Technical report LSIR-REPORT-2006-001

GlobalSensolNetworks

Karl Aberer ManfredHauswirth,Ali Salehi
Schoolof ComputerandCommunicatiorSciences
EcolePolytechniqud-éceralede LausanndEPFL)

CH-1015LausannesSwitzerland

Abstract

Theavailability of cheapandsmartwirelesssensinglevicesprovidesunprece-
dentedpossibilitiesto monitor the physicalworld. On the technicalside these
devicesintroduceseveral original researctproblemsmary of themrelatedto the
integrationof therampantechnologyproposalsGlobal SensoNetwork (GSN)is
a platformwhich providesa scalableinfrastructurefor integratingheterogeneous
sensometwork technologiesisinga smallsetof powerful abstractionsGSN sup-
portsthe integrationanddiscovery of sensometworks andsensordata,provides
distributed querying, ltering, andcombinationof sensordata,and supportsthe
dynamicadaptionof the systemcon gurationduring operationthrougha declara-
tive XML-basedlanguage.
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1 Towards a Sensorinter net

In 1999, Businesa\eeknamednetworked micro-sensotechnologyas one of the 21
mostimportanttechnologie®f the century Today cheapandsmartdeviceswith
multiple on-boardsensorsnetworked with wirelesslinks are availablefrom research
groupsand companiesfor example,MICA Motesfrom Berkeley or BTNodesfrom
ETH. Currently sensorsun specializecperatingsystemsmostly TinyOS, andtools
exist for accessin@ndqueryingsensomatausingdeclaratve languagesfor example,
TinySQL or TAG. To date,theresearchn the sensometwork communityhasmainly
focusedon routing protocolsand information collection and aggreyationin a single
sensometwork with multiple differentsensorsonnectedhroughwirelesslinks. As
the pricesof sensorgdecreaseapidly, therewill soonexist hugenumbersof sensor
networksin differentplacesmanagedy differentorganizations.To fully exploit the
potentialof this “Sensorinternet; platformsenablingtheintegrationandmanagement

The work presentedn this paperwas supportedin part) by the National CompetenceCenterin Re-
searcton Mobile InformationandCommunicatiorSystemgNCCR-MICS),a centersupportedy the Swiss
NationalSciencd~oundationundergrantnumber5005-67322ndwas(partly) carriedoutin the framevork
of theEPFL Centerfor GlobalComputing.
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of the sensorsitesandthe produceddatastreamswill be required. At the moment
sensomnetworksarebeingdeplojedandmadeaccessiblén anad-hocfashion.
Giventhe currentgrowth rate,we may soonexpectto arrive at a situationcompa-
rableto the publicationof documentn the Web whosesuccesss mainly basedon
sharingafew simplelogical abstraction§URL, hyperlinks HTML) andbasiccommu-
nicationprotocols(HTTPR, morerecentlyWeb Services)that provide universalaccess
andlinking amongautonomouslypublisheddatasourcesThe Global SensoNetwork
(GSN)platformtakesup thesesuccessfuideasandaimsat makingpublicationandac-
cesgto sensometworksandsensordataassimple,powerful, and e xible asaccessing
WebdocumentsThedesignof GSNfollows four basicgoals:

Simplicity. The goalwasto designthe systembasedon a minimal setof powerful
abstractionsvhich could be easily con gured and adoptedto the users needs. We
targetedthe possibilityto de ne sensonetworksanddatastreamsn a declaratve way
by using SQL asdatamanipulationlanguage.As a syntacticframework for system
con gurationwe reliedon XML.

Adaptivity. Adding new typesof sensometworks and dynamic(re-) con guration

of datasourcedhasto be supportedduring run-timewithout having to interruptongo-

ing systemoperation(queryprocessingetc.). To thatendwe useda containerbased
implementatiorallowing dynamicrecon guration.

Scalability. Targetinga very large numberof dataproducersandconsumersvith a
variety of applicationrequirementsi SN hasto considerscalabilityissuesspeci cally
for distributedqueryprocessingnddistributeddiscovery of sensonetworks. To meet
thisrequirementthe designof GSNis basedn a peerto-peerarchitecture.

