocessingis speci�edin asubsetof SQL.At themomentGSNsupportsSELECT
querieswith thefull rangeof operationsallowedby thestandardSQLsyntax,i.e.,joins,
subqueries,ordering,grouping,unions,intersections,etc.Theadvantageof usingSQL
is that it is well-known andSQL queryoptimizationandplanningtechniquescanbe
directlyapplied.
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5 SystemAr chitecture and Implementation

Having discussedthebasicabstractionsandthequeryprocessingfeaturesof GSN,we
now take a closerlook at the overall systemarchitecture.GSN providesa container
implementationfor hostingvirtual sensors.Similar to Web applicationservers,GSN
providesan environmentin which sensornetwork servicescaneasilyand�e xibly be
speci�edanddeployedby hidingmostof thesystemcomplexity in theGSNcontainer.
Usingthedeclarative speci�cations,virtual sensorscanbedeployedandrecon�gured
in GSNcontainersat runtime. CommunicationandprocessingamongdifferentGSN
containersis performedin a peer-to-peerstylethroughstandardInternetandWebpro-
tocols. By viewing GSN containersascooperatingpeersin a decentralizedsystem,
we triedavoid someof theintrinsicscalabilityproblemsof many othersystemswhich
rely on a centralizedor hierarchicalarchitecture.Additionally, we bene�t from a high
degreeof fault tolerance.Targetinga “SensorInternet”asthe long-termgoalwe also
needto take into accountthatsucha systemwill consistof “AutonomousSensorSys-
tems”with alargedegreeof freedomandonly limited possibilitiesof control,similarly
asin theInternet.

Query Processor

Notification Manager

Query Repository

Manager

Life Cycle

Storage

Integrity service

GSN/Web/Web-Services Interfaces

Pool of Virtual Sensors

Stream Quality Manager

Q
ue

ry
 M

an
ag

er

Virtual Sensor Manager

Input Stream Manager

Access control

Figure6: GSNcontainerarchitecture

Figure6 shows thebasicarchitectureof a singleGSNcontainer. EachGSNcon-
tainerhostsa numberof virtual sensorde�nitions for the setof virtual sensorsit is
responsiblefor. The virtual sensormanager(VSM) is responsiblefor providing ac-
cessto the virtual sensors,managingthe delivery of sensordata,andproviding the
necessaryadministrative infrastructure.TheVSM hastwo mainsubcomponents:The
life-cycle manager(LCM) providesandmanagesthe resourcesprovided to a virtual
sensorandmanagesthe interactionswith a virtual sensor(sensorreadings,etc.). The
inputstreammanager(ISM) is responsiblefor handlingsensordisconnections,missing
values,unexpecteddelays,etc.,thusensuringstreamqualityof servicevia theincluded
streamquality manager(SQM).Thedatafrom/to theVSM passesthroughthestorage
layerwhich is in chargeof providing andmanagingpersistentstoragefor datastreams.
Queryprocessingis doneby thequerymanager(QM) which includesthequerypro-
cessorbeingin chargeof SQL parsing,queryplanning,executionof queries(usingan
adaptive queryexecutionplan). The queryrepositorymanagesall registeredqueries
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(subscriptions)and de�nes and maintainsthe set of currently active queriesfor the
queryprocessor. Thenoti�cation managerdealswith thedeliveryof eventsandquery
resultsto theregisteredclients.Thenoti�cation managerhasanextensiblearchitecture
whichallowstheuserto customizeits functionality, for example,having resultsmailed
or beingnoti�ed via SMS.

Thetop threelayersin Figure6 dealwith accessto theGSNcontainer. Theinter-
facelayerprovidesaccessfunctionsfor otherGSNcontainerandvia theWeb(through
abrowseror via webservices).Thesefunctionalitiesareprotectedandshieldedby the
accesscontrollayerprovidingaccessonly to entitledpartiesandthedataintegrity layer
whichprovidesdataintegrity andcon�dentiality throughelectronicsignaturesanden-
cryption.Dataaccessanddataintegrity canbede�ned at differentlevels,for example,
for thewholeGSNcontaineror for individualvirtual sensor.

We implementedtheGSNcontainerin Java. Thecoreimplementationof thecon-
tainer is around15,000lines of Java codewhich encompassesthe query processor,
querymanager, network manager, input streammanager, storagemanagerandlife cy-
cle managerin additionto thewebinterface.For deploying a virtual sensora userhas
to specifytheXML deploymentdescriptorsasillustratedin Section3. For enablinga
new typeof sensoror sensornetwork aJava-basedwrapperimplementationis required.
At thecurrenttime we implementedwrappersfor theTinyOSfamily of wirelesssen-
sor networks (e.g.,Mica2, Mica2Dot,...),wired andwireless(HTTP-based)cameras
(e.g.,AXIS 206Wcamera)andseveralRFID readersprovidedby TexasInstruments.
Sincemostof themainservicesareimplementedby theGSNcontainer, theimplemen-
tation of a new wrapperrequiresthe implementationof a standardwrapperinterface
which requirestypically around100-200linesof Java (e.g.,150 lines for theTinyOS
wrapper).

6 A SimpleCaseStudy

To illustratethepotentialapplicationsand�e xibility of GSNwe provide a simpleap-
plicationsscenarioin this section.Figure7 showsasmall-scaleexamplecon�guration
in universitybuildingssimilar to theonesweareexperimentingwith.
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Figure7: A simplescenario

We assumethefollowing, fairly typical hardwaresetup:
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	 wirelesscameraswith built-in HTTPaccess;

	 wirelesssensors(motes)equippedwith light, sound,temperature,pressure,GPS,
etc.sensors;weassumethatall motesin a singleroomform a sensornetwork;

	 RFID tagswhich areattachedto thekey ringsof people,andto books,mobile
phonesandlaptopsin thebuildings;and

	 severalRFID readerswhosecoveragerangesareshown in yellow in Figure7.

