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A huge gapexistsbetweenwhatweknowis possiblewith today's machines
andwhatwehavesofar beenableto �nish.

—DonaldKnuth

1.1 INTRODUCTION

The challengesdiscovered when studying humansas complex systems,from a
biomedicalviewpoint (from cells to interactingindividuals),cover thewholespec­
trum from genometo healthandcrosstemporalandspatialscales[1]. This includes
studyingbiomedicalissuesusingmultiscaleandmultisciencemodelsandtechniques
all theway from genomicsto themacroscopicmedicalscale.This is alsoaggravated
by thecontinuousincreasein theamountof digital dataproducedby modernhigh­
throughputbiomedicaldetectionandanalysissystems.As reportedby Hey et al., it
is expectedthatlargeramountsof digital datawill begeneratedby next generations
of largescale,collaborativee­Scienceexperiments[2]. New experimentsin science
and engineeringwill cover the whole spectrum,from the simulationof complete
biologicalsystems,to cutting­edgeresearchin bioinformatics.

At the macroscopicscale,for instance,thereareresearchefforts in biomedical
informaticsthataregraduallypushingtheboundariesof thestateof theart,moving
from monolitic softwarearchitecturesto building moregenericcomponents.Such
effortsnormallyleverageobject­orientedanddistributedcomponentarchitecturesto
encapsulateor wraplegacy datain orderto improveapplicationinteroperabilityand
scalability[3, 4]. Thisallowsfor enhanceddataandprocess�o w at themacroscopic
level, where modelssuchas DICOM provide supportfor dataaccesfrom work
stationsto archivingandcommunicationssystemsandbackto hospitals'information
systems.
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Currentdistributedcomputingtechnologiesaddresscommunicationamongtightly­
coupledsystemsvery well, thoughmay fail when addressingloosely­coupledre­
sources.Suchresourcesmay belongto siteswithin large distributedvirtual orga­
nizationsthatusedistributedcomputingmodelslike theCommonObjectResource
Broker Architecture(CORBA) [5]. Thesetechnologiesallow seamlessandsecure
dataaccesswithin a singleorganization. Largeamountsof datacanbe distributed
acrossdomains,with distributedapplicationsformingfederationsthatmaybescaled
but thatassumearchitecturallyinvariantsystems.Relationaldatarepresentationand
access,modularcomponentandobjectorientedmodelshave clearly advancedthe
stateof theart. New setsof conditionsandrequirementsfor softwarearchitectures
for biomedicalapplicationsareemergingin the�eld, particularlyin systemsbiology,
where:

� ahigh degreeof userinteractionis required

� digitalizedbiomedicalresourceusagespacesbecomeincreasinglydistributed

� inaccessibilityand lack of interoperabilityamongmodeling,simulationand
analysistoolsshouldbeleveragedfor multi­disciplinarybiomedicalinformat­
ics researchto bepossible

In this chapterwe discussinteractive decisionsupportenvironments,from the
perspective of both health informaticsand bioinformatics,for a system­level ap­
proachto distributedcollaborative laboratoriesfor biomedicine.In the�rst casewe
presenta problemsolvingenvironmentfor decisionsupportthroughvirtual bypass
surgery. In thesecondcasewe focuson a morecomplex systemcenteredarounda
decisionsupportenginefor drugrankingin HumanImmunode�ciency Virus (HIV)
drug­resistance.Our reasonsto usethis bioinformaticsapplicationas main case
study in this chapterare twofold: HIV drug resistanceis becomingan increasing
problemworldwide, with combinationtherapy with antiretroviral drugsfailing to
completelysuppressthevirusin aconsiderablenumberof HIV­infectedpatients.On
theotherhand,HIV drugresistanceis oneof thefew areasin medicinewheregenetic
informationis widely availableandhasbeenusedfor many years.This hasresulted
in largenumbersof dataavailable,notonly oncomplex geneticsequencesbut onall
levels, up to populations. The sheercomplexity of the disease,the distribution of
thedata,therequiredautomaticupdatesto theknowledgebase,andtheef�cient use
andintegrationof advancedstatisticalandnumericaltechniquesnecessaryto assist
the physicianmotivateour research.We discussheresomeof the possibilitiesfor
individualizede­Sciencethatcanbesupportedby virtual collaborativeenvironments
basedonGrid technology[6].

This chapteris dividedasfollows: in section1.2 we discussa ProblemSolving
Environment(PSE)for biomedicalapplicationson the Grid, focusingon interac­
tive simulationscenarios. In section1.3 we presentresearchon a collaborative
virtual laboratoryfor e­Sciencewhich ful�lls the requirementspresentedby deci­
sion support­centricapplications. We �nalize in section,1.4 wherewe presenta
discussionandfuturework in the�eld.
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1.2 A GRID FOR INTERA CTIVE APPLICATIONS

Processing,visualizationandintegrationof informationfrom varioussourcesplay
anincreasinglyimportantrole in modernhealthcare[7]. Informationsourcesmaybe
widely distributed,andthedataprocessingrequirementscanbehighly variable,both
in thetypeof resourcesrequiredandtheprocessingdemandsputuponthesesystems.
Grid technologyis one of the cornerstonesof today's computationalscienceand
engineering;it offersauni�ed meansof accessto differentanddistantcomputational
and instrumentalresources,unprecedentedpossibilitiesand bene�ts are expected.
Connectivity betweendistantlocations,interoperabilitybetweendifferentkinds of
systemsandresources,andhighlevelsof computationalperformancearesomeof the
mostpromisingfeaturesof theGrid. In thecaseof biomedicalapplications,issues
suchasremoteaccessto patientdata,medicalknowledgebases,advancedvisualiza­
tion technologiesandspecializedmedicalinstrumentsareof themostimportance[8].
For theseapplications,Grid technologyprovidesdedicatedsupportsuchasstrongse­
curity, distributedstoragecapacity, andhigh throughputover longdistancenetworks
[9]. Besidestheseimmediatebene�ts, thecomputationalresourcesof theGrid pro­
videtherequiredperformancefor largescalesimulations,complex visualizationand
collaborative environments,which areexpectedto becomeof major importanceto
many areasof medicinein ordertostudythepossibilitiesandlimitationsof interactive
andcollaborativeproblemsolvingenvironments.