Light-weight implementation. GSN was plannedto be easily deplgyablein stan-
dardcomputingervironments(no excessve hardwarerequirementsstandarchetwork
connectvity, etc.), portable(Java-basedmplementation)shouldrequireminimal ini-
tial con guration,andprovide easy-to-useyeb-basednanagemernbols.

In this paperwe provide an overview of the key designdecisionsof GSN that
we madein orderto achieve the goalsmentionedabove. In Section2 we provide an
overview of the conceptuaimodel GSN is basedon. In Section3 we introducethe
key abstractiorof virtual sensos. In Sectiord we discusur approactto datastream
processingln Section5 we providethearchitecturendimplementatiorof the system.
In orderto illustratethe potentialbene ts of GSNwe sketchsomeusagescenariosn
Section6. We concludein Section7 by comparingto relatedeffortsin the eld.

2 Global SensorNetwork Model

The currentview on wirelesssensometworks is basedon a physicalview asshavn
in Figurel. Singlesensoror whole sensometworks areconnectedsia wirelesscon-
nectionsto an accesgoint. Ad-hoc routing protocolsroute datato selectedsensors
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(sinks)thatcommunicatewith anaccesgoint which is connectedo the Internetand
canprocesandmalke availablethe datarecevedfrom the sensorsApplicationswant-
ing to usesensodataneedto rst identify theaccespoints,possiblythroughmultiple
layers,andthenfollow the speci ¢ accesgprotocolsde ned.

Figurel: Physicalview of sensometworks

A majorproblemof this modelis thedependengof theaccesso sensodataonthe
speci c implementation Sincesensorsanbe consideredsdatasourcescGSNadopts
as a fundamentaldeathe principle of dataindependence This abstractionis well-
acceptedand hasproven extremely successfuln the designof databasesystems. It
allowstheusersof GSNto abstractrom thehighly heterogeneouyshysicalinfrastruc-
turescomingalongwith currentsensomnetwork platforms justasin adatabassystem
wherethe userabstract§rom the speci c implementatiorof physicaldatastorageand
access.

GSN providesa logical view on sensometworks basedon the virtual sensorab-
straction. Virtual sensorsabstractfrom the implementationdetailsto accesssensor
dataandmodelsensodataastemporalstreamsf relationaldata. Virtual sensorsan
alsorepresentlerivedviews onsensodatastreamstesultingfrom post-processingnd
combinationof sensordatafrom differentsources. This is shovn informally by the
conceptuabata o w in Figure 2 which illustrateshow datastreamsrom sensomet-
works canbe connectedn a peerto-peeroverlay network. Virtual sensorarebound
to physicalnodesin the network by deploying themto GSNcontaines that hostvir-
tual sensors.This approachsupportsour goal of simplicity, asuserswith onesingle
abstractiorcanwork with sensodatafrom heterogeneousensoisourceandary data
derivedfrom raw sensodata.

ArchitecturallyGSNadoptsaservice-orientegliew onsensonetworksasshavnin
Figure3. This architecturaparadigmhasalreadysuccessfullyprovenits applicability
in several otherdomains,for example,Web Services. In this view sensometworks
areconsideredsabstractypesof servicegerforminga sensingaskandproviding a
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speci ctypeof data. Thesensoservicesarepublishedhroughapeerto-peerdirectory
and searchedasedon their properties. Applicationscan discover sensometworks
usingthe registry and subsequentlaccessensometworks by using a standarddata
accesdnterface. The useof the service-orientegaradigmfacilitatesGSN's design
goalof adaptvity asit enablen-demandiseandcombinationof sensometworks.
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Figure3: Service-orientediew of sensometworks
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3 Virtual SensorSpeci cation

The key abstractionin GSNiis the virtual sensor(VS). Virtual sensorsabstractfrom
implementatiordetailsof accesdo sensodataandthey arethe servicesprovidedand
managedby GSN.A virtual sensocorrespondsitherto adatastreanreceveddirectly
from sensoror to a datastreamderived from othervirtual sensorsThe speci cation
of avirtual sensoprovidesall necessarnnformationrequiredfor deploying andusing
it including:

metadataisedfor identi cation anddiscovery
thestructureof thedatastreamsvhichthevirtual sensoconsumesndproduces

a declaratve SQL-basedspeci cation of the datastreamprocessingperformed
in avirtual sensor

functional propertiesrelatedto persisteng, error handling,life-cycle manage-
ment,andphysicaldeployment

To supportrapid deployment, thesepropertiesof virtual sensorsare providedin a
declaratve deploymentdescriptoyasshavn in Figure4.

