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Abstract

In orderto achieve interactve ratesfor the renderingof large industrial envi-
ronmentsijt is necessaryo reducethe compleity of the objectsusedsuchscenes.
For objectsrepresentingiping, ventilation,etc. we usesimpleprimitiveswhich are
tessellateat renderingtime. We introducean dynamictessellatioralgorithmwhich
adaptvely controlstheamountof polygonsusedto approximatehe primitivesbased
on the distancefrom the view point. The main contritution of our work is thatwe
manageonnectioninformationsothatthemeshe®f adjacenprimitivesremaincon-
tinuous.An ergonomicalstudywasconductedo determingheappropriatdevels of
detailsandfind out how our algorithm could improve the performanceof the user
within thevirtual ervironment.

Keywords: virtual ervironmentsadaptve tessellationusermodulation.

Abstract

Afin d’obtenirlestauxderafraichissememécessairepourla navigationausein
d’environnementsndustriels,l fautréduirela compExite desobjets.Pourlesobjets
qui repesententa tuyauterieou la ventilation,nousutilisonsdesprimitivessimples
qui sontcorvertiesenfacetteaumomentdurendu.Nousproposonsineméthodede
facettisatioradaptatre enfonctiondela distance La principalecontrikution de nos
travauxrésidedansl'utilisation d’uneinformationde conneion afin degarantirque
lesmaillagesde primitivesadjacentesoientcontinus.Une étudeergonomiquea ée
réali®eafin de determineres niveauxde détailsnécessairet de montrercomment
la facettisatioradaptatie pouvait anéliorerlesperformancesle|’utilisateur ausein
del’environnementvirtuel.

Mots clés: ervironnementsvirtuels, facettisationradaptatie, adaptatiora I'utilisa-
teur
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1 Intr oduction

The scenesusedfor visual simulatorsof comple< and hostile industrial ervironments,
asfoundin training or projectreview applications provedto be very expensve to ren-

der They containa large numberof technicalnetworks (piping, cabletrays, ventila-

tion) which areusuallymodeledoy combinationof primitivessuchascylinders,tori and

cones. Theseprimitivesare corvertedto trianglesat renderingtime, leadingto a huge
trianglecount. In orderto maintaina sufficient framerate, the resultingmeshesnustbe

simplified by building several levels of detailswhich canbe usedat differentdistances
from the obsenrer. This techniqueoften proves unsatiséctory for this type of objects
mostly becausehetopologicalrelationshipbetweenadjacenbbjectsis ignoredanddis-

continuitiesappeatin rendering.

We have chosera methodof realtime adaptve tessellatiorof the primitivesbasedn
the distancefrom the viewpoint. In orderto preventthe creationof visual artefictsand
ensureacontinuityin themeshwe describaherelationsbetweerprimitivesby thegraph
of their connections.By evaluatingthe densityof pointsrequiredat eachconnectionjt
is possibleto usesucha graphto managehefitting betweerthetessellation®f the con-
nectedprimitives. While this provided significantperformancegains,visual perception
criteria neededo be evaluatedin orderto chooseappropriatesimplificationslevels for
the modelsrepresentingechnicalcomponentf industrial installationsand determine
the impacton certaintasksinvolving recognitionof technicalcomponent®r navigation
in complex ervironments.
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(a) Two versionsof the sameobject (b) Meshdiscontinuities
Figurel: Sampletessellation®f simpleprimitives

The restof this paperis organizedasfollows: we briefly cover the stateof the art
in objectsimplificationandvisual perceptionof 3D objects. Then,we presenthe adap-
tive tessellatioralgorithmusedin our visual simulatorprototype. The following section
presentshe experimentalprotocolandthe theoreticahypothesisve made.Finally, sect.
5 presentgheresultsthatwereobtainedfor theseexperiments.

