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Abstract

Given the current developmentof the Internet, the Web,
mobilecommunicationandservicesweare clearly head-
ing towardsan era of widelyintegratedubiquitousservices
sharing somekind of global operating system. This arti-
cle describegheidea, the objectivesand the current state
of the developmenbf the WOS-poject. TheWeb Operat-
ing SystenfWOS") consistof a seriesof versionedserves
whele eacth onecanoffer differentservicesthemselveser
sioned.Each nodecanact asa serveror a client. A com-
mon protocol, itself versioned,is usedfor communication
amongWOSNodesRequestfor servicexanbepassedn
to otherserves asappropriate TheWOSis definedcby the
combinedactionsof differentnodes.

1. Intr oduction

1.1. The Context

With theemegenceof widespreadomputingandtelecom-
municationnetworks, an explosionof networked and mo-
bile computingis takingplace;in turnthereis a permanent
growth in areassuchaselectronic-commercanultimedia
applicationspr large-scalehigh-performancecalabledis-
tributed computing. Thesedevelopmentdeadto the con-
clusionthatthe globalcomputinginfrastructures in aper
manentprocesf evolution

Becauseof the rapid changesn the underlyinginfras-
tructure,it is clearthatcomponent-baseslystemsarebest
suitedfor large-scaledistributed systems since,as needs
changecomponentganbereplacedr adaptednoreeas-
ily than can entire systems. However, componentscan
themseles be programmedto act differently according
to the context in which they are immersed;we call this
versioned programming and we assumethat as a con-
text evolves, the collaborationbetweencomponentsnay
changeand evolve. We call theseevolving contets and
collaboratingcomponents- alongwith their interactions-
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communities Programmingmodelsandtechniquesased
on the above principlesrequirean infrastructurethat sup-
ports versioned,dynamicand adaptve resourcemanage-
ment. Communicatiorbetweerversioneccomponentgan
provide answerdo thesechallenges.The goal of the pro-
posediWeb OperatingSystem(WOS)initiativeis precisely
to createsuch an enablinginfrastructurefor distributed
applications. In a technicalsense,this middleware can
be viewed asa Network OperatingSystemfor ubiquitous
computingthat spansthe higherlayerson top of the en-
abling communicationnetwork infrastructure,to provide
applicationsand userswith easieraccesgo the advanced

network services.
Ubiquitouscomputingjnformationandmultimediaser

vices,high performancéarge-scalecooperatie distributed
computing,and electroniccommerceare amongtoday’s
most relevant wide-areadistributed systems. Therefore,
theprogrammingmodelsanddistributedcomputinginfras-
tructureinvestigatedshouldspecificallytargettheseappli-
cations.

1.2. The Web Operating System

The Web OperatingSystem(WOS) approachfor global
computingrelieson the novel conceptof dynamicallyde-
fined (or versionedcommunitieof componentgsoftware
andhardware).For example,a communityof nodesacting
asa parallelcomputermay now be definedby searching
thenodesinformationwarehouseor catalogs¥or there-
sourcesnecessaryo definethe virtual parallel computer
This will thus definea new context of computation. To
dealwith changegeneralizedoftwareconfigurationtech-
nigues,basedon a demand-drentechnique callededuc-
tion, are usedfor the WOS. The kernel of a WOSNode
is a generaleductive engine,a reactve systemresponding
to requestdrom usersor othereductive enginesusingthe
warehousesinformationto provide the necessargompo-
nentsfor fulfilling servicerequests.This approachallows
interactionwith mary differentwarehousesgachoffering
differentversionsof servicesresource-managemetgch-



nigues,applications platforms,hardware,andsoon. Un-

doubtedlythis approachwill helpto overcomerestrictions
of othermiddlewarestructuresuchasCORBA, Java/RMI

(and Jini), Globus or Legion, which require user config-
uration and completeresourcecatalogs,andthereforere-

strict changeanddynamismto a controlleddeploymentof

changesn componentsfunctionalities.