In orderto referto the datastreamgroducecdby avirtual sensomve uselogical ad-
dressing.Eachvirtual sensorcanbe equippedwith a setof key-valuepairswhich can
be registeredanddiscoveredin GSN. The examplespeci cationin Figure4 shavs a
virtual sensowith threeinputstreamsThevirtual sensorgeneratingheinputstreams
areidenti ed by their metadatdlines 17-18,25-26,and33-34)andthe metadatdor
identifying the virtual sensomproducingthe outputstreamis givenin lines2-5. This
examplealsodemonstrate& SN ability to accessnultiple streamproducerssimulta-
neously

In GSNdatastreamsaretemporakequencesf relationattuples.Thisis in line with
the modelusedin moststreamprocessingystems.The structureof the datastream
avirtual sensomproducess encodedn XML asshawn in line 7-11. The structureof
the input streamss learnedfrom the respectie speci cationsof their virtual sensor
de nitions.

Datastreamprocessings separatedhto two stages:(1) processingappliedto the
input streamg(lines 20, 28, and 36) and(2) processingor combiningdatafrom the
differentinput streamsandproducingthe outputstream(lines 38—43). To specifythe
processingf theinputstreamsve useSQL querieswvhichreferto theinput streamsy
the resened keyword WRAPPERT he attribute wrapper="remote" indicatesthat
the datastreamis obtainedfrom the InternetthroughGSN. Thuslogical addressing
could be usedto addresghe virtual sensor In the given examplethe outputstream
joins the datareceved from two temperaturesensorsand returnsa cameraimageif
certainconditionsonthetemperaturaresatis ed. Thespeci cationof the structureof
theoutputstreamdirectly relateso the datastreamprocessinghatis performedby the
virtual sensorandneedso be consistenwith it. In the designof GSN speci cations
we decidedto separatéhe temporalaspectsrom the relationaldataprocessingising
SQL. ThusstandardSQL is usedfor the different processingstages. The temporal
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processings controlledby variousattributesprovidedin the input andoutputstream
speci cations,e.g.,the attribute storage-size . Dueto its speci c importancewe
will discusghetemporalprocessingn detailin alatersection.

In additionto the speci cation of the data-relategropertiesa virtual sensoralso
provideshigh-level speci cationsof functionalproperties:The <storage> element
allowstheuserto controlhow streamdatais persistentlystored the <life-cycle>
elementenablesthe control of network deployment aspectssuch as the numberof
threadsavailable for processingthe <priority> elementcontrolsthe processing
priority of this virtual sensowhencompetingfor resourcesvith othervirtual sensors,
andthedisconnect-buffer-size attribute speci 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="temperaturel" 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(templ) 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, temperaturel

41 where  temperaturel.T1 > 30 AND

42 temperaturel.T1 = temperature2.T2

43 </query>

44 </input-stream>

45 </input-streams>

46 </virtual-sensor>

Figure4: A comple virtual sensode nition usingothervirtual sensorgsinput
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In contrasto Figure4, whichshavsthespeci cationof avirtual sensofor process-
ing datastreamgeceved from othervirtual sensorsFigure 5 shaws a virtual sensor
producinga datastreamgeneratedlirectly by a sensorin this casea TinyOS-based
sensor

1 <virtual-sensor name="Light-sensorl" 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">Isirpc24.epfl.ch</predicate>
21 <predicate key="port">9001</predicate>

22 </address>

23 <query>

24 select WRAPPER.TEMPERATURIS temperature,
25 WRAPPER.TIMEDas timestamp from WRAPPER
26 </query>

