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Abstract. Geometricaprimitivesusedin virtual ervironmentsare corvertedto

an importantamounttrianglesat renderingtime. The meshesof the resulting
simplificationsusuallyintroducediscontinuitiebetweemeighboringobject.We

extendasimpleadaptve tessellatiormethodwhichadaptgheamountof triangles
to the viewing conditionswith connectiorinformationto ensurethatthe meshes
of connectegprimitivesremaincontinuous An ergonomicalstudy hasvalidated
this approactor applicationausingvirtual environments.
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1 Intr oduction

The scenesusedfor virtual simulatorsof complex andhostileindustrialenvironments
containalargenumberof technicahetworks(piping, cabletrays,ventilation)which are
usuallymodeledby combination®f simpleprimitivessuchascylinders,tori andcones.
Theseprimitivesarecorvertedto trianglesat renderingtime, leadingto a hugetriangle
count.In orderto maintainasufficientframerate theamountof resultingtrianglesmust
bereduced.

Many methodshave beenproposedo simplify meshesandbuild severallevels of
detailswhich can be usedat differentdistancesrom the obsenrer. Thesealgorithms
oftenremainunsatisctorybecauséhey increasahe sizeof the databaseln addition,
they do not respecthe topologyof the objectsandthe relationshipbetweemeighbor
ing objects.Thus,discontinuitiesappearin renderingfor objectswhich wereinitially
connected.

We have chosera methodof realtime adaptve tessellatiorof the primitivesbased
on the distancefrom the viewpoint. In orderto preventthe creationof visual artifacts
and ensurea “continuity” in the mesh,we describethe relationsbetweenprimitives
by the graphof their connectionsBy evaluatingthe densityof pointsrequiredat each
connectionit is possibleo managehefitting betweerthetessellationsf theconnected
primitives,producinga meshwhich containsthe lowestnumberof trianglesacceptable
for agivenviewpoint.

Thefollowing sectionpresentghe context of this researchSection3 presentur
adaptve tessellatioralgorithm. Finally, sect.4 presentghe resultsof an egonomical
study conductedto evaluatethe quality of the tessellationand give a sampleof the
measuregberformanceyains.



2 Background

2.1 Industrial Context

Industrialinstallationssuchas power plantscontainmary technicalnetworks suchas
piping for fluids, cablelayouts and ventilation. They are usually modeledfor CAD
or VR applicationsusingsimple primitivessuchascylinders, tori, boxesor pyramids,
which arecorvertedto trianglesat renderingtime. This producesan enormousamount
of triangleswhich needso be reducedo achiese aninteractve frameratefor VR ap-
plications.The traditionalapproachwasintroducedin 1976by Clarck who suggested
the useof levelsof detail [1]. Several versionsof the sameobjectare producedwith
decreasingiumberof triangles(seefig. 1 with 1906and368triangles).While reducing
the numberof faces,LOD algorithmsintroducea numberof problems(seesect.2.2).
Our approachs to usespecificcharacteristicef theseprimitivesto renderthemadap-
tively basedon the currentviewpoint.

Fig. 1. Two versionsof the sameobject

The major applicationsfor this technologyare training simulations[2], project
review during the designphase,interactve walkthroughsfor intranetbasedmission
preparatioror for the generapublicin visiting centers.

2.2 Relatedwork

Levelsof details. Simplificationof arbitrarymeshess usuallyachieved by polygonal
simplification(se€[6] for anoverview). Sometype of heuristicis usedto identify fea-
turesof the geometrywhich shouldbe presered or removed. For example,polygons
in planarareaare memedinto bigger ones.The toleranceon the deviation from the
planecanberelaxedto decreas¢he numberof resultingpolygons.Theseheuristicsare
neededecausdopologicalinformationconcerninghe objectis usuallynot available.

Whenusingsimpleprimitivessuchtheoneswe areconcernedvith, we couldusean
off-line tessellatioralgorithmwhich would produceseveralmeshedor eachprimitive
atdifferentlevelsof details.However, this,aswell aspolygonalsimplificationmethods,
hasseveraldravbacks:

— Sinceevery primitive hasseveral differentrepresentationshe size of databasén-
creasessignificantly For sceneswhich initially containan importantnumberof
primitivesthis canbea considerabléandicap.