Furtherwe assumethat:

	 eachcomputerrunsa GSNcontainer;

	 the webcamsare accesseddirectly via HTTP for which someGSN container
holdsthecorrespondingvirtual sensorde�nitions;

	 and the other sensors(motes)or a completesensornetwork caneitherbe ac-
cessedvia thelocalareanetwork or arephysicallyconnectedto oneof thecom-
puterscloseto them; in the �rst caseany GSN containercanhost the virtual
sensorde�nitions, in thesecondcase,we assumethat the computerwhich has
thephysicalconnectionalsohoststhevirtual sensorde�nitions.

Given this setup,GSNallows theuserto accomplisha largevarietyof tasks.For
example,the library managercanregistera queryto benoti�ed whentherearemore
than15books(equippedwith RFIDs)in oneroomin additionto themonthlyreporton
themostpopularbooksof themonth(e.g.,to buy moreof them).Individualuserscan
postone-shotqueriesto thelibrary (room123)to getthestatusof certainbooksor, in
casea bookof interestis currentlynot available,canregistera continuousqueryto be
noti�ed whenthebookis returnedto thelibrary.

In anotherexample,a personin room 128 may be interestedto receive a stream
of cameraimageswhenever a movementin thehouseis detectedor thesoundsensor
attachedto amoteobservessomenoiseaboveacertainthreshold.Assumingthesysad-
min's of�ce is 130andhehasanRFID tagon his key ring andtheuserin of�ce 132
wantsto meethim, this usercanposta passive queryto be noti�ed (e.g.,via SMS)
whenevertheoverallGSNsystemobservesthesysadminin acertainradiusaroundhis
of�ce.

If someonelosesa mobile phone(with an RFID tag attachedto its batteryslot),
onecancheckfor its last location in the building simply by postinga queryon the
previousobservationsprovidedby all sensornetworksdeployedin thebuilding. One
can also register a continuousquery to the systemin order to be noti�ed (e.g., via
email)whenever themobilephoneis observedby any of thesensornetworks.

7 RelatedSystemsand Conclusions

So far only few architecturearchitecturesto supportinterconnectedsensornetworks
exist. Probablytheclosestapproachto GSNis thework by Sgroiet.al.[4] whosuggest
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basicabstractions,astandardsetof services,andanAPI to freeapplicationdevelopers
from thedetailsof theunderlyingsensornetworks.However, thefocusis onsystematic
de�nition andclassi�cationof abstractionsandservices,while GSNtakesa moregen-
eralview andprovidesnotonlyAPIsbut acompletequeryprocessingandmanagement
infrastructurewith a declarative languageinterface.

Hourglass[5] providesan Internet-basedinfrastructurefor connectingsensornet-
works to applicationsandoffers topic-baseddiscovery anddata-processingservices.
Similar to GSNit triesto hideinternalsof sensorsfrom theuserbut focuseson main-
tainingqualityof serviceof datastreamsin thepresenceof disconnectionswhile GSN
is moretargetedat �e xible con�gurations,generalabstractionsanddistributedquery
support.

HiFi [1] providesef�cient, hierarchicaldatastreamqueryprocessingto acquire,
�lter , and aggregatedatafrom multiple devices in a static environmentwhile GSN
takesa peer-to-peerperspective assuminga dynamicenvironmentandallowing any
nodeto bea datasource,datasink,or dataaggregator.

IrisNet [2] proposesatwo-tierarchitectureconsistingof sensingagents(SA) which
collectandpre-processsensordataandorganizingagents(OA) whichstoresensordata
in a hierarchical,distributedXML database.Thisdatabaseis modeledafterthedesign
of the InternetDNS andsupportsXPath queries. In contrastto that, GSN follows a
symmetricpeer-to-peerapproachasalreadymentionedandsupportspublish/subscribe
besidesactivequeries.

Besidesthesearchitectures,a largenumberof systemsfor queryprocessingin sen-
sor networks exist. Aurora (BrandeisUniversity, BraunUniversity, MIT), STREAM
(Stanford),TelegraphCQ(UCBerkeley), andCougar(Cornell)havealreadybeenbrie�y
relatedto GSN.OtherrelatedsystemsareBorealis(MIT, Brown University, andBran-
deisUniversity)andTinyDB (MIT). Additionally, severalsystemsproviding publish/
subscribe-stylequeryprocessingcomparableto GSNexist, for example,[3].

The availability of cheapsensingdeviceswill sooncreatea hugenumberof sen-
sornetworkswhosefull powerwill beunleashedassoonasthey areinterconnectedin
a “SensorInternet” to offer powerful, large-scaledataprocessingandintegration. To
enablethisvision,webelievethatit is importantto follow theexampleof othersuccess-
ful, globalinformationtechnologiessuchastheWeb,whosesuccesswasmainlybased
on sharinga few simplelogical abstractionsandbasiccommunicationprotocolsthat
provideuniversalaccessandlinking amongautonomouslypublisheddatasources.The
Global SensorNetworks (GSN) platform presentedin this article follows this model
by makingpublicationof sensordataandaccessto sensornetworksandsensordataas
simple,powerful, and�e xible asaccessingWebdocuments.GSNhidesarbitrarydata
sourcesbehindits virtual sensorabstractionandprovidessimpleanduniform access
to thehostof heterogeneoustechnologiesavailablethroughpowerful declarativespec-
i�cation andquerytoolswhich supporton-the-�y con�guration andadaptationof the
runningsystem.
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