2 Stateof the art

2.1 Levelsof details
2.1.1 Polygonal simplification

Whenusingsimple primitivessuchascylinders,conesor tori, an offline tessellatioral-
gorithm is traditionally usedto produceseveral meshedor eachprimitive at different
levelsof details(seefig. 1(a)shaving the sameobjectwith 1906and368triangles).Each
simplificationcanthenbe usedat a differentdistance simplermodelsbeingusedfurther
away so that differencedrom the original modelarelesspercevable. Simplification of
arbitrarymeshess usuallyachiezedby polygonalsimplification(se€[1] for anoverview).
However, thesemethodshave sereraldravbacks:

e Sincetopologicalinformationis not available in polygon-basednodels,thereis
no way for the simplification algorithmsto know that, for example, a given set
of polygonsareforming a cylinder. They arethususuallyincapableof producing
simplificationwhich presere thattopologicalconstraint.

e Eachsimplified versionshouldideally be usedat a givendistance.However, it is
noteasyto know how mary simplificationsshouldbebuilt andatwhatdistancehey
shouldbe used. It is a matterof finding a balancebetweerthe requiredquality of
renderingandthesizeof thedatabaseHowever, thatknowledgeis very application
specific.

¢ Adjacentobjectsoftenappeadisconnecteavhensimplified,leadingto discontinu-
ities andcracksin the mesh(seefig.1(b)). This happendecausehe primitivesare
simplifiedindependentlhof eachotherandthatthe knowledgeof their connection
is notusedby (or not availablefor) the simplificationalgorithms.Somealgorithms
resole this problemby leaving borderverticesunchanged However, in the case
of simple primitivessuchascylinders, no simplification could thenbe performed
sinceall verticesareon aborder
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2.1.2 Adaptive meshes

Somealgorithmsare capableof producinggeomorphsvhich containan entire rangeof
simplifications. Theseare meshedor which the densityof trianglescanbe interactvely
controlled.Hoppeuseghis methodsothatpartsof the objectfacingtowardsthe obsener
will containmoretrianglesthanotherparts[2]. Similarly, SGI's library Performeruses
the Active SurfaceDefinition to combinesseveral pre-computedevels of detailsand, at
renderingime, construcemeshby interpolatingbetweenwo of thesimplificationsbased
on distance so thatthe amountof detailis not uniform over the entiremesh.Both these
methodsthoughdo not apply well to primitivessuchasthosewe have in the database.
Furthemorethe connectiondetweerobjectsremainignored.

2.2 Psychophisicalconsiderations
2.2.1 Visual perception of levelsof details

Theuseof levelsof detailsis basedntheassumptiorithatthe perceptiorof detailsvaries
with the apparentsize or speedof object. This was validatedby Reddy[3] who used
the characteristic®f the humanvisual systemto introducecontrastsensitvity functions
in orderto determinethe perceptionof featuresin a sceneanddecidewhich versionof

an objectshouldbe choserwithout the simplificationbeingnoticeable.He shoved that
level of detailsselectionshouldcombinespeedandexcentricity (distancefrom the center
of field of view) becausehey individual contribution to reducingthe amountof selected
detailis negligible. In fact, he hasproventhatthe optimizationin size (or distance)are
themostbeneficial,contrituting up to 95%to the performanceyainin anapplication.

Additionnally, psychophysicaliteratureon 3D objectandscenerecognitionshaved
thatthe creationandidentificationof visualrepresentationsf 3D objectfollow different
steps.Thebrainextractsthesimplevisualfeaturegcolor, luminosity, contour orientation,
etc) followed by the more comple (orientationsof traits in motion). At eachstep,the
informationis abstracte@ndcompresseth amoresymbolicrepresentation.

By only consideringhe perceptuakfficiengy of thehumanvisual systemReddydid
not take into accounthigherlevel visual processesuchasidentification, classification
or objectrecognition. Sincethe simplificationspermittedby the algorithm proposedy
Reddywould not be percevable by the humaneye, they did not affect suchprocesses.
However, we consideredhis to be a limiting factorandpostulatethat further simplifica-
tions canbe madewhich would be percevable but would not affect the comprehension
and performancen the simulator We wereinterestedn the interactionbetweenevels
of detail andthe representatiowf the objectat a cognitive level, by studyingthe effect
of simplificationand orientationon the recognitionof an object. We have madethe as-
sumptiorthatworkersin theinstallationshave atrade-relate@nowledgewhichinfluences
their ability to recognizethe objectsbasedon the type of primitive shapesisedto repre-
sentthem, the level of tessellatiorof eachshapeandthe orientationof the objectswith
respecto theobsener.