The conceptof the WOS calls for a genericcommu-
nication framework asits centralcomponeninsteadof a
centralsener (or a fixed setof seners)on which clients
rely. Thereforea communicationlayer supportingver
sioned protocolswas developedto supportcommunica-
tions within a community consideringthe negotiation of
appropriatgrotocolselectioncommunicatiorset-up,QoS
andsecurityissues.

1.3. Communitiesin computing

Networked or distributed computingmeansthat multiple
componentsarising from several sourceswill be put to-

getherin a single contet; furthermore,objectswill not
necessarilyemainin a givencontext, and may migrateto

other contexts. Intuitively, thesecontexts may be under

stoodassupportingthe creationof communities Different
communitiesnay agreeto trade,meet,or discussdepend-
ing on the communicatiorprotocolsthey canagreeupon.
For instancehumanor softwareagentgradingandbroker

ing in electronicmarketplacesmay form communitiesof

commoninterests.Otherexamplesof communitiesareIn-

ternetchat-roomsr dynamicintra- and extranetsof large
companiesWe believe thatthis concepiof evolutive com-
munities exhibits a potentially very rich model for ubig-

uitous computing. The requiredinfrastructureto support
communities,versionedresourcemanagemenand com-
municationbetweenversionedbjectswill be providedby

the WOS.

1.4. RelatedWork

Thereareseveralapproachet integratethecomputational
resourceswvailableover the Internetinto a global comput-
ing resource.The closestapproacho the WOSiis the Jini
architectureproposedoy SUN Microsystemg9]. Jini al-
lows oneto build federationsof nodesor distributed ob-
jectsofferingdifferentservicesachrelying onits own ser
vice protocol. Lookup servicesprovide localizationand
discovery functions. Theselookup services however, re-
quire the knowledge of all lookup attributes. Moreover,
whatis lookedfor mustbe exactly specified which means
that only attributesto be exactly matchedmay be speci-
fied. For example,a searchfor the neaest printer can-
not be realized. The WOS approachis qualitatively dif-
ferentandmore generalin that communities,.e. subsets

of WOSNodes defininga specificenvironmentand con-
text are dynamically and autonomouslycreated. This is
achieved with versioningand powerful lookup/discaery
protocolsand generalizedservice communicationproto-
cols. Everyserviceis versionedn the WOS,anda suitable
versionis selectedaccordingto a 'bestfit’ stratgy. This
allows theimplementatiorof smartlookup servicesvhere
attributesneednot be exactly matched.

Otherefforts to exploit distributed resourcedor wide-
areacomputinginclude Linda, PVM, MPI, Netsohe [5],
Globe[11], WebOS[10], Legion [8] andGlobus[7]. In
contrastto the WOS approachmostof thesesystemse-
quirelogin privilegeson the participatingmachinespr re-
quire operatingsystemor compilermodifications.Further
more, they usually require architecture-specifibinaries.
The useof Java addressethe latter issuein a numberof
projectsincluding Atlas [1], ParaWeb [3], Charlotte[2],
Javelin [6] and Popcorn[4]. Thoseprojectsaim mostly
to provide Java orientedprogrammingmodelsfor Internet-
basedparallel computing. Our approachis orthogonalto
theseproposaldn that Java orientedprogrammingnodels
could be integratedinto the WOS throughgatevay inter-
faces.But the WOS is differentin thatit doesnotrequire
ary globalcentralizedcatalogof resourcessit is, for ex-
ample,necessarin Javelin, ParaV\eb, Atlas or Glohus.

