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Abstract. The“Internetof Things”intendsto enhanceitemsof oureverydaylife
with informationand/orprocessingandinterconnectthem,sothatcomputerscan
sense,integrate,present,andreacton all kindsof aspectsof thephysicalworld.
As this implies that enormousnumbersof datasourcesneedto be connected
andrelatedto eachother, �e xible anddynamicmiddlewaresupportessentially
providing zero-programmingdeployment is a key requirementto copewith the
sheerscaleof this taskandtheheterogeneityof availabletechnologies.In thispa-
per we brie�y overview our Global SensorNetworks (GSN)middlewarewhich
supportsthesetasksandoffersa �e xible, zero-programmingdeploymentandin-
tegration infrastructure.GSN's centralconceptis the virtual sensorabstraction
which enablestheuserto declaratively specifyXML-baseddeploymentdescrip-
torsin combinationwith thepossibilityto integratesensornetwork datathrough
plain SQL queriesover local andremotesensordatasources.The GSN imple-
mentationis availablefrom http://globalsn.sourceforge.net/.

1 Intr oduction

In the sensornetwork domainmostof the ongoingwork focuseson energy ef�cient
routing,aggregation,anddatamanagementalgorithmsinsidea singlesensornetwork.
The deployment,applicationdevelopment,andstandardizationaspectsreceived little
attentionso far. However, asthe price of sensorsdiminishesrapidly we cansoonex-
pect to seevery large numbersof heterogeneoussensordevicesandsensornetworks
beingdeployedto supportthevision of the“Internetof Things” [1]. Major challenges
in this “SensorInternet”environmentare(1) minimizing thedevelopmentanddeploy-
mentefforts which arekey costfactorin large-scalesystemsand(2) thedata-oriented
integrationof verylargenumbersof datasources.Despitetheheterogeneityof theavail-
ableplatforms,theirrequirementsfor processing,storing,queryingandpublishingdata,
however, aresimilarandthemaindifferencesamongvarioussoftwareplatformsarethe
differentabstractionsfor thesensorsandsensornetworks.

OurGlobalSensorNetworks(GSN)middlewareaddressestheseproblemsandpro-
videsa uniform platformfor fastand�e xible integrationanddeploymentof heteroge-
neoussensornetworks.Thedesignof GSNfollows four maindesigngoals:Simplicity
(a minimal setof powerful abstractionswhich canbe easilycon�gured andadopted),
adaptivity (addingnew typesof sensornetworks and dynamic(re-) con�guration of
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datasourceshasto be supportedduring run-time),scalability (peer-to-peerarchitec-
ture), and light-weight implementation(small memoryfoot-print, low hardware and
bandwidthrequirements,web-basedmanagementtools).

In the following, we will give a conciseoverview of GSNandhow it providesan
infrastructureto supportthe “Internetof Things”. Section2 discussesthevirtual sen-
sorabstraction,Section3 highlightsGSN's datastreamprocessingfunctionalities,and
Section4 describesits architecture.For a detaileddescriptionof theseissueswe refer
the readerto [2]. Section5 thendiscussesGSN's dynamicplug-and-playfunctionali-
tieswhichrely onsimplesemanticdescriptionsbasedon theIEEE1451standard[3] to
identify sensorsanddynamicallyintegratetheminto GSN.This is akey enablingtech-
nology in GSN supportingfully dynamicand zero-programmingintegration of data
sourcesin GSN.

2 Virtual sensors

The key abstractionin GSN is the virtual sensor. Virtual sensorsabstractfrom im-
plementationdetailsof accessto sensordataand they are the servicesprovided and
managedby GSN.A virtual sensorcorrespondseitherto adatastreamreceiveddirectly
from sensorsor to adatastreamderivedfrom othervirtual sensors.A virtual sensorcan
haveany numberof inputstreamsandproducesoneoutputstream.Thespeci�cationof
a virtual sensorprovidesall necessaryinformationrequiredfor deploying andusingit,
including:

� metadatausedfor identi�cation anddiscovery
� thestructureof thedatastreamswhich thevirtual sensorconsumesandproduces
� anSQL-basedspeci�cationof thestreamprocessingperformedin a virtual sensor
� functionalpropertiesrelatedto persistency, errorhandling,life-cyclemanagement,

andphysicaldeployment
To supportrapiddeployment,thesepropertiesof virtual sensorsareprovided in a

declarativedeploymentdescriptor. Figure1 showsafragmentof avirtual sensorde�ni-
tionwhichde�nesasensorreturninganaveragedtemperaturefromaremotevirtual sen-
sor (wrapper="remote" ) which is accessedvia the InternetthroughanotherGSN
instance(GSNinstancescooperatein a peer-to-peerfashion).
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...
<life-cycle pool-size="10" />
<output-structure>