We proposean architecturefor interactive biomedicalapplicationsrunningon a
Grid [10], focusingon a simulation­centricapplicationandon production­typeGrid
infrastructurerequirements.WemapthisarchitecturetoaninteractiveProblemSolv­
ing Environment(PSE)[11, 12] for computersimulationof pre­operative planning
of vascularreconstructionbeingdevelopedby theUniversityof Amsterdam[13, 14],
andde�ne amodelfor representingit thatre�ects theloosely­coupledandconcurrent
natureof Grid computing.

OurGridarchitectureallowsustobuild aninteractivePSEwhichoffersanintegra­
tiveapproachfor constructingandrunningcomplex interactivesystemson theGrid:
highly distributedcomputational,storageandGrid serviceresourcesareusedfor ac­
cessto medicalimagerepositoriesfor thesimulationandvisualizationof blood�o w.
We deployed this interactive PSEwithin the EuropeanCrossGridframework [15]
(Figure1.1), exploiting availableachievementsfrom otherEuropeanGrid projects
suchasEuropeanDataGrid(EDG) [16] andthe Large hedroncollider Computing
Grid (LCG) [17]. For additionalbackground,motivation,andthe latestGrid­based
results,we referthereaderto [18].

1.2.1 Interacti veSimulation on the Grid

Scalabilityandseamlessresourcesharingareat the heartof the Grid­basedarchi­
tecturaldesign,which we baseon requirementsby a simulation­centricinteractive
biomedicalapplication,anda productionGrid infrastructureandservices.We use
theVirtual RadiologyExplorer(VRE) environment,developedat theUniversityof
Amsterdam,is partof a PSEthatputsa userat thecenterof anexperimentalcycle
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Fig. 1.1 The CrossGridtestbed: layeredarchitecturalview, with local resourcesat the
bottomfabric layer, a setof commonGrid servicesandmiddlewarefrom Globus,DataGrid
andCrossGrid,applicationdevelopmentsupportfor cross­sitejob submission,anda setof
interactive applicationssuchasthebimedicalVRE

controlledby acomputer, andallowshim to applyhisexpertisein­silico to �nd better
solutionsfor treatmentof vasculardiseases.Theaimof theVRE is to provideanend
userwith an intuitive virtual simulatedenvironmentto accessmedicalimagedata,
visualizeit, andexplorepatientvascularcondition.

Naturally, sincethis kind of medicalimageprocessingis usuallya complicated
and resourceintensive task, additionalcomputationalresourcesare needed. The
VRE containsan ef�cient parallel computationalhemodynamicssolver [19] that
computespressure,velocities,andshearstressesduringa full systolicperiod. The
simulatoris basedontheLattice­Boltzmannmethod(LBM), amesoscopicapproach
for simulating�uid �o w basedon thekinetic Boltzmannequation[20]. To convert
themedicalscansinto LBM meshes,theraw medicaldatais �rst segmentedsuchthat
only thearterialstructuresof interestremainin thedata.Thesegmenteddatais then
convertedinto ameshthatcanbeusedby theLBM solver;boundarynodes,inlet and
outlet nodesareaddedto the Grid usinga variety of imageprocessingtechniques.
Thesimulatorgeneratesthepatientblood�o w parametersusingGrid resources.In
orderto allow for parallelexecution,thesimulationvolumeis divided into several
sub­volumes,andeachsub­volumeis processedconcurrently[21]. For visualization
the VRE usesa semi­immersive 2­dimensionalwall as a projectionenvironment
[22, 23, 24].

TheVRE systemusesa virtual reality environmentwherethepatient's dataob­
tainedfrom theimagingmodalityis visualizedasa 3D stereoscopicimage,together
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with the graphicalinterpretationof the simulationresults[25]. A usercan then
manipulatethe 3D imagesof arteries,patient's body andblood �o w structuresin
virtual reality, anenvironmentwhereusersinteractfreely in a3D spacewith entities
within it. Theworkingprototypeof theVRE isprovidedwith amulti­modalinterface
describedin [26].