2. General Characteristics of a
WOSNode

TheentireWOSis writtenin Java. This programmindan-
guagewaschoserto achiere ahighly portablesystem Be-
causahe WOS makesheary useof thecommunicatiorca-
pabilitiesof theoperatingsystemsJazawasthebestchoice
in view of its rich featurefor communicatiorandsecurity
A WOS communicationayer [14] was createdto op-
timize the communicationspeedwhile saving resources,
e.g. bandwidth,at the sametime. EachWOSNodeoper
atesasa sener aswell asa client. The WOSNetconsists
of a seriesof versionedsenersor nodes[15] which can
provide a setof servicesandresourcesThereareno cen-
tral catalogsof resourcein theWOSNet.EachWOSNode
storesinformationaboutothernodedocally in its own re-
sourcewarehousdq30]. In otherwords, no machinehas
global informationaboutall othernodesin the WOSNet.
The informationstoredin the warehousess updatedeach
time the nodefinds other, previously unknavn nodes.Us-
ing such decentralizedresourcewarehousesthe system
achieves a high flexibility and avoids someof the bottle-
necksof systemawith a centralinformationmanagement.
The structureof a WOSNodeis shavn in figurel. The
left sideof thisfigure shavsthe sener, while theright side
representsheclientfeaturesof eachWOSNode.
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Figure 1. Structur e of a WOSNode

Servicesavailable on the WOSNodeare describedus-
ing profiles Profilesdescriberesourcesvith alist of key-
value pairs, eachpair defining a specialfeatureof a re-
source. For instance a printer hasa specialtype (inkjet,
laseretc.), is ableto print black and white or color, and
may handlePostscripfiles. Eachresourcealsohasa cor-
respondingaccess-objeatescribingts methodsg.g.,for a
printer, we might have self test,economymode,etc. That
meanghatthe userdoesnot needto usethe commandline
arymore. Restrictionson resourceusagearedescribedus-
ing the samedatastructure.

3. The WOS prototype

The WOS prototypeconsistf four majorcomponents:
e theUserInterface(Ul),
¢ theResouce Contmol Unit (RCU),
¢ theRemoteResouce Contmol Unit (RRCU),

e theCommunicatiorLayer(WOSCL).

We describeéhesecomponentd thefollowing paragraphs.

TheUserInterfaceis subdiidedin threeparts,the pro-
file editor, the resourceeditor and the requestmenu. As
mentionedbefore, eachresourceis describedthrough a
profile. The Profile Editor helpsthe usergeneraterofiles
of resourceshe wantsto make available for other users.
The user hasto define descriptve featuresof thesere-

sourcesthe objectwhich the remoteuserneedsto access

andthe parametergor this object. All profilesarestored
in the local profile warehouse. The restrictionsfor each

profile arestoredin the resourcevarehousdseefigure?2).
The usercan assignmore than onerestrictionsetto one
resource.Theserestrictionswill be checled beforea user
canaccesdheresourcesThe third part of the Ul, there-
questmenu,providesan easy-to-usénterfaceto resources
of theWOSNet(figure3). Theusercanaccessll resources
storedin thelocal warehous@ndmayalsoinitiate asearch
for new resourceso updatethe warehouse.

The Resouce Contmwol Unit (RCU) acceptsservicere-
questsirom the userinterfaceand contactsseveral known
warehouseso find a WOSNode wherethe requestesger
vice canbe executed. First, the local warehousés con-
tacted thenotherknown warehouses the WOSNet.If no
servicewasfound, a searchfor the requestedservicewill
be started. If an answeris found, the RCU asksfor the
serviceexecutionandreturnsthe resultsto the user After
successfuéxecution thelocal warehouseareupdated.

The RemoteResouce Contmol Unit (RRCU) accepts
service requestsfrom other WOSNodesand examines
whetherthe executionis allowed or not. Therefore,the
resourcevarehouseés accessedThe RRCU transmitsthe
answetto theclient-sideRCU. The serviceexecutionitself
is alsomanagedby theRRCU,which contactsheresource
warehousea secondimeto verify accessights. After that,
the serviceis executedand the resultsare passedo the
client-sideRCU.

