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A M - Virtual reality (V~ has typicallytypically foundfound opplicationsappucaJions ininAbstract - RrIual reolity (VR) hos 
industrial~al ropidrapid prototypingprototyping ond odvonced scienifuadvanced scumtiftcdesign,design,	 and 
visualization. InIn this paper, wewe investigate thethe useuse ofof VR/or multivisualization thispoper, invesIigate VRfor d i -

doto integrnfion attempf demonsfratethat m&.ksensorsensor dola integration. WeWe aJtempt toto demonstraJe thaJ multiple 
datadata typestypes -- grophicol, functwnolfunctional andond measurementmeosuremnl con bebegraphical,	 can 

o VRVR environmentenvironment phtformeffectivelyeffectively combinedcombined insideinside ofof a ThisThis platform 
allows thethe usee toto rapidlyrapidly sift throughthrough large and complexcomplex dola setsd o w s  user si/r hrge ond dolo se& 
ond isohteand isolate featuresfeatures ofof interesfinterest Furthermore,FurthernuJre, YRYR environmentsemironme& 
con mode evolve dola ond -thisthiscan bebe made toto e:volve basedbased onon systemsystem data and useruser inputinput 
provider obilily Io dcvelopscenarios thaI con be usedprovides thethe ability to develop scenaei~ that can be.used toto mokemoke 

decisions Res& demonstrating effeediveness thisinformedinformed decisions. Results demonstratmg thethe effechveness ofofthIS 
npprooch ore shownshown thethe e x ~ l p l eofof mlti-sensormulti-sensor gasgosapproach are usingusing exompk 
transmission pipelinepipeline inspection. This workwork isis supported inin part bybytrmmission inspection Tlris supporied port 

NationolScience Foundolion U0216348thethe National Science Foundation awardaward #0216348. 

I.I. INTRODUCTIONINTRODUCTION 

AsAs modemmodern industrialindustrial systemssystems evolveevolve towardstowards complexcomplex 
strucrures senson,structures consistingconsisting ofof multiplemultiple heterogeneousheterogeneous sensors, therethere 
isis anan urgenturgent needneed toto developdevelop protocolsprotocols forfor integratingintegrating multi
sensorsensor data.data. ThereThere havehave beenbeen severalseveral attemptsattempts atat developingdeveloping 
comprehensivecomprehensive toolstools forfor multi-sensormulti-sensor datadata fusion,fusion, mostmost 
notablynotably thethe modelmodel developeddeveloped byby thethe UnitedUnited StatesStates JointJoint 
DimtorsDirectors ofof LaboratoriesLaboratories [l]. 

multi-

(JDL)(JDL) DataData FusionFusion GroupGroup [1]. 
Aaifcial neuralneural networksnetworks havehave alsoalso emergedemerged asas primeprimeArtificial 
candidatescandidates forfor fusingfusing datadata obtainedobtained fromfrom multiplemultiple sensorssensors [2]. 

thethe	 samesame time,time, v i m  realityreality (VR)(VR) plaifom 
[Z]. 

AtAt	 virtual platforms havehave 
signifcant temundergoneundergone significant evolution,evolution, bothboth inin terms ofof easeease ofof useuse 

andand varietyvariety ofof applications.applications. VRVR isis beingbeing routinelyroutinely usedused forfor 
industrialindustrial design,design, rapidrapid prototyping andand advancedadvanced scientificscientificprototyping 
visualization. InIn scientificscientific visualization applications,applications, VRVR isisv i sua l ion .  visnaliition 
oftenoften timestimes aa final process,process, usedused solelysolely forfor thethe purposepurpose ofofhnal 

displaydisplay [3].[3]. ThisThis paperpaper proposes aa methodmethod byby whichwhich aa virtualvirtual 

environment· notnot onl~ superior
pmpses

realityreality environment only affordsaffords	 superior. datadata 
integrationvisualization,visualization, butbut isis alsoalso thethe vehiclevehicle forfor datadata tntegration forfor 

informationinformation obtainedobtained fromfrom severalseveral modalities.modalities. WhenWhen datadata isis 
integratedintegrated inin aa virtualvirtual environmentenvironment aa useruser thenthen hashas thethe abilityability 
toto immenively [4].[4].imrnersively navigate,navigate, andand interactinteract withwith thethe datadata 
Additionally,Additionally, thethe worldworld cancan evolveevolve overover timetime toto allowallow thethe 
useruser toto interactivelyinteractively evaluateevaluate variousvarious scenarios.scenarios. 

OneOne specificspecific application,application, nondestructivenondestructive evaluationevaluation (NDE)(NDE) 
ofof gasgas transmission pipelinespipelines isis investigatedinvestigated asas aa candidatecandidatehansmission 

overover miles 	 transmission 
for demonstrating multi-sensor data fusion using VR. There 
are 
for demonstrating multi-sensor data fusion using VR. There
are 180,000180,000 ntiles ofof undergroundunderground gasgas transntission 
pipelinespipelines inin thethe UnitedUnited StatesStates - thesethese fonn aa criticalcritical partpart ofof- form 
thethe nation's energyenergy supplysupply infrastructure [5].[5]. AA largelarge portionportionnation’s infmtructure 

ofof thethe pipelinepipeline networknetwork isis overover 5050 yearsyears oldold andand thethe entireentire 
systemsystem isis subjectedsubjected toto periodicperiodic in-linein-line nondesuuctivenondestructIve 