1.2.2 UsageScenario

Oncewedesignedandspeci�edtheGrid architecture,weconsiderthefollowingsce­
nario(Figure1.2): a patientwalksinto a MedicalCenterscanningroomsomewhere
in Europeto gethis blood�o w measured,thetechnicianscanstheabdominalaorta
area,andtheresultingimageis storedin theradiologyinformationsystemrepository
or PictureArchiving andCommunicationsSystem(PACS),to bepre­examinedand
segmented.Later, a physician(user)somewhereelse(e.g.,in Amsterdam)logsinto
the CrossGridMigrating Desktop(MD) Grid portal usinghis Grid certi�cate and
privatekey. Theuserchecksif therearesegmentedor non­segmentedmedicaldata
setsreadyfor analysisandsimulationin oneof thevirtual nodesto work with them
locally, andsecurelytransfersa few. The userthen startsthe DesktopVREfrom
within theportal,loadsthesegmentedmedicaldata,selectsaregionof interest,crops
image,addsa bypass,andcreatesa LBM mesh. The userselectsthe biomedical
applicationicon within the portal (parametersand �les are taken from user's pro­
�le), andsubmitsthe job to theCrossGrid,to thenearest/mostadequateCE in the
Grid, usinga replicamanagerservice.Theusermaythencheckjob submissionor
simulationprogressvia theportal. After thejob hasbeencompleted,thevelocities,
pressure,andshearstressare transferredto the local SE or to the appropriatevi­
sualizationengineto be renderedandreviewed by the user. This scenarioimplies
downloadingtheportal,from PoznanSupercomputingandNetworking Center, to a
local roamingstorageelement;secureaccessto the testbed;virtual explorationof
availableSEsthroughouttheGrid; securedatatransferfrom animagerepositorySE
(LeidenMedical Center);the preparationof thedatafor theblood �o w simulation
within theDesktopVREversionof thebiomedicalapplication;job submissionto the
LBM solvervia theRB,atLisbonInstrumentationandExperimentalParticlePhysics
Laboratory;andvisualizationof thesimulationresultsusingthevisualizationtools
from JohannesKeplerUniversityLinz. All processesaretransparentto theuser. For
moredetailson integrationof thevisualizationserviceinto thetestbed,we referthe
readerto [27].

1.2.2.1 Medical Image Segmentation Oncemedicalimagesareacquired,e.g.,
by magneticresonanceangiography(MRA), the datais storedin a medicalimage
repositoryfor further analysis.Next, advancedimagesegmentationtechniquesare
applied: theaccurateassessmentof thepresenceandextentof vasculardiseasere­
quiresthedeterminationof vesseldimensions.For this, a methodfor automatically
determiningthetrajectoryof thevesselof interest,theluminal boundaries,andsub­
sequentthevesseldimensionshasbeendevelopedby theDepartmentof Radiology,
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Fig.1.2 Dataandprocess�o w in theVREenvironment,whereaGrid­basedvirtualsimulated
environmentis usedto accessmedicalimagedata,visualizeit, andexplore patientvascular
condition; herethe Grid­basedprocess�o w allows for naturalmappingto the userprocess
�o w
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LeidenUniversityMedical Center(LUMC) [28]. This way, relevant3D structures
suchasarteries,areextractedfrom theraw data.

TheGrid portalweuseenablestheuserto accesstheGrid resourcesfrom roaming
machineslike stand­alonePCs,notebooksor desktopworkstations. It allows run­
ning applications,managingdata�les, andstoringpersonalsettingsindependently
of thelocalizationor theterminaltype. UsersmayhandleGrid andlocal resources,
run applications,managedata �les, and storepersonalsettings. The portal pro­
vides a front­endframework for embeddingsomeof the applicationmechanisms
and interfaces,and facilitatesthe uservirtual accessto Grid resourcesfrom other
computationalnodes.Accessto theCrossGridtestbedis basedonglobusGrid secu­
rity infrastructure(GSI).GSI usespublickey encryption,X.509certi�cates,andthe
securesocketslayer(SSL)communicationsprotocol. Extensionsto thesestandards
have beenaddedfor singlesign­onanddelegation. The GSI providesa delegation
capability, with anextensionof thestandardSSLprotocolto reducethenumberof
timestheusermustenterhispassphrase.If aGrid computationrequiresthatseveral
Grid resourcesareused(eachrequiringmutualauthentication),or if thereis a need
to have agents(local or remote)requestingserviceson behalfof a user, theneedto
re­entertheuser'spassphrasecanbeavoidedby creatinga proxy.

Averagetransfertimesfor themedicalimagedata,oncetaking into accountthe
Globuscachingmechanism,did notvarymuchabove400msfor thesmallersize�les
andnomorethan850msfor thelargersize�les.

The segmentationstep is connectedto the DesktopVRE­basedreconstruction
of a 3D model of an artery. A geometricalmodeling tool allows the interactive
manipulationwith 3D geometryand procedures,suchas the clipping operation,
editingof LBM mesh,handlingof problematicareasandinteractive placementof a
bypass(Figure1.3).

1.2.2.2 SimulationJobSubmission Within theportal,application­speci�cinfor­
mationcanbedescribedusingextensiblemarkuplanguage(XML) schema.In order
to integratevisualizationlibrariesinto thecomputationalGrid testbed,wecreatedand
postedapplicationXML schematafor jobsubmission,tobedynamicallylinkedto the
portalvia a job submissionwizard. ThenXML stylesheettransformations(XSLT)
is usedin orderto transformtheschemasinto appropriateXHTML. Theportalsends
thejob requestto theRAS,whichthenis sentto ajob submissionservice,whichthen
sendsthejob to a RB andlogsall operations.TheRB startsa job on thetargetCE.
Beforethe job is started,a job submissionscript downloadsall necessary�les for
simulationfrom a virtual node.Within theportal,we usetheEDG replicamanager
for replicationservices,which allows oneto copy �les into Grid storage,register
�les, replicate�les betweenSEs,deleteindividual replicas,anddeleteall replicasof
a particular�le.

Gridmonitoringin CrossGridincludesservicesfor applicationmonitoring,aswell
asservicesfor monitoring instrumentsand infrastructure. Application monitoring
is substantiallydifferentfrom monitoringinfrastructureandinstruments,soseparate
approachesareoffered,with applicationmonitoringaimedat observinga particular
executionof an application. The collecteddatais useful for tools for application
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Fig. 1.3 Segmenteddatarendering,bypasscreation,andLattice­Boltzmannmeshcreation
in the2D DesktopVirtual RadiologyExplorer;theLBM mesheditingalsoallows indicating
boundaryconditions
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Fig. 1.4 Simulationmonitoringvia theCrossGridlight­weightportal,basedonanEnterprise
InformationPortal,usingJava andXML, andinterfacingwith a light­weightPersonalDigital
Assistant(PDA)

developmentsupport,whichareusedto detectbugs,bottlenecksor justvisualizethe
application'sbehavior, in thecontext of aparticularexecution.For ourpurposes,we
usetheMD portalandCrossGridlight­weightportalcapabilitiesfor monitoringjob
submission(Figure1.4).