The WOSCommunicatiorLayer (WOSCL) usesa two-
level approach[14]. The first level, the WOS Protocol
(WOSP), allows WOSNodeadministratorgo implement
a setof servicescalleda serviceclass dedicatedo spe-
cific users’needs.WOSPis in facta genericprotocolde-
fined througha genericgrammar A specificinstanceof
this genericgrammarprovidesthe communicatiorsupport
for a serviceclassof the WOS. This specificinstanceis
alsoreferredto as a version of WOSP, its semanticde-
pendsdirectly on the serviceclasssupportedby that ver-
sion. Several versionsof WOSPcancohabiton the same
WOSNode.

The WOSPIs usedto executea service,to transmitthe
resultsof the execution,andto searchthe WOSNet. It al-
lows threetypesof commands:

1. Querycommandsareusedby a WOS client to inter-
rogateanotherWOSNodes warehouse.

2. Setupcommandsareusedto changeheexecutionpa-
rametersof aWOSNode.

3. Executioncommandsallow a WOS client to usere-
sourcesrom anothemode.

An exampleof the syntaxof a WOSPversionis given
in figure 9 andthe API of the communicationayeris de-
scribedin detailin [31].
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Thesecondayer, theWOSRequesProtocol(WOSRP),
supportdiscovery/localizationof serviceclasses,imple-
mentedoy WOSPversions.TherationalebehindWOSRP
is to provide mechanism$or WOSNodedo exchangein-
formation about WOSP versionsthey support. It is also
usedto obtaininformationaboutotherWOSNodeghatun-
derstandpecificWOSPversions.

A WOSNodemay*“speak”acertainversionof theWOS
protocol,which meanghatit caninteractwith othernodes
usingthatversion. A WOSNodemay also“know” a ver
sionof the WOS protocol. Thatmeansthatevenif cannot
interactusingthatversion,it canreferaWOSNodeto other
WOSNodesvhich might have this capability

WOSRPalso senesto establishconnectionsbetween
WOSNodes.A WOSPmessagenay be encapsulateth a
WOSRPmMessageThis way, a genericsener mayreceve
all therequestandselectheappropriatesersionto process
them.

4. WOSsewices

As describedabove, the systemservicesof theWOS make
it possibleto setupservicesandto makeresourcesvailable
to a WOSNetthroughthe profile editor. A numberof ad-
ditional servicesandfunctionshave beendevelopedwhich

arebriefly describedn thefollowing sections.

4.1. WOSForward sewice

Thelocalizationof servicesn a WOSNetis basedon the
mechanisnmof multiple sequentiakchains[40]. Basedon
theknowledgeof the WOSNet,a nodesearchingor a ser
vice is building lists of nodesto bevisited. Theselists de-
fine sequencesf nodesto visit alongdisjunctpaths. The
searchmaythusbeperformedn parallelalongthesepaths.
Theoreticalaswell asempiricalinvestigationshave shovn
the efficiency of this mechanisni19]. The WOSForward
serviceexploits the principle of multiple searchchainsto
transferdatafrom a sourcenodeto a target nodein the
WOSNetin parallelalongdisjunctpathsas shown in fig-
ured.

The speedumchiezed with this servicedependon the
available bandwidthin the local area(bneay, the band-
width b; availableon the Internet,andthe amountof data
to be transfered. In general,we obtaina betterspeedup,
if the bandwidthin the local areais large andif the com-
binedbandwidthof all the disjunctpathsin the Internetis
largeascomparedo onesingletransferchannel. The data
D to be transferis divided into chunksof datad; which
aretransferalongthe differentpaths. |t is clearthatthose
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chunksmay not becometoo small, otherwisethe overhead
introducedby thismethodwill neutralizethespeedupFig-
ures5 and6 showv premilinaryresultsobtainedwith a data
transferetweertwo machinesn EuropeandNorth Amer-
icarespectiely usingtwo distinct paths.