27 </stream-source>

28 <query>

29 select temperature  from tsensor

30 <Iquery>

31 </input-stream>

32 </input-streams>

33 </virtual-sensor>

Figure5: A virtual sensode nition usinga physicaltemperatursensousingTinyOS

In contrasto the comple virtual sensorthis virtual sensorobtainsits datastream
from a speci ¢ physically deployed sensor ratherthan through GSN. This is indi-
catedby the attribute wrapper="tinyos" in line 19. This speci cationrelieson
the availability of the implementatiorof sucha wrapperthat connectgshe GSNto a
speci ¢ type of sensoror sensometwork. The implementatiorof the wrapperis re-
ferredto in line 2. The wrapperis responsibldor providing implementationof the
accesdunctionsusedin the speci cation of the output streamof this virtual sensor
(WRAPPER.TEMPERATUREJWRAPPER.TIMEDN lines 23—-26). In this variant
of avirtual sensorspeci cation,a binding of the virtual sensotto its physicalimple-
mentationis required. Thusthe sensoris addresseghhysically (lines 19-22)rather
thanlogically. Despitethis necessarylifferencein addressinglocally and remotely
producediatastreamsareotherwisetreatedogically the sameway.
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4 Data StreamProcessingn GSN

Datastreamprocessinghasreceved substantiahttentionin the recentyearsin other
applicationdomains suchasnetwork monitoringor telecommunicationsAs aresult,a
rich setof solutionsfor querylanguagesindqueryprocessindor datastreamsexist on
whichwe canbuild. Currently moststreamprocessingystemsisea globalreference
time asbasisfor their temporalsemanticbecausehey weredesignedor centralized
architecturedn the rst place.

As GSNis targetedat a distributed“Sensorinternet”imposinga speci ¢ temporal
semanticanight be inadequateand maintainingit might comeat unacceptableost.
GSN providesessentiabuilding blocksfor dealingwith time but leavestemporalse-
manticslargely to applications.In our opinion, this pragmaticapproachis viable asit
re ects therequirementandcapabilitiesof sensomnetwork processing.

In GSN a datastreamis a setof timestampedelations,i.e., eachelementof the
datastreamconsistof a setof tuples.The orderof the datastreamis derivedfrom the
orderingof the timestampsandthe GSN containemprovidesbasicsupportto manage
and manipulatethe timestamps. Theseservicesessentiallyconsistof the following
components:

1. alocalclock ateachGSN container
2. implicit managementf atimestampattribute (TIMEID)

3. implicit timestampingf streamelementsiponarrival atthe GSN container(re-
ceptiontime)

4. awindowing mechanismwhich allows the userto de ne count-or time-based
windows on datastreams.

In this way it is always possibleto tracethe temporalhistory of datastreamele-
mentsthroughoutthe processindistory in GSN. Multiple time attributescan be as-
sociatedwith datastreamsandcanbe manipulatedhroughSQL queries.In this way
sensomnetworks canbe usedasobsenationtoolsfor the physicalworld, in which net-
work and processinglelaysare inherentpropertiesof the obsenation processwhich
cannotbe madetransparenly abstraction.

Let usillustrate this by a simple example: Assumea bankis being robbedand
imagesof the crime scendgaken by the securitycamerasretransmittedo the police.
For theinsurancecompairy the time the imagesaretaken at the bankwill berelevant
whenprocessing claim, whereador the police reportthe time theimagesarrived at
thepolice stationwill berelevantto justify thetime of intervention. Dependingon the
contet therobberyis thustaking placeat differenttimes.

Wedescribenow theservicegprovidedby GSNfor supportingemporalprocessing.
The productionof a new outputstreamelementof a virtual sensoiis alwaystriggered
by thearrival of a datastreamelementfrom oneof its input streamsThusprocessing
is event-driven. Informally, the processingtepsarethenasfollows:

1. By defaultthe new datastreamelements timestampedisingthelocal clock of
thevirtual sensomprovidedthatthe streamelementhadno timestamp.
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2. Basedonthetimestampdgor eachinput streamthe streamelementsareselected
accordingto thede nition of thetime window andtheresultingsetsof relations
areunnestednto at relations.

3. Theinput streamqueriesareevaluatedandstoredinto temporaryrelations.

4. Theoutputqueryfor producingthe outputstreamelementis executedbasedon
thetemporaryrelations.

5. The resultis permanentlystoredif requiredand all consumerf the virtual
sensomrenoti ed of thenew streamelement.

Additionally, GSN providesa numberof possibilitiesto controlthe temporal pro-
cessingf datastreamsfor example:

Boundingtherateof a datastreamin orderto avoid overloadsof the systemthat
might causeundesirablelelays.