We integratedmoreadvancedapplicationmonitoringandperformanceprediction
tools, aswell as �ne­grain infrastructuremonitoring to allow for more interactive
usageof collectedinformation.Theapplicationmonitoringinfrastructuredeveloped
in the CrossGridis the Grid­basedOMIS­compliantMonitoring (OCM­G) [29], a
distributeddescentralized,autonomoussystemthatrunsasapermanentGrid service.
It provides monitoring servicesaccesiblevia a standardizedinterface,to be used
by visual tools suchas Grid­PerformanceMonitoring (GPM)[30]. We useGPM
extensively(Figure1.5)tode�neourownperformancemetricsandalsotoaccessaset
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Fig. 1.5 Simulationmonitoringof the blood �o w simulationin the CrossGrid,via OCM­
G/G­PM: graphsshowing communicationdelay per iteration or percentageof time which
the solver spendsin communicationroutinesin one iteration, at 2 different time­scalesof
simulationwithin 5 and7 minutesof running time (x­axis) anddelay (y­axis). The �gure
identi�es a two­fold jump in amountof time in communicationat 5.4 minuteson theshorter
time scale,which continueson thelargertime scaleandpointsout to possiblebottleneckson
kernelperformance

of �x edones,andto handletheprocessof measuringtheperformanceproperties.We
alsouseGridBench[31], a tool developedto administerbenchmarkingexperiments,
publishtheir results,andproducegraphicalrepresentationsof their results.

After jobs have beencompleted,theusercanthensubmitthe resultsfor visual­
izationon theGrid usingGrid visualizationtools,eitherto anywherein thenetwork
or to speci�c CE wherethesimulationhasrun, to avoid largedatatransfers.Finally,
visualizationresultsaretransferredto theVRE to berenderedandreviewedby the
user.

Weaddressthecombinationof Grid applicationsandcorrespondingvisualization
clientson the Grid. While Grids offer a meansto processlarge amountsof data
acrossdistantresources,visualizationaids in understandingthe meaningof data.
For this reason,visualizationcapabilitiesuseGlobus services,therebyproviding
Grid visualizationservicesvia dedicatedinterfacesandprotocolswhile at thesame
time exploiting theperformanceof theGrid for visualizationpurposes.A resource
intensive moduleof thevisualizationpipelineis instantiatedon a high­performance
computer. Then,thevisualizationpipelineon a graphicsworkstationconnects(via
re­directionthroughtheportal service)to this module,usesthepower of thehigh­
performancecomputerto generatethe visual results,and downloadsthem to the
visualizationdevice. We createdlinks within the MD portal for initialization of
thevisualizationclient application,andexperimentedwith renderingthe �o w both
remotelyandlocally in theaccessstorageelement.This way, remotevisualization
andlocal renderingarefully linkedvia theportal,for �nal rendering.
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1.3 INDIVIDU ALIZED BIOMEDICAL E­SCIENCE

Computerscienceprovidesthe languageneededto studyandunderstandcomplex
biomedicalsystems.Computersystemarchitecturesre�ect thesamelaws andorga­
nizingprinciplesusedto build individualizedbiomedicalsystems,whichcanaccount
for variationsin physiology, treatment,anddrugresponse.

Ontheotherhand,closingthecomputationalgapin systemsbiologyrequirescon­
structing,integrating,andmanagingaplethoraof models.A bottom­up,data­driven
approachdoesnotwork in thiscase.Integratingoftenincompatibleapplicationsand
tools for dataacquisition,registration,storage,provenance,organization,analysis,
andpresentationrequiresusingWebandGrid services.Oncethecomputationaland
integrationchallengesareadressed,we needa system­level approachto closethe
collaborationandinteractiongap[32]. Suchanapproachinvolvessharingprocesses,
data,information,andknowledgeacrossgeographicandorganizationalboundaries
within the context of distributed, multidisciplinary, and multi­organizationalcol­
laborative teams,or virtual organizations.Thesemethodsdynamicallystreamline
and,mostimportantly, individualizescienti�c data�o w processesdependingontheir
availability, reliability, andthespeci�c interestsof medicaldoctors,surgeons,clinical
experts,researchers,andotherendusersWe call this a moleculeto manapproach
(Figure1.6).

1.3.1 The Vir oLab Collaboratory

Duringthepastdecade,researchershavemadesigni�cantprogressin treatingpatients
with viral diseases.Effective antiretroviral therapy hasleadto sustainedHIV viral
suppressionand immunologicalrecovery in patientswho have beeninfectedwith
thevirus. Adherenceto antiretroviral treatment,therefore,remainsthecornerstone
of effective treatment,andfailure to adhereis thestrongestpredictorof virological
failure. Long­termtherapy can leadto metaboliccomplications. Other treatment
optionsarenow available,with therecentintroductionto clinical practiceof fusion
inhibitors,second­generationnonnucleosidereversetranscriptaseinhibitors,andnu­
cleotidereversetranscriptaseinhibitors. However, in orderto completelysuppress
thevirus,patientsmusttakeacombinationof at leasttwo of thefour differentclasses
of antiretroviral drugs[33]. Nevertheless,in a signi�cant proportionof patientsthe
drugsfail to completelysuppresstheviral disease,resultingin therapidselectionof
drug­resistantvirusesandlossof drugeffectiveness.Thiscomplicatestheclinician's
decisionprocess,sinceclinical interpretationis basedondatasetsrelatingmutations
to changesin drugsensitivity andrelatingmutationspresentin thevirus to clinical
responsesto speci�c treatmentregimens.