“pigs”evaluationevaluation usingusing "pigs" thatthat areare conveyedconveyed insideinside ofof thethe pipe.pipe. 
TheThe pigspigs generategenerate magneticmagnetic oror ultrasonicultrasonic imagesimages indicativeindicative ofof 

pipe-thethe conditioncondition ofof thethe pipe-wall;pipe-wall; andand newernewer techniquestechniques forfor pipe
wallwall interrogationinterrogation areare continuallycontinually beingbeing developed.developed. ThereThere 
alsoalso existsexists significantsignificant interestinterest inin developingdeveloping techniquestechniques forfor 
combiningcombining inspectioninspection datadata fromfrom multiplemultiple NDENDE methods.methods. TheThe 

determineobjectiveobjective ofof thisthis monitoringmonitoring isis toto detennine thethe presencepresence ofof 
suchsuch corrosion,corrnsion, mecbanical damage,damage, stress-anomaliesanomalies asas mechanical stress

corrosion-cracking, w e s s  	 Incorrosion-<:racking, etc.etc. andand assess pipe-wallpipe-wall integrity.integrity. In-
inspection generates -lineline inspection generates vastvast amountsamounts ofof datadata - forfor example,example, 

eve!}' 100100 ntiles ofof pipepipe inspectedinspected usingusing magneticmagnetic imagingimaging 
providesprovides 5050 GBGB ofof data.data. WhenWhen multiplemultiple sensorsensor modalitiesmodalities 
(for(for example,example, magnetic,magnetic, ultrasonic,ultrasonic, thermal,thermal, acoustic)acoustic) areare 
usedused toto inspectinspect thethe samesame lengthlength ofof pipe,pipe, thethe challengechallenge ofof datadata 

every miles 

integrationintegration becomesbecomes formidable.. Additionally,Additionally, informationinformation 
aboutabout thethe pipelines’pipelines' surroundingsurrounding environmentenvironment mustmust bebe 
consideredconsidered afterafter assessingassessing pipe-wallpipe-wall integrityintegrity andand initiatinginitiating 

formidable. 

suitable remediationremediation measures.measures.snitable 

II. OBJECTIVESOBJECTIVES11. 

TheThe goalgoal ofof thisthis researchresearch workwork isis toto evaluateevaluate virtualvirtual realityreality asas 
aa candidatecandidate forfor performingperforming multi-sensormulti-sensor datadata integration.integration. TheThe 
specificspecific researchresearch objectivesobjectives are:are: 

1.1.	 ToTo demonstratedemonstrate thethe integrationintegration ofof variousvarious datadata typestypes 
-- graphical,graphical, functional,functional, andand measurement,measurement, insideinside aa 
virtualvirtual environment;environment; 

2.2. formulate thethe ofof virtualvirtualToTo fonnulate evolutionevolution thethe 
environmentenvironment basedbased onon systemsystem datadata andand useruser input;input; 
ToTo demonstratedemonstrate thatthat thethe analysisanalysis ofof multi-modal datadata 
inin aa virtualvirtual environmentenvironment isis superiorsuperior toto conventionalconventional 
techniques.techniques. 

AsAs mentionedmentioned earlier,earlier, thethe in-linein-line inspectioninspection ofof gasgas 
transmission asas anan applicationapplication areaarea forfor 

3.3.	 multimodal 

transntission pipelinespipelines isis usedused 
evaluatingevaluating thethe useuse ofof VRVR inin meetingmeeting thesethese objectives.objectives. MultiMulti-
sensorsensor pipelinepipeline inspectioninspection datadata isis obtainedobtained fromfrom thethe follow~g 

testingtesting methodsmethods -- magneticmagnetic fluxflux leakageleakage (MFL),WFL), ultrasonicultrasomc 
emission 

following 

testingtesting (UT),(UT), thermalthermal imaging,imaging, andand acousticacoustic entission (AE)(AE) 
testingtesting [6].[6]. ThisThis datadata isis inputinput intointo artificialartificial neuralneural netsnets toto 
classifyclassify datadata signatures,signatures, andand predictpredict anomalyanomaly geometries.geometries. 
CADCAD modelsmodels ofof thethe pipelinepipeline areare usedused forfor registration ofof thethe 
datadata [7].[7]. TheThe f d  

regishation 
final componentcomponent ofof thethe virtualvirtual worldworld isis 

informationinformation obtainedobtained fromfrom thethe geographicgeographic informationinformation systemsystem 
(GIS).(GIs). GIsTheThe GIS informationinformation isis usedused toto assessassess environmentalenvironmental 
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concem informationconcerns andand provideprovide infonnation aboutabout thethe specificspecific locationlocation 
ofof thethe pipeline.pipeline. TheThe datadata integrationintegration viavia VRVR paradigmparadigm isis 
illustratedillustrated inin FigureFigure I.1. 
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OveNieW meFig.Fig. 1.1. AnAn overview ofof thethe datadata integrationintegration processprocess forfor the NDENDE ofof gasgas
bansmission pipelinestransmission pipelines. 

1II.APPROACHIII. APPROACH 

TheThe variousvarious componentscomponents ofof thethe virtualvirtual environmentenvironment thatthat 
as a integration areservesserves as a mediummedium forfor datadata integrntion are describeddescribed inin thethe 

followingfollowing paragraphs.paragraphs. 

A.A. VirtualVirtual EnvironmentEnvironment 

Vittual can defied as aVirtual realityreality can bebe defmed as anyany systemsystem thatthat allowsallows a 
immersioq interactionuseruser toto havehave inuneISion, navigation,navigation, andand interactiolt AA fullyfully

immersive envimnmentinunersive envirorunent isis oneone inin whichwhich thethe useruser isis 
sensorycompletelycompletely engulfedengulfed inin thethe virtualvirtual worldworld andand sensol)' inputinput 

forfor thethe realreal worldworld isis completelycompletely blocked.blocked. NavigationNavigation inin thethe 
virtualvirtual worldworld allowsallows thethe useruser toto movemove toto differentdifferent regionsregions 

wodd. FitL?Lly, user’swithinwithin thethe world. Finally, interactioninteraction isis thethe user's abilityability toto 
interactinteract withwith thethe data.data. userInteractionInteraction allowsallows thethe tiser toto notnot onlyonly 
seesee thethe data,data, butbut manipulatemanipulate itit asas wellwell [8].[SI. factorsAllAll ofof thesethese factoIS 

thmst viltnal environment,contributecontribute toto thethe mainmain thrust ofof thethe virtnal environment 
a virblal anpresence.presence. PresencePresence inin a virtual worldworld isis thethe feelingfeeling ofof ~ 

accurate depiction 191.accurnte depu;uon ofof realityreality in thethe virtualvirtual environmentenvironment [9]. 
TheThe creationcreation ofof presencepresence inin aa virtualvirtual worldworld sel~esserves twotwo 

mainmain purposes.purposes. First,FilSt, itit allowsallows thethe useruser toto visualizevisualize datadata inin 
true Also,Also, itit allowsallows thethelIUe three-dimensionalthree-dimensional representations.representations.
 