<field name="TEMPERATURE"type="integer"/>
</output-structure>
<storage permanent-storage="true" size="10s" />
<input-stream name="dummy" rate="100" >

<stream-source alias="src1" sampling-rate="1" storage-size="1h">
<address wrapper="remote">

<predicate key="type" val="temperature" />
<predicate key="location" val="bc143" />

</address>
<query>select avg(temperature) from WRAPPER</query>

</stream-source>
<query>select * from src1</query>

</input-stream>
...

Fig. 1. Virtual sensorde�nition (fragment)

To specifytheprocessingof theinputstreamsweuseSQLquerieswhichreferto the
input streamsby the reserved keyword WRAPPER. The <input-stream> element



providesall de�nitions requiredfor identifying andprocessingan input streamof the
virtual sensor. The <life-cycle> elementde�nes deploymentaspectssuchasthe
numberof threadsavailable for processing,the <storage> elementcontrolshow
streamdata is storedpersistently(amongother attributesthis controls the temporal
processing),and<output-structure> de�nesthestructureof theproducedoutput
stream.A detaileddescriptionof virtual sensorsis providedin [2].

3 Data streamprocessing

In GSNadatastreamis asequenceof timestampedtuples.Theorderof thedatastream
is derived from theorderingof the timestampsandtheGSN containerprovidesbasic
supportto manageandmanipulatethe timestamps.Theseservicesessentiallyconsist
of the following components:(1) a local clock at eachGSN container, (2) implicit
managementof atimestampattribute,(3) implicit timestampingof tuplesuponarrivalat
theGSNcontainer(receptiontime),and(4) a windowing mechanismwhichallows the
userto de�ne count-or time-basedwindows on datastreams.Multiple time attributes
canbeassociatedwith datastreamsandcanbemanipulatedthroughSQL queries.The
productionof anew outputstreamelementof avirtual sensoris alwaystriggeredby the
arrival of adatastreamelementfrom oneof its inputstreams.Informally, theprocessing
stepsthenareasfollows:
1. Thenew datastreamelementis timestampedusingthelocal clock.
2. Basedon the timestampsfor eachinput streamthe streamelementsareselected

accordingto the de�nition of the time window andthe resultingsetsof relations
areunnestedinto �at relations.

3. Theinputstreamqueriesareevaluatedandstoredinto temporaryrelations.
4. Theoutputqueryfor producingtheoutputstreamelementis executedbasedonthe

temporaryrelations.
5. Theresultis permanentlystoredif requiredandall consumersof thevirtual sensor

arenoti�ed of thenew streamelement.
GSN'squeryprocessingapproachis relatedto TelegraphCQasit separatesthetime-

relatedconstructsfrom theactualquery. Temporalspeci�cations,e.g.,thewindow size,
areprovidedin XML in thevirtual sensorspeci�cation,while dataprocessingis speci-
�ed in SQLwith thefull rangeof operationsallowedby thestandardsyntax.

4 GSN architecture

GSN follows a container-basedarchitectureandeachcontainercanhostandmanage
oneor morevirtual sensorsconcurrently. The containermanagesevery aspectof the
virtual sensorsat runtime including remoteaccess,interactionwith the sensornet-
work, security, persistence,data�ltering, concurrency, and accessto andpooling of
resourceswhich enableson-demanduseandcombination.Virtual sensordescriptions
hold user-de�nable key-valuepairswhich arepublishedin a peer-to-peerdirectoryso
thatvirtual sensorscanbediscoveredandaccessedbasedon any combinationof their
properties,i.e., this providesa simplemodelof identi�cation anddiscovery of virtual
sensorsthroughmetadata.GSNnodescommunicateamongeachotherin apeer-to-peer
fashion.Figure2 depictstheinternalarchitectureof a GSNnode.
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Fig. 2. GSNcontainerarchitecture