In recentyears,researchershavedevelopedseveralgenotypicresistance­interpretation
tools thathelpcliniciansandvirologistschooseeffective therapeuticalternativesto
address,e.g., genotypicresistanceinterpretation. Furthermore,applying arti�cial
intelligenceandcomputationaltechniqueshasresultedin the developmentof spe­
cializedcomputer­basedDecisionSupportSystems(DSSs).Recentdevelopmentsin
distributedcomputingfurtherallow thevirtualizationof thedelugeof availabledata,
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Fig. 1.6 Data �o w model in ViroLab, showing the model for predictionof the temporal
behaviour of the immunesystemto drug therapy aimsto qualitatively correspondto clinical
data. The multiscaleapproachfrom micro parameterssuchasproteasemutationsto macro
resultsat theclinical level gothroughprimary, interventionalandmetavirologicalparameters,
assupportedby theVirtual Laboratory



INDIVIDU ALIZED BIOMEDICAL E­SCIENCE xiii

computationalandsoftwareresourcesrequiredby complex e­Science.ViroLab[34]
is an internationalcollaborative laboratorywhich goal is to provide suchvirtual
laboratorywhereresearchersand medicaldoctorshave easyaccessto distributed
simulationsandcanshare,process,andanalyzevirological,immunological,clinical,
andexperimentalinfectiousdiseasedata[35]. Currently, virologistsbrowsejournals,
selectresults,compilethemfor discussion,andderive rulesfor rankingandmaking
decisions.

ViroLab's Grid­basedDSSfor infectiousdiseasesconsistsof modulesfor indi­
vidualizeddrug rankingin humanimmunode�ciency disease.It offerscliniciansa
distributedvirtual laboratorysecurelyaccessiblefrom their hospitalsandinstitutes
throughoutEurope.

1.3.2 SystemRequirements

ViroLab'sresearchgoalis to investigatenovelcomputationalmethodsandtechniques
thatsupportthedevelopmentof asecureanduser­friendly integrateddecisionsupport
systemfor physicians.WeuseemergingGrid technologyto combinedatadiscovery,
datamining,statisticalanalyses,numericalsimulationandresultspresentation.

Someof themaintechnicalrequirementsfor building sucha systeminclude:

� ef�cient datamanagement

� integrationandanalysis
� errordetection

� recoveryfrom failures
� monitoringandloggingfor process�o ws

� distributedexecutionof data­andcompute­intensivetasks
� visualizationandimageprocessingon thedatathroughtheanalysissteps

� metadata­baseddataaccess,authentication,andauthorization

For the systemto supportGrid­baseddistributeddataaccessandcomputation,
virtualizationof its componentsis important. ViroLab includesadvancedtools for
biostatisticalanalysis,visualization,modeling,andsimulationthatenableprediction
of the temporalvirological and immunologicalresponseof viruseswith complex
mutationpatternsfor drugtherapy [36, 37].

1.3.2.1 DecisionSupportSystem A DSSanddataanalysistoolsareat thecenter
of theViroLab distributedcollaboratory. Suchtoolsmayestimatethesensitivity for
availabledrugsby interpretingapatient'sgenotypeusingmutationalalgorithmsthat
expertsdevelopedbasedon scienti�c literature,taking into accountthe published
datarelatinggenotypeto phenotype.Thisway, rankingsarealsobasedondatafrom
clinical studiesof therelationshipbetweenthepresenceof particularmutationsand
theclinical or virological outcome.

A numberof bioinformaticssoftwareprogramshave beendevelopedin the last
few yearsto supportbioinformaticsdecisionmaking in clinical environments. A
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coupleof examplesof suchsystemsaretheVirtual Phenotype(developedby Virco
NV)1, andRetrogram(developedby Virology NetworksBV2). Theoutputof these
programsconsistsof a predictionof the drug sensitivity of the virus, generatedby
comparingtheviral genotypeto a relationaldatabasecontaininga largenumberof
phenotype­genotypepairs. The Retrogram3 decisionsoftware, in particular, inter­
pretsthegenotypeof a patientby usingrulesdevelopedby expertson the basisof
the literature,taking into accountthe relationshipof the genotypeand phenotype
[38]. In addition,it is basedon (limited) availabledatafrom clinical studiesandon
the relationshipbetweenthe presenceof genotypedirectly to clinical outcome. It
is importantto note,however, that thesesystemsfocuson biological relationships
andarelimited to the role of resistance.The next stepis to useclinical databases
andinvestigatetherelationshipsbetweentheviral resistancepro�le (mutationalpro­
�le and/orphenotypicdata)andtherapy outcomemeasuressuchasamountof virus
(HIV­RNA) andCD4+cells.

In DSSslike the Retrogram,the primary goal of the dataanalysisis to identify
patternsof mutations(or naturallyoccurringpolymorphisms)associatedwith resis­
tanceto antiviral drugsand to predict the degreeof in­vitro or in­vivo sensitivity
to availabledrugsfrom an HIV geneticsequence.The statisticalchallengesin do­
ing suchanalysesarisefrom the high dimensionalityof thesedata. A variety of
approacheshavebeendevelopedto handlethis typeof data,includingclustering,re­
cursivepartitioning,andneuralinformatics.Neuralinformaticsis usedfor synthesis
of heuristicmodelsreceivedbymethodsof knowledgeengineering,andresultsof the
formalmultivariatestatisticalanalysisin uniformsystems.Clusteringmethodshave
beenusedto groupsequencesthat areneareachotheraccordingto somemeasure
of geneticdistance:onceclustershavebeenidenti�ed, recursivepartitioningcanbe
usedto determinetheimportantpredictorsof drugresistance,asmeasuredby in­vitro
assaysor by patientresponseto antiviral drugs.