useruser toto visualizevisualize phenomenaphenomena andand datadata suchsuch thatthat additionaladditional
 

wodd,insightinsight isis gained.gained. WithWith fullfull controlcontrol overover thethe virtualvirtual world, thethe 
can mate wodddesignerdesigner can create aa world suchsuch thatthat thethe useruser cancan gaingain aa 

perspective bepeISpective thatthat wouldwould otherwiseotherwise he difficultdifficult ififnotnot impossibleimpossible 
toto obtainobtain [4].[4]. vittualTheThe creationcreation ofof thethe virtual worldworld focusesfocuses onon 

regishationcomponentcomponent representationrepresentation andand componentcomponent registration. 
aComponentsComponents withwith higherhigher detaildetail willwill createcreate a greatergreater sensesense ofof 

presence.presence. badeoff,TheThe tradeoff, however,however, isis thatthat increasedincreased detaildetail 
placesmoreplaces· more demandsdemands onon thethe hardware.hardware. IfIf thethe hardwarehardware 

can.becomesbecomes boggedbogged downdown thethe worldworld can· lag;lag; thethe sensesense ofof 
presencepresence willwill thenthen bebe lostlost [IO].[10]. ComponentsComponents andand datadata 
thereforetherefore needneed toto bebe representedrepresented withwith minimumminimum resolutionresolution 
neededneeded forfor thethe specificspecific purpose.purpose. 

B. Data Types 

numerous a virtualThereThere areare rnmerous waysways datadata inin a vinnal worldworld cancan bebe 
described.described. TheThe mostmost commoncommon methodsmethods forfor categorizingcategorizing datadata 
areare dividingdividing itit accordingaccording toto itsits representationrepresentation inin thethe virtualvirtual 

[I  11. ForFor mostmost datadataworldworld oror itsits purposepurpose inin thethe virtualvirtual worldworld [II]. 
integrationintegration applicationsapplications thethe informationinformation cancan bebe brokenbroken downdown 
intointo threethree categoriescategories - graphical,graphical, functional,functional, andand 
measurement.measurement. categotyEachEach categol)' cancan thenthen havehave severalseveral differentdifferent 
representationsrepresentations accordingaccording toto thethe specificspecific softwaresoftware usedused andand 
desireddesired results.results. 

aGraphicalGraphical objectsobjects areare traditionallytraditionally thethe basisbasis ofof a virtualvirtual 
TheThe objects vittual environmentenvironmentworld.world. graphicalgraphical Objects inin thethe virtual 

representrepresent objectsobjects thatthat existexist inin thethe actualactual environment.environment. InIn 
includeinspectioninspection applicationsapplications thethe representationsrepresentations wouldwould inciude thethe 

objectobject beingbeing analyzedanalyzed andand anyany additionaladditional objectsobjects thatthat areare 
presentpresent inin thethe ewimnment. GraphicalGraphical objectsobjects cancan bebeenvironment. 
modeledmodeled usingusing dimensioneddimensioned drawings,drawings, oror createdcreated visuallyvisually 

ausingusing a picturepicture oror referencereference object.object. GraphicalGraphical objectsobjects mustmust bebe 
createdcreated withwith detaildetail suitablesuitable toto fulfillfulfill theirtheir rolerole forfor aa specificspecific 
application. 

MeasurementMeasurement datadata isis thethe rawraw datadata obtainedobtained fromfrom anyany typetype 
ofof sensor.sensor. Multi-sensorMulti-sensor datadata integrationintegration focusesfocuses onon 

application 

individuallyrepresentingrepresenting eacheach datadata modalitymodality individUally andand inin tandemtandem 
withwith thethe otherother modalities.modalities. DependingDepending onon thethe typetype ofof datadata thatthat 
isis obtained,obtained, thethe measurementmeasurement datadata cancan taketake onon aa varietyvariety ofof 

[ I l l .  EachEach datadata collectedcollected cancan beberepresentationsrepresentations [II]. pointpoint 
representedrepresented usingusing .a- a  pointpoint representationrepresentation oror glyphs.glyphs. 
InterpolationInterpolation betweenbetween pointspoints cancan bebe representedrepresented throughthrough thethe 
useuse ofof aa colorcolor slice.slice. AA topologicaltopological representationrepresentation cancan bebe usedused 

varytoto val)' thethe datadata representationrepresentation spatiallyspatially asas aa functionfunction ofof thethe 
value.value. Three-dimensionalThree-dimensional surfacessurfaces cancan alsoalso bebe createdcreated toto 

huerepresentrepresent thethe lIUe formform ofofthethe datadata collected.collected. 
ForFor eacheach sensorsensor andand eacheach modalitymodality ofof datadata therethere maymay notnot 

bebe onlyonly oneone representationrepresentation thatthat bestbest fitsfits thethe data.data. EachEach 
applicationapplication willwill havehave specificspecific visualizationvisualization needs,needs, andand thethe 
datadata representationsrepresentations shouldshould bebe tailoredtailored toto thosethose &S.needs. 
MultipleMultiple representationsrepresentations ofof aa singlesingle typetype ofof datadata areare alsoalso 
helpfulhelpful forfor aa useruser analyzinganalyzing complexcomplex datadata sets.sets. 

pmcessedFunctionalFunctional componentscomponents areare representationsrepresentations ofof processed oror 
calculatedcalculated data.data sunlcientAnalyzingAnalyzing rawraw datadata isis notnot usuallyusually sufficient 
inin mostmost inspectioninspection applications.applications. NemalNeural netsnets oror otherother 
algorithmsalgorithms cancan bebe usedused toto helphelp classifyclassify certaincertain areasareas withinwithin 
thethe datadata sets.sets. ComponentsComponents (the(the graphicalgraphical objects)objects) cancan bebe 

only a m sidentifiedidentified oror flaggedflagged suchsuch thatthat ouly thethe areas ofof interestinterest areare 
Evolution;llyanalyzed.analyzed. EvolutioUal)' algorithmsalgorithms cancan bebe designeddesigned toto predictpredict 