Thevirtual sensormanager(VSM) is responsiblefor providing accessto thevirtual
sensors,managingthedeliveryof sensordata,andproviding thenecessaryadministra-
tive infrastructure.Its life-cyclemanager(LCM) subcomponentprovidesandmanages
the resourcesprovided to a virtual sensorandmanagesthe interactionswith a virtual
sensor(sensorreadings,etc.)while theinput streammanager(ISM) managestheinput
streamsandensuresstreamquality(disconnections,unexpecteddelays,missingvalues,
etc.).Thedatafrom/to theVSM passesthroughthestoragelayerwhich is in chargeof
providing andmanagingpersistentstoragefor datastreams.Queryprocessingis done
by thequerymanager(QM) whichincludesthequeryprocessorbeingin chargeof SQL
parsing,queryplanning,andexecutionof queries(usingan adaptive queryexecution
plan).Thequeryrepositorymanagesall registeredqueries(subscriptions)andde�nes
andmaintainsthesetof currentlyactive queriesfor thequeryprocessor. Thenoti�ca-
tion managerdealswith thedeliveryof eventsandqueryresultsto theregisteredclients.
The noti�cation managerhasan extensiblearchitecturewhich allows the userto cus-
tomize it to any requirednoti�cation channel.The top threelayersdeal with access
mechanisms,accesscontrol,andintegrity andsecurity.

5 Zero-programming deployment

As describedbefore,GSN reducesdeploymentto writing an XML �le describingthe
sensor-dependentproperties.While having a singleXML �le (30-50lines)describing
avirtual sensoris muchsimplerthanlow-level device-dependentprogramming,human
interventionis still required.To overcomethis step,GSNusestheIEEE 1451standard
[3] for automaticdetection,con�guration and calibration.An IEEE 1451-compliant
sensorprovidesa TransducerElectronicDataSheet(TEDS)which is storedinsidethe
sensor. TheTEDSprovidesasimplesemanticdescriptionof thesensor, i.e.,it describes
thesensor's propertiesandmeasurementcharacteristicssuchastypeof measurement,
scaling,andcalibrationinformation.A largenumberof sensorsis alreadycompliantto
IEEE 1451andthis numberis growing steadily.

To supporttruly zero-programming,GSN usesthe TEDS self-descriptionfeature
for thedynamicgenerationof virtual sensordescriptionsby usinga virtual sensorde-
scription templateandderiving the sensor-dependent�elds of the templatefrom the
dataextractedfrom theTEDSasshown in Figure3(a).



(a) Automaticgeneration (b) Setup
Fig.3. Zero-programmingdeployment

The nodesetupto supportplug-and-playdeploymentis shown in Figure3(b). At
leastonebasestationcapableof interactingwith sensingdevices(e.g.,mica2,mica2dot,
BTnode)is needed.Whenasensornodeentersadetectionarea(depictedby anantenna
in the �gure), GSN detectsit, requestsits TEDS,anddynamicallyinstantiatesa new
virtual sensorbasedon the TEDS. This meansthat by usingTEDS GSN candetect,
identify, andautomaticallydeploy sensorswithout humanintervention.Thegenerated
virtual sensordescriptionis immediatelyincludedinto thedetectingGSNnode'srepos-
itory andall processingdependentonthenew sensoris executed.Thisisdoneon-the-�y
while GSNis running.At themomentTEDSprovidesonly thatinformationonasensor
which enablesinteractionwith it. Thusfor somepartsof thegeneratedvirtual sensor
description,e.g.,securityrequirements,storageandresourcemanagement,etc.,weuse
default values.

The deploymentof a sensor(network) in GSN implies makingthe produceddata
accessiblethroughthe Internetvia web servicesand a web interfaces.Thusalso all
remoteprocessingdependenciesat any othernodein the network of GSN nodesare
triggered.This enablestruly global integration of mobile sensors.GSN periodically
asksfor TEDSfrom all sensorsto ensurethatthey arealive. If no responseis provided
by a sensorGSN removesthe previously createdvirtual sensor, freesthe associated
resourcesandnoti�es dependentqueryandnodes.

6 Conclusions

GSN providesa �e xible middlewarefor deploymentof sensornetworks meetingthe
challengesthat arisein real-world environments.Its plug-and-playdeploymentfunc-
tionalitymakesit speci�cally interestingasaninfrastructurefor the“Internetof Things,”
enablingcompletelynew typesof applications.For example,usersor things could
be equippedwith RFID tags not only holding static databut also specifyingdata-
processingtasks(queries),which GSN canrecognizeandincludeinto its streampro-
cessing.This providesdataprocessingdynamicitybesidesphysicalmobility without
additionalefforts for deployment. The GSN implementationis available from http:
//globalsn.sourceforge.net/anda detaileddescriptionof GSNin providedin [2].
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