2.2.2 Object recognition

Biedermar{4] postulateshatobjectsandscenesrerepresentetly simplearrangements
of volumetricprimitives(suchasboxes,cylinders,or cones)called“geons”. A symbolic
“grammar” would allow objectsto be read. This seemso indicatethat objectswould
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remainrecognizableslong asthesimplificationsdid not degradethesesimpleprimitives
beyond a certainlevel. Furthermore,it would meanthat somepartsof the objectdo
not participatein the mentalrepresentationf the objectandthatthey could beremoved.
However, selectingexactlywhich partcanbeignoredremaindifficult in thegenerakase.

SheparandMetzler[5] shavedtheexistenceof prototypicalorientationgsalled“cano-
nical views” in which mentalrepresentationf objectsarestoredin the brain (exceptfor
nonrealisticobjects).Whena useris presenteavith anobjectto identify, he performesa
mentalrotationuntil the orientationof the new objectscorrespondso the canonicalview
storedin his memory Shepardand Judoproved a few yearslatter that the recognition
time s linearly proportionnako theanglevalueof this rotation[6].

Blanz [7] showved that canonicalviews are the productof the comple interactions
betweenexperience task and shape. The task asked from the obserersinfluencesthe
orientationin which the canonicalview is instantiated.Thus,whensubjectsareaskedto
orientanobjectsasto provide thebestimpressiorto anotherobsener, theorientationsare
not alignedwith the axis of the object. At the opposite whenthe subjectindicateswhich
directionthe objectis spontaneouslypictured,the orientationscorrespondo the axis of
theobject.

Additionally, thetaskaskedfrom the obsenersinfluencegheorientationin whichthe
canonicaliew is instantiatedThis indicateshatorientationwill effecttherecognition.

Mosttheoriesof perceptiorfocusontheprocessingf elementahttributes.But when
we obsene a scenewe seeobjectsasa whole,independenthof theindividual elements
which make up theseshapes. The perceptualbrganizationdescribeggroupsof several
elementsn a higherentity. The gestalt-theorytheoryof shape)establisheshe rulesof
perceptuabrganizations.In that sensean objectasa whole corveys a more significant
meaningthanthe elementsvhich composet.

Similarly to Biedermars grammarfor readingobjects,thereis a grammarfor read-
ing a completeervironment. Brewer & Treyers[8] have shovn our memoryof placesis
drivenby schematdhatwe constructwith our familiarity with “types” of environments.
A personstructuresand organizeshis ernvironmentbasedon stratgies acquiredin his
personakxperience(this is known as“top-down” informationflow, higherlevels of ab-
stractioninfluencinglowerlevelsof recognition).This suggestshatuserswith knowledge
of the applicationareawould tendto accepthighersimplificationssincetheir experience
will helpthemrecognizeobjects.

3 Adaptivetessellation

Sincethe currentlevel of detailsmethodsfail to presere the shapeof objectsin a way

that is satishctory from a psychologicalpoint of view, we usean dynamictessellation
methodwhich adaptsthe compleity of an objectto the currentview point. To avoid

discontinuitiesbetweenadjacenibjects,we introducea newv approachwhich constrains
theadaptve tessellatiorof objectsusingconnectiorinformation.

3.1 Basicgeometricprimiti ves

The maintype of primitiveswe considerarethosewith a circular sectionsuchascylin-
ders,tori or cones.The numberof trianglesneededo approximatehe curvatureof such
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Figure2: Propagatindghe up vector

objectscanbeveryimportant.If two primitivesareplacedin the scendn suchaway that
they shareanextremity (theendpointsandtheradiuscoincide)thena connectionis con-
structedo storevertex, normalandtexture coordinat@nformation. A connectiornis either
boundif it connectgwo differentprimitives,or freeif it belongsto only one primitive.
Tessellationis evaluatedat eachconnection. Additionally, the torusis alsotessellated
adaptvely on the numberof segmentsusedin the arc (seetap wheelof fig. 1(a)). Each
segmentin thetorusis representetly implicit connectiongo which otherprimitivescan-
not connect.This way, we have a uniform way of building vertices,normalsandtexture
coordinatedor all the primitives.