1.3.2.2 Interactivity and ProcessFlow The availability of Grid infrastructures
andtoolsfor interactiveapplicationspresentsanimportantresearchopportunity. For
bioinformaticscollaboratorywork we build onpreviouseffortswherewe developed
a uni�ed approachfor running interactive distributed applicationson the Grid by
providing solutionsto thefollowing issues:

� automaticportingof applicationsto Grid environments

� userinteractionservicesfor interactive startupof applications,online output
control,parameterstudy, andruntimesteering

� advanceduserinterfacesthatenableeasyplug­inof applicationsandtools,like
interactiveperformanceanalysiscombinedwith onlinemonitoring

� schedulingof distributedinteractiveapplications

1http://www.vircolab.com/
2http://www.vironet.com/
3RegisteredTrademarkUniversityof Amsterdam:no. 713908
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� benchmarkingandperformanceprediction

� optimizationof dataaccessto differentstoragesystems

In ViroLab, an importantissueis for usersto beableto registerandpublishde­
riveddataandprocessesandto keeptrackof theprovenanceof information�o wing
throughthegeneratedpipelines,aswell asaccessingexisting (patientandscienti�c
literature)dataandacquiringnew datafrom scienti�c instruments.Thesedomain­
independentfeaturescanthenbecustomizedby addingdomain­speci�ccomponents
andsemanticannotationof thecomponentsanddatabeingused.In orderto automate
theconstructionof process�o w applications,thesystemneedsto generateontolog­
ical descriptionsof services,systemcomponents,andtheir infrastructure[39, 40].
Semanticdatais usuallystoredasa registry thatcontainsWebOntologyLanguage
(OWL) descriptionsof serviceclassfunctionality, instanceproperties,andperfor­
mancerecords. The userprovidesa set of initial requirementsaboutthe process
�o w use,thenthesystembuildsanabstractprocess�o w usingtheknowledgeabout
services'functionality that serviceprovidershave suppliedto the registry. Subse­
quently, the systemmustapply semanticinformationon serviceproperties,which
resultsfrom analyzingthemonitoringdataof servicesandresources,to steerrunning
process�o wsthatstill havemultiplepossibilitiesof concreteWebserviceoperations.

The systemcan selectthe preferableserviceclassby comparingsemanticde­
scriptionsof theavailableservicesclassesandmatchingtheclasses'featuresto the
actualrequirements.ViroLabuserscanthereforeverify andidentify thedata'sorigin
andrerunexperimentswhenrequired.ViroLab extendsthis featureby categorizing
the level of information,including the dataandprocess�o ws. The collecteddata­
provenanceinformationisarchivedin ViroLab'sportalandaccessiblethroughsearch
anddiscoverymethods.

1.3.2.3 Virtual Organization Grid computingis basedon thecentralconceptof
distributedVirtual Organizationsthat spanmultiple trust domains. Trust in Grids
is commonlyestablishedvia a Public Key Infrastructure(PKI): every entity in the
systemis issuedwith a "certi�cate" that links an identi�er to a pieceof unique
cryptographicdata.

In Virolab we developeda distributedvirtual organisationthatbindsthevarious
componentsof thedistributedVO. This bindinglayerspansa numberof geograph­
ically separatedphysicalinstitutionsacrossEurope,including �v e hospitals.Viro­
Lab's VO­basedsecurityinfrastructureis basedon Grid middleware and a set of
interfacesprovidinguser­friendlyandtransparentaccessto theViroLabapplications,
within a Grid portal.

Security is, naturally, an important concern. The sensitive natureof clinical
patientdata,togetherwith concernsthat dataand resourcesbe madeavailable in
a timely fashionto just thosewho are authorizedto accessthem, is supportdby
Grid authenticationand authorizationcomponentswhich spanall aspectsof the
infrastructure.It is importantto note,though,that in ViroLab Grid securitypolicy
de�nition is left to the local owner's trust policy. VO memberswith accessto the
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VOsresourcescanthereforeuseandsharedistributedresourcessecurely, leveraging
single­signon.

Maintainingcon�dentiality is importantin thedevelopmentof monitoringproto­
colsandprocedures.Therefore,in ordertoguaranteepatientcon�dentiality, database
accessis limited andanonymized,especiallyin thecaseof overview in which HIV
resultscanbelinkedto individuals.In thiscasesuchoverviewsaredestroyedassoon
asrelevantdatahavebeenretrieved.

1.3.3 SystemAr chitecture

TheViroLab system's designguaranteestheinteractionbetweena userandrunning
applications,similar to methodsusedin real experiments,so the usercanchange
a selectedsetof input dataor parametersat runtime. For instance,undera typical
usagescenarioin ViroLab:

� a scientistfrom a clinical andepidemiologicalvirology laboratoryin Utrecht,
Netherlandssecurelyaccessesvirus sequence,aminoacid,or mutationsdata
from ahospitalAIDS labin RomeusingGrid technologycomponentsrunning
in Stuttgart,Germany.

� the scientistappliesquality indicatorsneededfor data­provenancetracking
usingprovenance­servercomponentsrunningin Krakow, Poland.