€orhowhow thethe currentcurrent statestate ofof thethe worldworld mightmight evolveevolve overover timetime for 
aa givengiven setset ofof parameters.parameters. AnalysisAnalysis usingusing firstfirst principlesprinciples oror 
fnite canfmite elementelement analysisanalysis Can alsoalso bebe usedused toto seesee howhow measuredmeasured 

data. L.&eLike thethe measuredmeasured datadatadata comparescompares toto theoreticaltheoretical data data, 
eacheach typetype datadata repreSentation willwillofof functionalfunctional representation havehave a~ 
representationrepresentation consistentconsistent withwith thethe purposepurpose ofof thatthat datadata 



 

C.C. GraphicalGraphical DataData 

GraphicalGraphical datadata representsrepresents thethe objectsobjects beingbeing investigatedinvestigated 
andand thethe envirornnent inin whichwhich thosethose objectsobjects existexist ForFor thisthis 
applicationapplication therethere areare twotwo typestypes ofof graphicalgraphical objectsobjects beingbeing 

environment 

integrated,integrated, pipelinepipeline componentscomponents andand GISGIS information. TheThe 
componentcomponent modelsmodels representrepresent thethe objectobject beingbeing investigatedinvestigated 

information 

andand thethe GISGIS datadata conveysconveys informationinformation aboutabout thethe envirornnent 
ofof thethe pipelinepipeline 

environment 

ThereThere areare a numbernumber ofof basebase graphicalgraphical objectsobjects toto representrepresent aa 
pipeline.pipeline. TheseThese includeinclude aa sectionsection ofof pipe,pipe, flange,flange, weld,weld, 
sleeve,sleeve, t-section,t-section, checkcheck valve,valve, ballball valve,valve, anchor,anchor, andand 
anomaliesanomalies (crack,(crack, pit,pit, etc.).etc.). EachEach componentcomponent cancan bebe modeledmodeled 

program TheThe librarylibrary ofof modeledmodeled componentscomponents 

a 

usingusing aa CADCAD program. 
cancan thenthen bebe assembledassembled toto createcreate thethe pipelinepipeline thatthat isis beingbeing 
inspected.inspected. DrawingsDrawings ofof thethe pipelinepipeline systemsystem cancan bebe usedused toto 
manualmanual piecepiece togethertogether thethe variousvarious librarylibrary componentscomponents toto 
make anan increasinglyincreasingly complexcomplex netwOlk ofof pipes. AutomatedAutomated 
assemblyassembly algorithms cancan alsoalso bebe constructedconstructed toto allowallow 
&e network pipes 

algoritluns 
constructionconstruction ofof thethe pipelinepipeline networknetwork inin thethe virtualvirtual world.world. TheThe 
librarylibrary cancan alsoalso havehave multiplemultiple detaildetail levelslevels forfor eacheach 
componentcomponent UsingUsing lowerlower detaildetail allowsallows forfor thethe creationcreation ofof 
expansiveexpansive pipelinepipeline networks.networks. WhenWhen anan areaarea ofof interestinterest isis 
identified,identified, aa subsectionsubsection ofof thethe networknetwork cancan bebe subsequentlysubsequently 
generatedgenerated usingusing thethe componentscomponents withwith finerfiner details.details. 

TheThe geographicgeographic informationinformation systemsystem cancan givegive aa greatgreat dealdeal 
ofof informationinformation aboutabout thethe locationlocation ofof thethe pipelinepipeline network.network. 
TheThe GIS cancan givegive informationinformation aboutabout thethe topography,topography, landland 
usage,usage, locationlocation ofof rivers,rivers, roads,roads, buildings,buildings, etc.etc. ThisThis 
informationinformation cancan bebe integratedintegrated intointo thethe virtualvirtual environmentenvironment 
suchsuch thatthat thethe useruser cancan gaingain insightinsight intointo thethe locationlocation detailsdetails ofof 
thethe pipeline.pipeline. UnderUnder certaincertain conditionsconditions remediationremediation measuresmeasures 
areare determineddetermined basedbased onon thethe locationlocation ofof thethe pipepipe inin question.question. 
IntegratingIntegrating GISGIS informationinformation intointo thethe virtualvirtual environmentenvironment 
allowsallows thethe useruser toto havehave notnot hut 

GIs 

onlyonly physicalphysical location,location, but 
additionaladditioual sociologicsociologic information.information. 

D.D.FunctionalFunctional DataData 

Functional cancan bebe obtainedobtained throughthrough anyany typetype ofofFunctioual datadata 
functionalmathematicalmathematical model.model. ForFor thisthis applicationapplication thethe functioual datadata 

a UsingUsing thethe datadata gathered,gathered,isis a functionfunction ofof thethe measuredmeasured data.data. 
... artificialaaificial neuralneural netsnets cancan bebe usedused toto classi i  thetheclassify datadata 

signatures.signatures. neuralTheThe categorycategory labelslabels forfor thethe outputoutput ofof thethe neurnl 
are~ I C  thethe ,componentsnetnet librarylibrary components forfor thethe graphicalgraphical library.library. 

ANNANN predictionspredictions cancan bebe usedused inin twotwo differentdifferent ways.ways. TheThe 
predictionspredictions cancan bebe usedused toto assistassist inin visuallyvisually classifyingclassifying thethe 
signaturessignatures andand m h i n g  forfor anomaliesanomalies withinwithin thethe datadatasearching 

can
collected;collected; also,also, thethe predictionspredictions can bebe usedused toto constructconstruct aa 
pipelinepipeline network ForFor eacheach neuralneural netnet predictionprediction thethenetwork. 
correspondingcorresponding componentcomponent piecepiece cancan bebe obtainedobtained fromfrom thethe 
graphicgraphic libraryllbrary andand appendedappended ontoonto thethe network.network. ThisThis 
predictedpredicted networknetwork cancan bebe easilyeasily comparedcompared toto thethe actualactual 
networknetwork. 

an is ANNs ‘canIfIf an anomalyanomaly is presentpresent ANNscan bebe usedused toto furtherfurther 
and
classifyclassify thethe depthdepth and geometrygeometry ofof thethe anomaly.anomaly. UsingUsing 

multiplemultiple modalitiesmodalities ofof data,data, predictionspredictions cancan bebe mademade onon thethe 

sizesize andand shapeshape ofof anan anomaly.anomaly. ThisThis informationinformation cancan bebe 
representedrepresented inin thethe virtual world,world, andand usedused toto helphelp assessassess thethe 
pipelinepipeline integrity.integrity. 