4.2. CORBA —WOSintegration

WOS andCORBA bothachiese interoperabilitythrougha
well definedprotocol. CORBA malkesuseof the Internet
InterORB protocol(l10OP) to exchangeGeneralnter-ORB

protocol (GIOP) messagesver a TCP/IP network. The
GIOP thenusesthe CommonDataRepresentatio(CDR)
to mapIDL typesontoaraw, networkedmessageepresen-
tation. TheWOSin turn useshe WOSRP/WDSPprotocol
andthe principle of warehouseto storeinformationabout
services Theprofile warehousetoresserviceprofilescon-
sistingof a nameandanacces®bject(i.e., the executable
invoking the service). The acces®bijectis identifiedby a
key andusesa setof input and outputparametergor the
execution. Thetwo systemgnay run simultaneouslysing
a (protocol)-bridgewhich hasbeendevelopedandimple-
mentedn Java[33]. Thetriplet[CORBA module,interface
name parametersi mappeconto[WOS profile name ac-
cessobjectkey, accesobjectparametersgnablingaccess
to theservicefrom within bothsystems.

A genericWOSAdaptemasshavn in figure 7 providesa
CORBA clientwith theusualview of anordinaryCORBA
service whenaccessingg WOS-basedervice.

A specificversionof theRRCU(RemoteResourceCon-
trol Unit) of the WOS allows a WOSNodeto directly ac-
cessaCORBA servicethroughthe CORBA API. Theinvo-
cationof a CORBA service(insteadof aWOSresource)s
completelytransparentor theclientasit is the casefor the
genericWOSAdapter Figure 8 describeshow a CORBA
serviceis invoked from within the WOS.
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4.3. WOSfor HPC

Tools for wide area,high performancecomputingusually
require all the computingresourceso be known in ad-
vance. Often, this informationis even directly compiled
into the parallel applications. The computingresources
must thereforebe exactly configuredto matchthe appli-
cations’requirementsThis configuratiortaskmayinvolve
tedioussetupproceduresor scriptsrequiring login privi-
leges,exactknowledgeof theresourcdocationsetc.

A versionof WOSR calledHPWOSR hasbeendefined
to easethis task[38]. It automaticallyconfiguresand ex-
ecutesHPC applicationdgn the WOS ervironment,i.e. on
resource®f a WOSNet. Specifically it supportghe com-
municationrequirement$or HPC applicationswhich are:

Configuration stage: the localization of suitable
WOSNodeswith the appropriateset of resources
(hardware and software) for an applicationand the
resenationof thoseresources.

Setupstage: thecodedistribution andlaunchof theappli-
cation.

Figure9 shavsthesyntaxof theHPWOSPprotocolver-
sion. Theinformationaboutthe propertiesof theresources
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WOSP Interface
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Figure 7. WOSAdapter in CORBA - generic
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Figure 8. CORBA service invocation fr om within
the WOS.

andtherequirement®f the applicationareagainspecified
with the help of profilesand are kept in the correspond-
ing warehousesThe HPWOSPimplementatiorhasbeen
successfullyestedfor large MPI andPVM applications.

5. Conclusionand Futur e Work

At its currentstateof implementationthe Web Operating
System(WOS)is usefulto demonstratéhe possibilitiesof
thisapproactandto testits majorfunctionality. Thelack of
securitymechanism&ndclearly definedprogrammingn-
terfacedoils anapplicationof theWOSin aproductionen-
vironment.However, asecuritysystembasecbn automatic
trustevaluationhasbeendesigned26, 36] andis currently
being implemented. The WOS version1.0 is scheduled
to bereleasedn the last quarterof the year2000. It will
include the yet missingcomponentsuch asthe security
module, a completeAPI and a refinedjob control mod-
ule. The experiencegainedso far with the WOS system
and servicesclearly indicateits potentialfor future ubig-
uitouscomputing,becausary device canbea WOSNode
andary servicecanbeimplemented.The conceptof ver
sionsappliedthroughouthe entireWOS systemallows for
thenecessarflexibility requiredby ubiquitouscomputing.
The sectionWOS Refeencesgives an overview of WOS
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