3.2 Building a mesh

Constructinga meshof several connectedprimitives can be viewed as a non uniform
extrusionalongapathlinking thedifferentconnectionswith constraintdeingpropagated
from oneto the other

Whena sceneis loaded,or whenanimationsor userinteractionscausesan objectto
move, primitives are testedto determineif connectionscan be establishedand lists of
connectegbrimitivesarebuild. Verticesarethenconstructedor eachconnection Special
careneeddo betakento make surethatpointsof thetwo connection®f the sameprimi-
tive arealigned,otherwiseprimitiveswould appeatwisted. This is doneby constructing,
for thefirst primitive in alist, anaxissystemusingthe conneion’s normalz anddefining
theup vectory in thedirectionwherethefirst point of thecircle will be. Thatup vectoris
thenpropagatedrom oneconnectiorto the otherdependingn thetype of the primitive:

e for acylinderoracone theaxissystems simply copiedfrom thefirst connectiorto
thesecond.Changingt betweerthetwo extremitiesof a cylinder or a conewould
introducea twisting effect which would be noticeable.

e for atorus,theaxissystemis rotatedaroundthe axisof thetorusby the sameangle
asthetorus. Thisis donein stepsfor eachof the implicite connections.Thus,the
rotationof the up vectoris madesmoothlyover all the connectiongseefig. 2).

At eachframe,theadaptve tessellatioralgorithmselectsa numberof pointsfrom the
setstoredin the connectiorbasedn two factors:

¢ thedistance:for eachobject,the egonomicalstudy(seenext section)hasenabled
us to definea rangeof distancesetweenwhich tessellatiorshouldvary linearly
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from the highestto the lowest possiblevalue (which where also definedby the
study).

e theradiusof the primitives: this factoris in fact usedto modify the value of the
distancerangediscussedabove. If a cylinder of one meterdiameterreachests
lowesttessellatiorlevel ata distanceof onehundredmetersthena cylinder of fifty
centimetersliametemwill reachit atonly fifty meters.

Given a numberof pointsfor eachconnection,a triangle strip is build to represent
the primitive. Sinceeachconnectiommight not be at the samedistancefrom the user the
numberof verticesmay not be the sameandthe strip might containdegeneratdriangles
(reduceto a segment). While this is generallynot desirablejt hasno effect on the ren-
dering(sincepointsandnormalscoincide)andenableto retainthe useof stripswhich are
quickerto render

4 Ergonomicalexperiments

The aim of theseexperimentsis to evaluatethe loss of information when simplifying
virtual 3D objects. We testedthe perceptuabehaior of varioustypesof userson two
visual simulations(isolated3D objectfirst andlatera completevirtual ervironment),in
orderto highlight the effect of tessellationorientationand operability as explainedin
section2.3. We wantedto answetrthreetypesof questions:

e how mary trianglesshouldbe usedfor a primitive ata givendistance?

e how doesthetypeof the primitive, its adaptve tessellatiorandits orientationaffect
its identification?

e how doesthefield knowledgeof the subjectsaffecttheir behaior in the simulator?

Four experimentswvere designedo answerthesequestionsunderthe supervisionof
A. Drouin andwith the help of M.A. Amorim. Threegroupsparticipatedto the psy-
chophysicakxperiments:

e Group 1. workers from the piping and plumbing serviceof the CNPE (Enegy
ProductionUnit) of Tricastin.

e Group2: computerscientistandengineersexpertin VR applications.

e Group3: peoplenonexpertsin eitherproductioninstallationsor VR applications.

Thecomparisorbetweerthethreegroupswill highlighttheimpactof schemat&nowl-
edgeon theresults(gl vs. g3) andthe amountof technicalcomputerknowledgeneeded
to completethevarioustasks(g2 vs. g3).

4.1 Adjusting tessellationlevels

Thefirst two experimentgperceptionof virtual objects)consistedn presentingour in-
dustrialtapsavailablein a CAD databaseThey werechoserbecausehey weremadeof
simplegeometricaprimitivessuchascylindersor conesandpresentedymmetryaxisor
plane. Additionally, they were presentedrom nine differentangles:threeazimuths(or
heading,0, 45 and90°) andthreeelevations(or pitch, -45, 0 and45°). Finally, similari-
tiesbetweerfacilitatedconfusiondetweertapsdependingnthedistanceandorientation
(se€fig. 3) andthushighlightedtheimportanceof theindividual shapesn therecognition.
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Figure3: Fourtapsfor theexperimentation

Theseexperimentswere designedto reconstructhe curve of perceptionlevels for
3D objectsbasedon the distancefrom the obserer. In the first experiment,the taps
werepresentean screemat a fixed tessellationevel (choseramongfive), anda random
orientation(choseramongnine),eithercloseor far avay from the obsener. Thesubjects
were aslked to move the objectsto a distancethat they consideredptimal (in termsof
estheticsjor thatconfiguration We hypothesizedhatthedistanceshouldbe proportional
to theamountof degradation.