� researchersusethis datais usedasinput to (moleculardynamics)simulations
andimmunesystemsimulationsrunningonGridnodesthatresideatUniversity
CollegeLondonandtheUniversityof Amsterdam.

� thevirtualizedDSSautomaticallyderivesmetarules.

� intelligentsystemcomponentsfrom Amsterdamuse�rst­order logic to clean
rules,identify con�icts andredundancy, andchecklogical consistency.

� thescientistvalidatesnew rulesthatthesystemautomaticallyuploadsinto the
virtualizedDSS.

� thesystempresentsa new ranking.

We next elaborateon ViroLab's Grid­basedarchitecturedesign,in termsof the
system'svirtual laboratory, presentationandvirtualizationviewpoints(Figure1.7).

Our system's architectureis basedon the Grid conceptof distributed virtual
organizations(VOs),whichhasavirtualizeddecisionsupportsystematitscore,anda
pervasiveGrid infrastructurethatprovidesPKI securityaccess.Wedistinguishabase
Grid Resourceslayer, wherecomputational(computingelementswithin hospitalsor
researchcenters)anddataresources(storageelementswhereindividualpatientdata,
medicalknowledgedata,intermediateexperimentaldata,andsoforth) isarchived. On
topof thislayer, avirtual laboratorycomponentencapsulatestheruntimesystemthat
interactswith thecollaborationanddataaccesscomponentsviaasessionmanagerthat
handlesasweeltheprovenancecomponents.Finally, anapplicationandpresentation
layerscontainthe userinterfacesandindividual applicationinterfacesto eitherthe
corerule­basedsystemusedfor initial decisionsupportandranking,or thescienti�c
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Fig. 1.7 ViroLab systemarchitecture;distributedresources(computingelements,data,and
storage)thatthebiomedicalapplicationsusearecoordinatedwith theGrid middlewareanda
virtualizedruntimesystem.Resourcesareautomatedandvirtualized,andtheresultingdatais
fed to anonymizing components,aswell asdirectly to theDecisionSupportSystem
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tools for the enhancementof suchrankings. We next elaborateon the different
componentsandtheir functionalities.

1.3.3.1 Virtual Laboratory In orderto cover the temporalandspatialscalesre­
quiredto infer informationfrom a molecularlevel up to patientmedicaldata,multi­
scalemethodsareappliedin ViroLab,wheredistributedsimulation,statisticalanal­
ysisanddataminingarecombinedandusedto enhancethebaserule­baseddecision
process.In this scenario,resourcesarewidely distributed,andthe dataprocessing
requirementsarehighly variable,both in the type of resourcesrequiredandcom­
putationalprocessingdemands.Experimentdesign,integrationof informationfrom
varioussources,aswell astransparentschedulingandexecutionof experimentsis
initially supportedby the DAS2 testbedin The Netherlands,providing additional
computationalpower for computationalintensive jobs. We reuseGrid middleware
from successfulEuropeanprojectsto provide basicGrid servicesfor datamanage­
ment,resourcemanagement,andinformationservicesontopof Globusmiddleware.

In orderto supportsuchadistributeddecisionsupportinfrastructure,westartwith
VOsupportfor aDSS­centeredprototype.Here,usersareassistedbyrulesdeveloped
by expertson the basisof available literature,taking into accountthe relationship
betweenrelevantgenotypeandphenotypedata.WeextendthismonolithicbaseDSS
by virtualizing its basicbuilding blocks,anddistributing the relevant components
anddatafrom clinical studiesacrosstheVO.

1.3.3.2 Presentation In the initial designphaseswe aim to maintainthe same
level of usability andreadabilityasthe original Web versionof the DSSinterface.
Thisisaccomplishedbymaintainingthesamestructure,butwith somemodi�cations.
A Proxymethodis implementedfor accessingtheweb­basedsoftwarefrom mobile
devicesaswell, wherethe Proxy server actsbetweenthe remoteserver (the DSS)
anda mobile device. Here,a navigation script in the Proxy is responsiblefor the
following:

� take the patient data from the mobile user (i.e. patient detail, laboratory
information)

� createanHTTPcommunicationwith theremoteserver
� submitdatato theremoteserver
� take theresultfrom theremoteserver
� parseHTML codeandretrieve only relevant information(i.e. drug ranking,

errormessages,drugreferencesetc.)
� sendthewirelesspagesto themobiledevice

In theinitial Webversion,theProxyis implementedusingahypertextpreprocessor
as a server­site scripting languagerunning on the Web server (Figure 1.8). Two
versionsaredevelopedusingtheProxymethod:WAP versionandwebclipping. If
a userwantsto enterthepatientdetails�elds, hehasto movefrom onescreento the
otherandcomebackagain. The�elds already�lled in thepreviousscreensshould
notbelost.
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Fig. 1.8 WebRetrogram:Userenterspatientsubstitutionsin orderto getdrugrankingresults
by login into theinterface,accessingpatientdetailandlaboratoryinformation,andaccessing
theDSSfor drugrankingandinterpretation,courtesyof P.M.A. Sloot,A.V. Boukhanovsky, W.
Keulen,A. Tirado­RamosandC.A. Boucher, "A Grid­basedHIV ExpertSystem",Journalof
Clinical MonitoringandComputing, October2005,vol. 19,nr. 4­5,pp. 263­78
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For ViroLab, an extra layer of Grid servicesis implementedin order to allow
accessto bothapplicationsandresourcesvia a Grid portal. Theportalservesasthe
centralaccesspointwhereusersareauthenticatedusingsinglesign­on,andprovides
directaccessto thevirtual laboratoryinfrastructure,runtimesystemandcollaboration
support. Our aim is that theportal is basedon standardportlet technologies,using
a setof portletwebapplicationsthat collaboratewithin the framework andsupport
standardGrid security. We initially leveragethesupportfor Grid integrationof the
GridSphereportalframework. In GridSphere,a collectionof Grid portletsprovided
asadd­onmodulesformacohesiveend­userenvironmentfor managingusers,groups
andsupportingremotejobexecution,�le stagingandprovidingaccessto information
services.GridSphereprovidestwo portlet implementations;oneis the JSR168de
factoportletAPI standardandtheother isbasedupontheIBM WebSpherePortletAPI.
GridSpheresupportsthe developmentof re­usableportletsandportlet services. It
includesasetof coreportletsandportletservicesthatprovidethebasicinfrastructure
requiredfor developingandadministeringWebportals.