vimal 

E.E. MeasurementMeasurement DataData 

MeasurementMeasurement datadata hashas beenbeen collectedcollected usingusing aa varietyvariety ofof 
NDENDE methodsmethods includingincluding magneticmagnetic fluxflux leakageleakage (MFL),(MFL), 
ultrasonicultrasonic testingtesting (UT), thermalthermal imaging,imaging, acousticacoustic emission0, imission 
(AE),(AE), andand thermalthermal imagingimaging [12,13].[12,13]. AA suitesuite oftest specimensspecimens 
hashas beenbeen developeddeveloped toto provideprovide aa diversitydiversity ofofNDENDE datadata whenwhen 

of test 

subjectedsubjected toto mnlti-sensor interrogation. TheThe testtest specimensspecimens 
werewere developeddeveloped toto demonstratedemonstrate thethe ammaliesanomalies ofof pittingpitting 
corrosion,corrosion, stressstress corrosioncorrosion cracking,cracking, andand mechanicalmechanical damage,damage, 
inin thethe wallwall ofof thethe pipeline.pipeline. 

multi-sensor interrogation 

F AnalysisAnalysis inin VirtualVirtual RealityRealityF. 

OneOne ofof thethe benefitsbenefits ofof virtualvirtual realityreality isis thatthat itit allowsallows thethe 
useruser toto visualizevisualize thethe datadata inin itsits naturalnatural threethree dimensioual 
form.fonn. ManyMany studiesstudies havehave shownshown thatthat thethe immersioR 

dimensional 
immersion, 

navigation,navigation, andand interactioninteraction inin aa virtualvirtual worldworld allowallow forfor aa 
dimensionalbetterbetter understandingunderstanding ofof complexcomplex threethree dimensioual studiesstudies 

[14,[14, 15]. StudiesStudies havehave alsoalso shownshown thatthat NDENDE inspectioninspection151. 
accuacytechniquestechniques cancan bebe performedperformed fasterfaster andand withwith moremore accuracy 

whenwhen usingusing virtualvirtual realityreality [16].[16]. WhenWhen dealingdealing withwith largelarge andand 
complexcomplex datadata setssets itit isis thereforetherefore imperativeimperative toto useuse thethe 
techniquestechniques thatthat affordafford thethe greatestgreatest advantageadvantage inin speedspeed andand 
accuracy.accuracy. 

infiiteUsingUsing aa virtualvirtual platformplatform therethere areare infinite waysways inin whichwhich 
analyzed.thethe datadata cancan bebe visualizedvisualized andand subsequentlysubsequently analYzed. ManyMany 

ofof thethe designdesign specificationsspecifications willwill varyvary asas aa functionfunction ofof thethe 
creatorcreator andand useruser ofof thethe virtualvirtual world.world. TheThe designerdesigner hashas thethe 

analysisabilityability toto alteralter thethe worldworld inin manymany waysways suchsuch thatthat analYsis ofof 
thethe datadata isis optimized.optimized. fighting,FactorsFactors suchsuch asas worldworld lighting, colorcolor 
schemes,schemes, worldworld dimensionsdimensions willwill allall affectaffect thethe analysisanalysis andand 
cancan bebe optimizedoptimized forfor aa givengiven applicationapplication 

ForFor thethe NDENDE ofof gasgas transmissiontransmission pipelinespipelines itit isis importantimportant 
toto notenote thatthat thethe worldsworlds werewere designeddesigned toto optimizeoptimize flexibilityflexibility 
toto thethe user.user. theInIn additionaddition toto viewingviewing the· pre-generatedpre-generated datadata 
representations,representations, thethe useruser hashas thethe abilityability toto createcreate datadata 
representationsrepresentations onon thethe fly.fly. ThisThis allowsallows thethe useruser toto customizecustomize 

a analysis.anyany worldworld forfor a givengiven aualysis. ColorColor tabletable propertiesproperties andand 
transparenciestransparencies ofof objectsobjects werewere optimizedoptimized forfor specificspecificviewingviewing 
hardware.hardware. AgainAgain suchsuch parametersparameters maymay varyvary fromfrom useruser toto useruser 
andand thereforetherefore theythey tootoo cancanbebe variedvaried 

G.G. EvolutionaryEvolutionary ScenariosScenarios 

TheThe datadata obtainedobtained fromfrom anyany givengiven inspectioninspection ofofaa pipelinepipeline
inspectioninspection isis static;static; itit doesdoes notnot varyvary overover time.time. TheThe conditioncondition 
ofof thethe pipelinepipeline willwill howeverhowever varyvary overover time.time. PeriodicPeriodic 
inspectioninspection ofof thethe pipelinepipeline willwill illustrateillustrate thisthis changingchanging 
condition impracticalimpractical andand expensiveexpeusive toto continuallycontinuallycondition. ItIt isis 
monitormonitor andand inspectinspect allall pipelines.pipelines. Therefore,Therefore, evolutionaryevolutionary 



 

lo burdeRscenariosscenarios cancan bebe implementedimplemented to easeease thethe inspectioninspection burden, 
c h g i n gbyby predictingpredicting thethe changing conditionsconditions ofof aa pipeline.pipeline. ThroughThrough 

useruser interaction,interaction, thethe virtual worldworld cancan evolveevolve overover time,time, andandvimal 
[171.illustrateillustrate thethe effectseffects ofof variousvarious scenariosscenarios [17]. 