Samplingof datastreamsn orderto reducethe datarate.

Boundingthe lifetime of a datastreamin orderto resere resource®nly when
they areneeded.

In orderto specifydatastreanprocessin@sdescribedsuitabldanguages needed.
A numberof proposalsxist already sowe comparethe languageapproachof GSN
to themajorproposaldrom theliterature.In the Auroraproject(http://www.cs.bravn.
edu/research/aurorafserscancompossstreanrelationshipsandconstructqueriesin
agraphicalrepresentatiowhich is thenusedasinput for the queryplanner The Con-
tinuousQuery Languagg(CQL) suggestedy the STREAM project (http://www-db.
stanford.edu/streamgxtendsstandardSQL syntaxwith new constructsfor tempo-
ral semanticsand de nes a mappingbetweenstreamsand relations. Similarly, in
Cougar(http://www.cs.cornell.edu/database/caufy an extendedversionof SQL is
usedmodelingtemporalcharacteristicin thelanguagetself.

The StreaQuelanguagesuggestedy the TelegraphCQproject (http://telegraph.
cs.berleley.edu/)follows a differentpathandtries to isolatetemporalsemanticgrom
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 approachss relatedto TelegraphCQs asit
separateshe time-relatedconstructdrom the actualquery Temporalspeci cations,
e.g.,thewindow size,areprovidedin XML in the virtual sensorspeci cation, while
dataprocessings speci edin asubsetf SQL. At themomentGSNsupportsSELECT
querieswith thefull rangeof operationallowedby thestandardsQL syntax,i.e.,joins,
subqueriesprdering,grouping,unions,intersectionsetc. Theadwantageof usingSQL
is thatit is well-known and SQL query optimizationand planningtechniquesanbe
directly applied.
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5 SystemAr chitecture and Implementation

Having discussedhe basicabstractionsindthe queryprocessindeaturesof GSN,we

now take a closerlook at the overall systemarchitecture.GSN providesa container
implementatiorfor hostingvirtual sensors.Similar to Web applicationseners, GSN

providesan ervironmentin which sensometwork servicescaneasilyand e xibly be

speci edanddeployedby hiding mostof the systemcompleity in the GSNcontainer
Usingthe declaratve speci cations,virtual sensorsanbe deployedandrecon gured
in GSN containersat runtime. Communicatiorand processingagmongdifferentGSN

containerss performedn a peerto-peerstyle throughstandardnternetandWeb pro-

tocols. By viewing GSN containersas cooperatingpeersin a decentralizedystem,
we tried avoid someof theintrinsic scalabilityproblemsof mary othersystemswhich

rely onacentralizedor hierarchicalarchitecture Additionally, we bene t from a high

degreeof fault tolerance.Targetinga “Sensorinternet” asthe long-termgoal we also
needto take into accounthatsucha systemwill consistof “AutonomousSensolSys-
tems”with alargedegreeof freedomandonly limited possibilitiesof control,similarly

asin thelnternet.

Integrity service

Access control

GSN/Web/Web-Services Interfaces

[ Notification Manager ]

( oy Processr )

Query Manager

( quey mepostay )

Storage

Virtual Sensor Manager
Life Cycle Input Stream Manager
Manager Stream Quality Manager

Pool of Virtual Sensors

Figure6: GSNcontainerarchitecture

Figure 6 shavs the basicarchitectureof a single GSN container EachGSN con-
tainer hostsa numberof virtual sensorde nitions for the setof virtual sensorst is
responsibldor. The virtual sensormanagernVVSM) is responsiblgor providing ac-
cessto the virtual sensorsmanagingthe delivery of sensordata,and providing the
necessaradministratve infrastructure.The VSM hastwo main subcomponentsthe
life-cycle manage(LCM) providesand manageghe resourcegprovidedto a virtual
sensorandmanageshe interactionswith a virtual sensofsensoreadingsgtc.). The
inputstreammanagefISM) is responsibléor handlingsensodisconnectiongnissing
valuesunexpecteddelays.etc.,thusensuringstreanquality of servicevia theincluded
streamquality manageXSQM). Thedatafrom/to the VSM passeshroughthe storage
layerwhichis in chageof providing andmanagingoersistenstorageor datastreams.
Queryprocessings doneby the querymanagei(QM) which includesthe querypro-
cessombeingin chage of SQL parsing,queryplanning,executionof queries(usingan
adaptve queryexecutionplan). The queryrepositorymanagesll registeredqueries
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(subscriptions)and de nes and maintainsthe set of currently active queriesfor the

queryprocessarThe noti cation managedealswith thedelivery of eventsandquery
resultsto theregisterectlients. Thenoti cation managehasanextensiblearchitecture
whichallowstheuserto customizéts functionality, for example having resultsmailed

or beingnoti ed via SMS.