The secondexperimentwas designedo optimizethe maximumnumberof triangles
neededvhenthe objectsarepresentealoseup. We expectedto find a perceptuabarrier
above which no extra detailsarenecessaryThe tapswerepresentealoseup, at various
angles at their besttessellatiorevel. Thatlevel wasdegradedgraduallyover time until
the subjectssignaledthatthey hadnoticedto changean the quality of therendering.

The answershouldvary dependingon the type of primitiveswhich composehetaps
andon their orientation. The angleswhich tendto exposethe sectionof the primitives
shouldresultin the objectbeingpushedurtherway. At the opposite the particularcase
of 0°azimuthand0°elevation,whichtendsto correspondo 2D schemasf thetaps,should
make identificationeasierandtessellatiorievelslesspercevable.

4.2 The effectof degradation on recognition

Having testedhe perceptiorof thetessellationyve still neededo testif participantsvere
capableof identifying randomlypresentedapsbasedon the mentalrepresentatiothey
hadacquired.Next to a “canonical” versionof the tap shavn at the highesttessellation
level, animageof atapwasrandomlypresentediarioustessellatiorlevels,distancesand
orientations.Thesubjectsvereasledif thetwo imagesdisplayedthe sametap or not.

The errorsmadein this discriminationtestshouldhelp us resole the potentialam-
biguitiesthat certainanglesor degradationsof essentialprimitives could introduceand
highlighttheinfluenceof the simplificationon thementalrotationneededo alignthetwo
objects.

4.3 Navigation and recognitionwithin avirtual ervironment

Thepsychophysicadxperimentsveredesignedo determinghe perceptiorof 3D objects
isolatedfrom their ervironment. This lastexperimentwasintendedto studythe behaior
of participantswhenthey arerequiredto processa complex ernvironmentof geometric
andarchitecturatonfigurationsWe wantedto find outif anexcessve degradationwvould
impacton the efficiency of the simpleviewpointfinding task.
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Figure4: Comparingrealandvirtual scenes

Subjectsvereshowvn a pictureof aninstallationandaskedto find the viewpoint from
which the picturewastakenin a virtual modelof the sameinstallation(a corridor of a
nuclearpower plant, seefig. 4) containingroughly 2600primitives. The primitivesin the
ervironmenthadeitherfixedlevelsof tessellatior{threelevelsdeterminedy theprevious
experimentspr weretessellatecgdaptvely, without the userbeingtold which optionwas
selected.

5 Results

5.1 Numerical results

Thefirst two experimentshovedthattheoptimaltessellatiorevel for primitivesin close
view is 18 verticeson the section,or 36 trianglesfor a cylinder or a cone. The minimal
numbemustnot belessthan6 vertices(12 triangles)otherwisethe sectionhasthe shape
of a pentagonwhich doesseemto be identifiableasa circle. For a cylinder of diameter
equalto onemeter thedistanceat which maximumtessellatiormustbeobtaineds 60cm.
Thelowesttessellatiorlevel mostbereachedat 30 meters. Thesenumbersvhereusedto
controltherenderingn thelastexperimentproducingthe following results:

e Thefixed environmentwith 6 vertices(12 triangles)proved too degradedand in-
hibitedthe users ability to recognizeanddiscriminateobjects.

e The fixed ervironmentwith 18 verticesresultedin the frame rate to decreasdo
lower rateswhich madenavigationin the scenemorecumbersome.

e Thefixedervironmentwith 12 verticespresented satishctoryrecognitionperfor
manceandprovided sufficientframeratefor a smoothnavigation.

e Theframeratesandtrianglecountfor the adaptvely tessellatec@rnvironmentwere
comparableo thoseobtainedor afixedtessellatiorof 12 vertices.However, trian-
gleswerebetterdistributedsincecloserobjectshadmoredetailsthanfurtherones.
This leadto fewer identificationerrorsandto a betterrecognitionof objectsin the
ervironment.