ThereThere areare twotwo typestypes ofof evolutionevolution beingbeing considered,considered, 
constrainedconstrained evolutionevolution andand nonconstrainednon-constrained evolution.evolution. InIn 
fullyanstrainedfully-constrained evolutionevolution thethe useruser wouldwould supplysupply aa valuevalue andand 
aa time.time. BasedBased offoff ofof thethe staticstatic statestate ofof thethe worldworld andand thethe useruser 
input,input, thethe algorithmalgorithm willwill predictpredict multiplemultiple mannersmanners inin whichwhich 
thisthis eventevent cancan taketake place.place. Partially-constrainedPartially-constrained evolutionevolution isis 

spec@ TheThe worldworldwhenwhen thethe useruser wouldwould specify aa valuevalue oror aa time.time. 
towards Finally,Finally,wouldwould thenthen evolveevolve towanls thatthat particularparticular scenario.scenario. 

inin unconstrainedunconstrained evolutionevolution thethe worldworld usesuses pastpast andand currentcurrent 
fulure. TheThedatadata toto predictpredict thethe singlesingle mostmost likelylikely pathpath forfor thethe future. 

figurefigure 'below'below illustratesillustrates unconstrainedunconstrained evolutionevolution andand fully
constrainedconstrained evolution.evolution. 

fully-
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Fig.Fig. 2.2. AnAn illustrationillustration ofof singlesingle andand multi-pathmulti-path evolution.evolution.
 

fourfour differentdifferent techniquesteclmiques areare be@AlgorithmsAlgorithms usingusing being 
developeddeveloped toto produceproduce thethe e,volution describeddescnbed above.above.e;volution 
DeterministicDetenninistic algorithmsalgorithms areare beingbeing investigatedinvestigated toto seesee ifif thethe 
useuse ofof firstfirst principlesprinciples affordsaffords superiorsuperior controlcontrol overover anan 
evolutionary pathpath Auto-regressiveAuto-regressive movingmoving averageaverage (ARMA)(ARMA)evolutiomy 
modelsmodels areare beingbeing usedused toto evolveevolve thethe world basedbased onon pastpastwodd 
inputsinputs andand outputsoutputs (18). Equation I belowbelow showsshows thethe basebase forfor 
anan ARMAARMA model.model. 

[IS]. Quation 1 

u ( n ) + q u ( n - 1) +...+ a,& - M ) = v ( n ) + blv(n- I ) +  ...+vK (n-K )  

u(n) aad thethe ARMAARMAWhereWhere urn) isis thethe processprocess andand aa and bb areare 
patametem. GeneticGenetic algorithmsalgorithms areare beingbeing usedused toto basebaseparameters. 

mdomevolutionevolution pathspaths onon bothboth aa fitnessfitness scorescore andand random mutationsmutations 
201. TheThe probabilityprobability aawithinwithin thethe evolutionevolution pathpath itselfitself [19,[19, 20).
 

pathpath willwill contributecontribute toto thethe nextnext generationgeneration isis givengiven by:by:
 

f ,P(i)=-

5fi 
j=1 

WherehWhere Ji, isis thethe fitnessfitness scorescore forfor thethe i-thi-th path,path, andand NN isis thethe 
tota! numbernumber ofofpaths.paths.total 

Finally, (HMM.s)Final1y, hiddenhidden MarkovMarkov modelsmodels (HMMs) areare beingbeing usedused toto 
modelmodel evolutionevolution asas aa probabilisticprobabilistic sequencesequence ofof states.states. FigureFigure 
33 illustratesillustrates aa genericgeneric HMM.HMM. 

l3 

a 3l 
b14 

VI V2 3 l-'4 

statesFig.Fig. 3.3. AA HMMHMM modelmodel andand thethe transitionstransitions betweenbetween thethe states. 

TheThe figurefigure illustratesillustrates threethree hiddenhidden unitsunits andand thethe transitionstransitions 
them TheThe emissionemission probabilityprobability ofof thethe visiblevisible statesstatesbetweenbetween them. 

b,j vjisis alsoalso shown,shown, b ij andand Vj respectively.respectively. TheThe followingfollowing equationequation 
govem [Zl].cancan thenthen bebe describeddescribed toto govern thethe sequencesequence ofofstatesstates [21]. 

aV =P(w,(t+l)lo,(t))aij =P(wj(t +1) Iw;(t)) 

=P(v.(t) IIwj(t))bjkbj• = P(vk(0  mj (0) 

IV.IV. RESULTSRESULTS 

TheThe followingfollowing worldsworlds werewere createdcreated toto implementimplement thethe 
procedureprocedure asas describeddescribed inin thethe previousprevious sectionsection. TheThe 
FakespaceFakespace ImmersaDeskImmersaDesk R2,R2, aa semi-immersive displaydisplaysemi-inunersive 
system,system, waswas thethe projectionprojection systemsystem used.used. TheThe systemsystem includesincludes 

wand VRCO'sVRCO's vGeovGeoheadhead trackingtracking andand aa trackedtracked navigationnavigation wand. 
drivesoftwaresoftware waswas usedused toto createcreate thethe virtualvirtual worldsworlds andand d.rive thethe 

displaydisplay system.system. 

A.A. GraphicalGraphical 

First,First, aa componentcomponent librarylibrary waswas created.created. TheThe libmylibrary 
inclnded aa pipeline anchor,anchor, checkcheck valve,valve, ballball valve,valve, T-section, 

we14 TheThe 
included pipelme T-section, 
tap,tap, weld, sleeve,sleeve, flange,flange, andand straightstraight lengthlength ofof pipe.pipe. 
graphicalgraphical componentscomponents werewere modeledmodeled andand assembledassembled usingusing 
SolidWorks.SolidWorks. AUAll modelsmodels werewere convertedconverted toto virtualvirtual realityreality 
modelingmodeling languagelanguage (VRML)(VRML) filesfiles andand importedimported intointo vGeo.vGeo. 
FigureFigure 44 showsshows threethree sectionssections ofof aa pipelinepipeline network,network, eacheach 
havinghaving aa differentdifferent setset ofof components.components. 



 

SectionsFig.Fig. 4.4. PipelinePipeline sections thatthat areare composedcomposed ofof variousvarious librarylibrary 
components.components. 

AlthoughAlthough thisthis particularparticular assemblyassembly waswas donedone priorprior toto 
integration, itit isis possiblepossible toto importimport eacheach piecepiece individuallyindividually
andand createcreate thethe pipelinepipeline networknetwork interactively.interactively. 