Thetop threelayersin Figure6 dealwith accesgo the GSN container Theinter
facelayerprovidesaccesgunctionsfor otherGSN containermandvia the Web (through
abrowseror via webservices) Thesefunctionalitiesareprotectedandshieldedby the
accesgontrollayerproviding acces®nly to entitledpartiesandthe dataintegrity layer
which providesdataintegrity andcon dentiality throughelectronicsignaturesanden-
cryption. Dataacces@nddataintegrity canbede ned atdifferentlevels,for example,
for thewhole GSN containeror for individual virtual sensor

We implementedhe GSN containelin Java. The coreimplementatiorof the con-
taineris around15,000lines of Java codewhich encompassethe query processar
guerymanagernetwork managerinput streammanagerstoragemanageandlife cy-
cle managein additionto the webinterface.For deploying a virtual sensora userhas
to specifythe XML deploymentdescriptorsasillustratedin Section3. For enablinga
new typeof sensoor sensonetwork aJJava-basedvrapperimplementations required.
At the currenttime we implementedvrapperdor the TinyOS family of wirelesssen-
sor networks (e.g.,Mica2, Mica2Dot,...),wired and wireless(HTTP-basedameras
(e.g.,AXIS 206W camera)andseveral RFID readergprovided by TexasInstruments.
Sincemostof themainservicesareimplementedy the GSNcontainertheimplemen-
tation of a new wrapperrequiresthe implementatiorof a standardvrapperinterface
which requirestypically around100-200lines of Java (e.g.,150linesfor the TinyOS
wrapper).

6 A Simple CaseStudy

To illustratethe potentialapplicationsand e xibility of GSNwe provide a simpleap-
plicationsscenaridn this section.Figure7 shavs a small-scaleexamplecon guration
in universitybuildingssimilar to the oneswe areexperimentingwith.

Wireless Camera

() 120 | | () | | EES
132 e Sensor network, sensing light,sound
122 L tempreature, pressure, accleration, etc.
| LD
p=4 = RFID Tags
1o | =
— -~y
[ RFID reader
| 1= O a
— s

I

Figure7: A simplescenario

We assumahefollowing, fairly typical hardwaresetup:
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wirelesscameraswith built-in HTTP access;

wirelesssensorgmotes)equippedvith light, sound temperaturepressureGPS,
etc. sensorsye assumeahatall motesin a singleroomform a sensonetwork;

RFID tagswhich areattachedo the key rings of people,andto books,mobile
phonesandlaptopsin the buildings;and

several RFID readeravhosecoveragerangesareshown in yellow in Figure?.
Furtherwe assumehat:

eachcomputerunsa GSNcontainer;

the webcamsare accessedlirectly via HTTP for which someGSN container
holdsthecorrespondingirtual sensoide nitions;

andthe other sensorgmotes)or a completesensometwork can either be ac-
cessedia thelocal areanetwork or arephysicallyconnectedo oneof thecom-
puterscloseto them;in the rst caseary GSN containercan hostthe virtual
sensorde nitions, in the secondcase,we assumehat the computerwhich has
thephysicalconnectioralsohoststhe virtual sensoide nitions.

Giventhis setup,GSN allows the userto accomplisha large variety of tasks. For
example,the library managercanregistera queryto be noti ed whentherearemore
than15books(equippedvith RFIDs)in oneroomin additionto themonthlyreporton
the mostpopularbooksof themonth(e.g.,to buy moreof them). Individual userscan
postone-shoqueriesto thelibrary (room 123)to getthe statusof certainbooksor, in
casea bookof interestis currentlynot available,canregistera continuousqueryto be
noti ed whenthebookis returnedo thelibrary.