5.2 Typesof Primiti ves

The secondexperimentshavedthatfor all typesof primitivesthe besttessellatiorlevel
was18vertices.However, thefirst experimentshavedthatthe adjustmentf thedistance
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variesfor eachtype of primitive. Openanglecones(asin tap 2) areplacedfurther away
thanclosedangleconesor cylinders,mostly becaus¢he section(wherethetessellations
mostnoticeable)s morelik ely to bevisible in thefirst case.

Both experimentsshav the importanceof the viewing angle. It appearghat the
0°azimuthand0O°elevationcorrespondso typical 2D views asfoundin industrialschemat-
ics of the tapsandfavorsidentification. Otherthingsbeingequal,this angleenablese-
gradeobjectsto be presenteatloserthanfor the worst caseangle(90°/-45°). The third
experimentconfirmstheseresults: confusionsbetweenapsincreaseasthe anglemoves
away from the 0°/0°position.

Theseresultsshow thatnotall primitivesaffectrecognitionin thesameway. Mostno-
ticeably thosewho exposetheir sectionperturbthe perceptve judgmentof “good shape”
for the object(thusconfirmingthe gestalttheory).

5.3 Field knowledgeeffect

Recognitionlevels changewith respectto the population,the third group (non-epert
subjectsyaving asreferencdor the others.Resultsprove thatdynamicvisual perception
is influencedby the operatve knowledgeaswell as by the taskthatis assignedo the
subject.

In thefirst experimenttheadjustmentevelsdid notvary from onegroupto the other
sincethey only dependon thevisualability to procesgheinformation.However, we dis-
coveredthat the industryworkersdid not focalizeits attentionon the supportingpiping
(thebottommaosthorizontalcylinderin eachtap)but ratherconcentratedntheotherparts
of thetap. This suggestshatthe ervironmentis not processedh the samemannerasthe
tapitself. This provesthatthingsthatarenot directly relatedto the assignedaskcanbe
further simplified than others. It alsoappearedasconfirmedby the secondexperimen-
tation, thatthe groupof VR specialistspbeingaccustomedo seeingcomputergenerated
imagesyequiredmoredetailsthanaverage.

Concerningthe third experiment,the group of industrialworkers usedits schemata
knowledgeof the objectsto develop specificstratgjies. Their judgmentsare basedon
a detailedmentalrepresentatiomf the objectto be identified. Whenthis objectis not
representatie enough,they try to find a similarities betweenthe displayedobject and
their operatve knowledgewhich sometimesauseshemto confuseonetapwith another

The last experimentconfirms, for all groups,that attentionof the subjectdoesnot
focalize on the supportingpiping which could thusbe further simplified. The operatve
knowledge of the membersof the first group also interfereswith their task of finding
the appropriateviewpoint. Navigation strategjiesare influencedby the researchof sim-
ilarities with the professionakxperience which sometimedeadsthemto consideronly
foregroundobjectsandignorepertinentinformationin the background.

6 Conclusion

In orderto reducethe amountof trianglesusedto represensimple primitives,we have
presentech dynamictessellatioralgorithmwhich adaptsthe numberof trianglesto the
obsenation distanceusing connectioninformation so that alignmentconstraintscan be
propagatedrom one primitive to the next and that the meshesof adjacentprimitives
remaincontinuous.
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A psychophysicastudywasconductedo determinethe appropriatdevels of tessel-
lation for a given distance.The study hasalsoshown thatthe increasan the rendering
performancehelpedthe usersnavigatewithin the sceneandthatadaptve tessellatiorfa-
cilitatedthereadabilityof the scenedy preservinghe appearancef visible objects.

Thiswork is currentlybeingextendedo includeothertype of objectswithin our con-
nectionorientedframeavork. New primitiveswill addextracompleity ontheshapeof the
connection(usingparametricaturvesfor example),the pointsfor theseconnectionsare
only computedwvhenthe objetis modified. However, managingmorethantwo connec-
tions perprimitive would resultin extra compleity for building the meshat eachframe.
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