ESRI'sESRI's AcrMapAcrMap waswas usedused toto obtainobtain certaincertain geographicalgeographical 
features.features. two-dimensional 

integratios 

TheThe softwaresoftware generatesgenerates two-<limensional mapsmaps thatthat 
cancan bebe extmded toto aa thiId dimensiondimension usingusing ESRI'sESRI's add-onadd-on 
package,package, 3-D3-D Analyst.Analyst. FilesFiles cancan thenthen bebe importedimported intointo thethe 
virtualvirtual worldworld asas VRMLVRML files.files. Altemately,Altemately, two-dimensionaltwo-dimensional 
picturespictures cancan bebe importedimported intointo thethe virtualvirtual realityreality system.system. AA 

extruded third 

third
thin! dimension,dimension, ifif desired,desired, cancan thenthen bebe extrapolatedextrapolated withinwithin 
vGeo.vGeo. WhenWhen GIS datadata isis importedimported asas aa VRMLVRML me, thethe entireentireGIs file, 
me isis oneone group ofof data.data. WhenWhen importedimported separately,separately, eacheach 
portionportion ofof datadata cancan bebe turnedturned onon andand offoff inin thethe immersiveimmersive 
display.display. 

file gmnp 

B.B. MeasurementMeasurement andand FunctionalFunctional 

AA suitesuite ofof testtest specimensspecimens waswas createdcreated inin oIder toto obtainobtain thethe 
NDENDE signaturessignatures fromfrom thethe variousvarious testingtesting modalities.modalities. TheThe 

order 

thermalspecimensspecimens werewere testedtested usiiigusiiig MFL,MFL, UTUT andand thenna! imaging.imaging. 
TheThe resultsresults ofof thethe measurementsmeasurements werewere thenthen integratedintegrated usingusing 
virtual reality.reality. TheThe figuresfigures belowbelow showshow thethe resultsresults obtainedobtained 
usingusing eacheach ofof thethe testingtesting methods.methods. 
vimal 

MI imsionFig.Fig. 5.5. MFL, UT, and thermal images from the inspection of corrosion 
pinpits. 

Similarly,Similarly, thethe pipepipe modelmodel shownshown inin Fig.Fig. 44 waswas inspectedinspected 
usingusing anan MFLMFL pig.pig. EachEach componentcomponent piecepiece hashas aa 
characteristiccharacteristic flux.flux. TheThe fluxflux datadata waswas obtainedobtained fromfrom anan MFLMFL 
pigpig withwith 8383 sensorssensors aroundaround thethe circumference.circumference. The completecompleteTIE 
setset ofof datl forfor eacheach sensorsensor isis representedrepresented byby oneone columncolumn ofof 
data;data; thethe measurementmeasurement ofof allall 8383 sensorssensors forfor aa particularparticular 
distancedistance measurementmeasurement isis representedrepresented byby eacheach row.row. ThisThis 

daw 

tlbular datadata waswas thenthen projectedprojected ontoonto anan irregularly shapedshapedtabular irregnlarly 
grid.grid. AfterAfter thethe circumferentialcircumferential gridgrid waswas constructed, thethe gridgrid 
waswas distendeddistended proportionalproportional toto thethe magnitudemagnitude ofof thethe fluxflux 

consmcted, 

observed atat eacheach sensor.sensor. ThisThis isis illustratedillustrated inin FigureFigure 66obsewed 

Fig. 6. NUMBER MFL pigging data inside a pipeline. 

ThisThis informationinformation waswas alsoalso fedfed intointo aa neuralneural network.network. TheThe 
ANN classifiedclassified thethe fluxflux signatures asas oneone ofof thethe componentcomponent 
modelmodel pieces.pieces. TheThe classificationclassification resultsresults cancan simplysimply bebe 
overlaidoverlaid ontoonto ofof thethe actualactual fluxflux data.data. FigureFigure 77 illustratesillustrates thethe 
integrationintegration ofof thethe measuredmeasured datadata andand thethe predictedpredicted 
classificationclassification result.result. 

A" s ignams 



 

Fig. 7. MFL image obtained from a section of pipe and the 
correspondingcorresponding neuralneural netnet classifications.classifications 

ThisThis imageimage showsshows howhow aa simplesimple transparenttransparent colorcolor sliceslice cancan 
bebe usedused toto easilyeasily integrateintegrate measuredmeasured datadata andand functionalfunctional data.data. 
WithWith thisthis simplesimple combination,combination, thethe resultsresults cancan bebe quicklyquickly andand 
easilyeasily verifiedverified visually.visually. 

C.C. IntegrationIntegration 

ThereThere areare anan infiniteinfinite numbernumber ofof combinationscombinations thatthat cancan bebe 
usedused toto representrepresent thethe variousvarious datadata modalitiesmodalities inin aa virtualvirtual 
world.world. InIn orderorder toto viewview thethe MFL, UT,UT, andand thermalthermal imagingimaging 
data,data, colorcolor mappedmapped topologiestopologies werewere used.used. TheThe datadata fromfrom 

MIX, 

Figore 55 waswas displayeddisplayed togethertogether toto investigateinvestigate thethe threethree datadata 
setssets atat thethe samesame time.time. FigureFigure 88 showsshows howhow thethe aggregateaggregate datadata 
isis integrated.integrated. 

Figure 

Fig 8 repreSenPbonSofMFL, and " n a lFig. 8. VariousVarious representations of MFl, UT,UT, an thennal datadata setssets 
virmal worldintegratedintegrated inin aa virtual wor1d. 

canContourContour slicesslices can alsoalso bebe usedused insteadinstead ofof surfacesurface 
representationsrepresentations toto analyzeanalyze thethe data.data. GraphicalGraphical representationsrepresentations 

cancan alsoalso bebe usedused forfor reference.reference. FigureFigure 88 showsshows UTUT datadata 
surface,surface, aa thermalthermal contour,contour, andand aa graphicalgraphical contourcontour nsed forforused 
reference;reference; alsoalso aa UTUT topology,topology, aa MFLMFL transpareut topologytopologytransparent 
andand aa thennal contour.contour. TheThe samesame integrationintegration proceduresprocedures usedused 
onon thethe testtest specimenspecimen datadata waswas usedused onon thethe componentcomponent MFLMFL 

thermal 

data.data. AA pipelinepipeline networknetwork waswas createdcreated andand thethe MFL datadata waswas 
superimposedsuperimposed ontoonto it.it. FigureFigure 99 illustratesillustrates thethe integrationintegration forfor 
thesethese twotwo datadata types.types. 