1.3.3.3 ApplicationandResourceVirtualization ViroLabinfrastructureprovides
virologistswith anadvancedenvironment tostudytrendsonanindividual,population,
andepidemiologicallevel. Thatis, by virtualizingthehardware,computeinfrastruc­
ture, anddatabases,the virtual laboratoryoffers a user­friendly environment,with
tailoredprocess�o w templatesto harnessandautomatesuchdiversetasksasdata
archiving, integration,mining,andanalysis;modelingandsimulation;andintegrat­
ing biomedicalinformation from viruses(proteinsand mutations),patients(viral
load),andtheliterature(drug­resistanceexperiments).

In ViroLab we needaccessto different typesof dataresourcesvia Grids. In
order to achieve this goal, we provide a way of querying,updating,transforming
anddeliveringdatavia web servicesin a consistent,independentway. In orderto
automatearchiving, integration,mining,aswell astransparentaccessto applications,
we work with metadataandthedataresourcesin which this datais stored,accessed
via webservicesthatcanbecombinedto provide higher­level servicesthatsupport
Grid­baseddatafederationanddistributedqueryprocessing.

We approachvirtualization by allowing data and applicationresources,to be
accessedvia webservices.Thatis, awebserviceallowsdatato bequeried,updated,
transformedand delivered,while integrating the datavia servicesto clients. In
ViroLab we usetheOGSA­DAI webservicesmodel,whichcanbedeployedwithin
a Grid environment.Thisallowsusto Grid­enablethedistributeddataresources.

1.4 DISCUSSIONAND SUMMARY

With theincreasingavailability of geneticinformationandextensivepatientrecords,
researcherscannow studydiseasesfrom the DNA level all the way up to medical
responses. Resolvingthe long­standingchallengesof individual­based,targeted
treatmentsis comingwithin reach.It is necessaryto provide integratingtechnology
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to themedicaldoctorsandresearchersbridgingthegapsin multiscalemodels,data
fusion,andcross­disciplinarycollaboration.

With the�rst casestudywe showeda framework for rapidprototypingof explo­
rationenvironmentsthatpermitsusersto exploreinteractively thevisualizedresults
of a simulation,and manipulatethe simulationparametersin nearreal­time. We
introduceda genericarchitecturalrequirements,de�ned a genericcomponent­based
softwarearchitectureandits abtractinteractions,andidenti�ed a speci�c usecase
for validationof thearchitecture.

The secondand main casestudypresentedhereconsistsof a decisionsupport
systemcomparespatients'viral genotypeto adistributedrelationaldatabasecontain­
ing a largenumberof phenotype­genotypepairs. Thedecisionsoftwareinterpretsa
patient'sgenotypeby usingrulesdevelopedby expertson thebasisof theliterature,
takinginto accounttherelationshipof thegenotypeandphenotype.In addition,the
outputisbasedonavailabledatafromclinical studiesandontherelationshipbetween
thepresenceof genotypeandtheclinical outcome.

We have showed how in the understandingof processesfrom bioionformatics
to heathinformatics,from moleculeto man,distributedcomputingin generaland
Grid technologyin particularcan play a crucial role. We found that in order to
coverthehugetimeandspatialscalesrequiredto infer informationfrom amolecular
(genomic)level up to patientmedicaldata,we needto apply multi­scalemethods
wheresimulation,statisticalanalysis,data­miningis combinedin an ef�cient way.
Moreover, suchrequiredintegrative approachrequiresdistributed datacollection
(e.g. HIV mutationdatabases,patientdata, literaturereports,etc.) and a virtual
organization(physicians,hospitaladministration,computationalresources,etc.) to
supportit. Theaccessto anduseof large­scalecomputation(bothhighperformance
aswell asdistributed)is essentialsincemany of thecomputationsinvolvedrequire
nearreal­timeresponseandareto complex to runonapersonalcomputeror personal
digitalassistant.Furthermore,datapresentationiscrucialin orderto lowerthebarrier
of actualusageby thephysicians,heretheGrid technology(server­clientapproach)
canplayanimportantrole.

For futurework,wewill workonenhancementstothecurrent testbedlikescienti�c
collaborationsupport,as requiredto processthe variety of dataand information
generatedfrom a numberof ViroLab applicationsas well as dataproviders and
hospitals. For instance,in addition to the basicrequirementsof voice and video
supportbetweenscientists,we will work on scienti�c collaborationsupportfor the
sharingof drugrankings(currentrankingsandnew rankingsresultingfrom thenew
applications),collaborative validationof drug rankings(oncevalidation of a new
rankinghasbeenperformed,usersmaywantto discussandsharetheir �ndings with
relevantstakeholders),andfeedbackfrom expertsvia links to thework�o w engine
(collaborationtools may allow the direct and instantcommunicationwith experts
duringandat all stepsof scienti�c work�o w execution).
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