In anotherexample,a personin room 128 may be interestedo receie a stream
of cameramageswhen&er a movementin the houseis detectedr the soundsensor
attachedo amoteobsenessomenoiseabove a certainthreshold Assumingthe sysad-
min's of ce is 130andhe hasan RFID tagon his key ring andthe userin of ce 132
wantsto meethim, this usercan posta passie queryto be noti ed (e.g.,via SMS)
wheneertheoverall GSNsystemobsenesthe sysadmirin a certainradiusaroundhis
of ce.

If someondosesa mobile phone(with an RFID tag attachedo its batterysilot),
one can checkfor its lastlocationin the building simply by postinga query on the
previous obsenationsprovided by all sensometworks deployedin the building. One
can also register a continuousquery to the systemin orderto be noti ed (e.g.,via
email)whene&erthemobile phoneis obsenedby ary of the sensonetworks.

7 Related Systemsand Conclusions

So far only few architecturearchitecturego supportinterconnectedgensometworks
exist. Probablytheclosestpproactio GSNis thework by Sgroiet.al.[4] who suggest
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basicabstractionsa standardetof servicesandanAPI to freeapplicationdevelopers
fromthedetailsof theunderlyingsensonetworks. However, thefocusis on systematic
de nition andclassi cationof abstractionsndserviceswhile GSNtakesa moregen-
eralview andprovidesnotonly APIsbutacompletequeryprocessinggndmanagement
infrastructurewith a declaratve languagenterface.

Hourglass[5] providesan Internet-basedhfrastructurefor connectingsensomet-
works to applicationsand offers topic-basedliscovery and data-processingervices.
Similarto GSNit triesto hideinternalsof sensordrom the userbut focuseson main-
tainingquality of serviceof datastreamsn the presencef disconnectionsvhile GSN
is moretargetedat e xible con gurations,generalabstractionsanddistributed query
support.

HiFi [1] providesefcient, hierarchicaldatastreamquery processingo acquire,

Iter , and aggreyatedatafrom multiple devicesin a static environmentwhile GSN
takes a peerto-peerperspectie assuminga dynamicervironmentand allowing ary
nodeto beadatasource datasink, or dataaggreator

IrisNet[2] proposestwo-tierarchitectureonsistingof sensingagent{SA) which
collectandpre-processensodataandorganizingagentgOA) which storesensodata
in ahierarchicaldistributed XML databaseThis databasés modeledafterthe design
of the InternetDNS and supportsXPath queries. In contrastto that, GSN follows a
symmetricpeerto-peerapproachasalreadymentionedandsupportgublish/subscribe
besidesctive queries.

Besideghesearchitecturesalargenumberof systemdor queryprocessingn sen-
sor networks exist. Aurora (BrandeisUniversity, BraunUniversity, MIT), STREAM
(Stanford),TelegraphCQUC Berkeley), andCougarCornell)have alreadybeerbrie y
relatedto GSN.OtherrelatedsystemsareBorealis(MIT, Brown University, andBran-
deisUniversity)andTinyDB (MIT). Additionally, several systemsroviding publish/
subscribe-stylgueryprocessingomparabléo GSNexist, for example,[3].

The availability of cheapsensingdeviceswill sooncreatea hugenumberof sen-
sornetworkswhosefull pawerwill beunleashedssoonasthey areinterconnectetch
a “Sensorinternet”to offer powerful, large-scaledataprocessingndintegration. To
enablahisvision,we believethatit isimportantto follow theexampleof othersuccess-
ful, globalinformationtechnologiesuchasthe Web,whosesuccessvasmainly based
on sharinga few simplelogical abstractionandbasiccommunicatiorprotocolsthat
provide universalaccessndlinking amongautonomouslypublisheddatasourcesThe
Global SensomNetworks (GSN) platform presentedn this article follows this model
by makingpublicationof sensodataandaccesso sensometworksandsensodataas
simple,powerful, and e xible asaccessingVeb documentsGSN hidesarbitrarydata
sourceshehindits virtual sensorabstractiorand providessimple and uniform access
to thehostof heterogeneouschnologiesvailablethroughpowerful declaratve spec-
i cation andquerytoolswhich supporton-the- y con guration andadaptatiorof the
runningsystem.
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