MIX 

Fig. 9. MFLMFL datadata registeredregistered ontoonto thethe graphicalgraphical pipepipe representation.representation.Fig 9 

Similarly,Similarly, aa pipelinepipeline networknetwork waswas createdcreated usingusing lessless 
detaileddetailed componentscomponents toto savesave graphicalgraphical memory.memory. TheThe pipelinepipeline 

viltual TheThenetworknetwork waswas thenthen registeredregistered insideinside ofof aa virtual world.world. 
information waswas conveyedconveyed Uuougbthrough grid,grid,locationlocation infonnation aa 

topography,topography, andand simulatedsimulated GISGIS data.data. TheThe integratedintegrated worldworld isis 
shownshown in Figore 10.10.inFigure 

10. P  n e mFig.Fig. 10. A view of an integrated environment for a pipeline network. 

V.v. CONCLUSIONSCONCLUSIONS 

demonstmed nseInIn thisthis paper,paper, wewe havehave demonstrated thethe use ofofvirtualvirtual realityreality 
asas aa candidatecandidate forfor multi-sensormulti-sensor datadata integration.integration. ThreeThree typestypes 
ofof data,data, graphical,graphical, functional,functional, andand measurement,.measurement,. werewere 
combinedcombined inin aa virtualvirtual environment.environment. GraphicalGraphical datadata includedincluded 

GIspipelinepipeline networknetwork components,components, andand GIS data.data. NeuralNeural networknetwork 



 

classificationclassification resultsresults andand evolutionaryevolutionary predictionspredictions werewere 
includedincluded inin functionalfunctional data.data. Finally,Finally, multiplemultiple modalitiesmodalities ofof 
measuredmeasured datadata werewere combinedcombined inin aa virtualvirtual world.world. AA virtualvirtual 
environmentenviromnent suchsuch asas thethe oneone describeddescribed inin thisthis paperpaper providesprovides 
thethe useruser withwith thethe followingfollowing powerfulpowerful capabilities:capabilities: 

I.� TIEThe useruser cancan rapidlyrapidly siftsift throughthrough largelarge amountsamounts ofof 
complex, heterogeneousheterogeneous datadata setssets andand isolateisolate eventsevents 
oror featuresfeatures ofof interestinterest inin specificspecific geographicgeographic oror 
temporaltemporal locations;locations; 
EqeriencingExperiencing thethe rawraw� andor 

compleX 

2.� (or(or processed)processed) datadata and/or 
predictionspredictions inin itsits nativenative 3-D3-D formform allowsallows thethe useruser toto 
makemake informedinformed decisions;decisions; 
VirtualVirtual environments thethe· abilityability evolveevolve3.� enviromnents havehave toto 
basedbased onon residentresident datadata oror useruser inputinput -- thisthis allowsallows thethe 
useruser toto askask "What if/" questionsquestions andand observeobserve thethe“What if?” 
develooment multioledevelopment ofof multiple scenarios.scenarios. 

InIn summary,summary, thethe VRVR enviromnent showedshowed significantsignificant promisepromise 
integration TheThe environmentenvironment showedshowed 

environment 
asas aa methodmethod forfor datadata integration. 
flexibilityflexibility andand anan improvedimproved mediummedium forfor analysis.analysis. FutureFuture 
workwork willwill focusfocus onon improvingimproving thethe integrationintegration processprocess byby 
addingadding moremore datadata modalitiesmodalities andand makingmaking moremore ofof thethe 
functionsfunctions automated.automated. 

MuchMuch ofof thethe focusfocus forfor datadata integrationintegration inin virtualvirtual realityreality lieslies 
inin thethe abilityability toto alteralter thethe statestate ofof thethe worldworld asas aa functionfunction ofof 
time,time, thethe originaloriginal statestate ofof thethe world,world, andand useruser input.input. TheThe 
scenarioscenario developmentdevelopment portionportion ofof thisthis methodologymethodology isis 
extremelyextremely valuablevaluable forfor aa rangerange ofofapplications.applications. PreliminaryPreliminary 
developmentdevelopment hashas shownshown one-dimensional evolutionevolution inin thethe 
virmal TheThe primaryprimary focusfocus isis toto extendextend thethe evolutionevolution toto 

onedimensional 
virtual world.world. 
anan� n-dimensionaln-dimensional problemproblem OnceOnce anan n-dimensionaln-dimensional 
implementationimplementation isis created, thethe multiplemultiple algorithmsalgorithms willwill bebemated, 
compared.compared. TheThe evaluationevaluation wi1llead toto thethe developmentdevelopment ofof aa 
singlesingle techniquetechnique thatthat cancan bebe usedused overover aa rangerange ofof applications.applications. 

will lead 

TheThe currentcurrent componentcomponent assemblyassembly isis perfonned priorprior toto 
datadata integration.integration. libmy 

performed 
InteractiveInteractive assemblyassembly ofof library componentscomponents 

isis alsoalso desirable,desirable, becausebecause ofof thethe powerpower itit givesgives toto thethe user.user. 
InteractiveInteractive assemblyassembly cancan alsoalso bebe usedused inin collaborationcollaboration withwith 
ANNANN classificationclassification resultsresults toto buildbuild pipelinepipeline networksnetworks solelysolely 
fromfrom thethe datadata collected.collected. wokTheThe work inin progressprogress isis focusingfocusing onon 
registrdtion 	 VRML.registration andand orientationorientation ofof thethe aggregateaggregate model.model. VRML isis 
beingbeing usedused toto buildbuild thethe model.model. 

ANNANN are beingbeing usedused toto notnot onlyonly classifyclassify thethe data,data, butbut inin 
thethe presencepresence ofof anan anomalyanomaly describedescribe thethe sizesize andand shapeshape ofof thethe 
anomaly.anomaly. research’fwuses 

am 


CurrentCurrent research focuses onon depthdepth predictionprediction usingusing 
multiplemultiple s o w s  Additionally,Additionally, effortsefforts areare beingbeingsources ofof data.data. 

hetemgeneous datamademade toto combinecombine heterogeneous data. ImagingImaging data,data, vectorvector 
data,data, andand heuristicheuristic datadata allall provideprovide somesome informationinformation aboutabout 

condition’ofthethe currentcurrent condition of aa pipepipe wall.wall. TheThe combinationcombination ofof thisthis 
datadata shonld bebe ableable toto provideprovide anan accurateaccurate predictionprediction ofof thethe 
conditioncondition ofof thethe wall.wall. 

should 
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