— It is not easyto know how mary simplificationsshouldbe built andat what dis-
tancethey shouldbeused.It is a matterof finding a balancebetweerntherequired
quality of renderingandthe sizeof the databaseHowever, thatknowledgeis very
applicationspecific.

— Furthermorea poppingeffectis usuallynoticeablevhentwo representationsf an
objectareswappedbecausehe differencedetweerthemcanbe quite significant.

— Sincetopologicalinformationis notavailable thereis nowayfor thesimplification
algorithmsto know that, for example,a given set of polygonsform a cylinder.
They arethus usually incapableof producingsimplification which presere that
topologicalconstraint.

— Differentobjectswhich are connectedi.e. topologically sharesomeof their ver-
ticesandedgespftenappeardisconnectedvhensimplified, leadingto discontinu-
ities and cracksin the mesh(seefig. 2(a)), particularlyvisible on low endimage
generatorsvhich do not supportantialiasing.This happensecauséhe primitives
are simplified independentlyof eachother and that the knowledge of their con-
nectionis not usedby (or not available for) the simplification algorithms.Some
algorithmsresole this problemby leaving borderverticesunchangedHowever,
in the caseof simpleprimitivessuchascylinders,no simplificationcould thenbe
performedsinceall verticesareonaborder

(a) Non connectegrimitives (b) Connectegrimitives
Fig. 2. Meshdiscontinuitiesfor adjacenfprimitives

Adaptivemeshes Somealgorithmsarecapableof producinggeomorphsvhich contain
an entirerangeof simplifications[3, 4]. From the simplestform of a mesh,ary level
of detail canbe obtainedby selectvely addinga numberof trianglesbasedon infor-
mation compiledduring the simplification process This greatly reduceshe popping
effect sincethe differencebetweentwo successie meshesanbe assmallasonetri-
angle.[5] extendsthis methodso that partsof the objectfacingtowardsthe obsener
will containmoretrianglesthanotherparts.Thesemethodsarewell suitedfor comple
meshedik e terrains;however they introducea significantoverheador simple primi-
tivessuchasthosewe areinterestedn. Additionally, the connectiondbetweerobjects
remainignored.

Performers ActiveSurfaceDefinition (ASD, see[9]) enableseveralpre-computed
levels of detailsto be combinedin a singlestructure At renderingtime, basedon dis-
tance,a meshis constructedy interpolatingbetweentwo of the simplifications,pro-
ducinga morphingeffect. Usingthe ASD, the amountof detailis not uniform overthe
entiremesh.This methodis well suitedfor terrainmodelswhich spana large part of
the sceneso that somepartsare closeand othersarefar from the obsener. However,
extra careneedgo betakenfor partsof differentobjectswhich are connectediusually
by insuringthatthe connectiorpointsarenot simplified.



It is not clearwhetherthe use of suchtechniquesgiven their complexity, would
yield asignificantincreasen therenderingperformancef simpleprimitives.A way of
applyingthesealgorithmswould be to memge the trianglesof the primitivesof a given
pipe branchandbuild geomorph®r ASD structuregrom that. However, animationor
manipulationwithin the simulatorof individual primitiveswould thenbe impossible.
Furthermorepsingon singlelarge objectwould reducethe efficiency of view frustum
andocclusionculling (in our framework, asdescribedelow, only visible primitivesare
consideredor adaptie tessellation).

Scenebasedsimplification. Luebke and Ericksonproposea way of adaptvely sim-
plifying entire scenesformed of simpletriangles(“polygon soup”) [7]. The sceneis
partitionedusinga hierarchicalstructure A singlevertex is choserfor all verticesin a
givennodeof the hierarchy At renderingtime, traversingof eachbranchof the hierar
chyis haltedwhenthe screersizeof the currentnodebecomesnferior to a givenarea.
Thuspartsof the structurewhich arefurther away andwhich projectto smallerareas
onthescreeraretraversedessdeeplyandthe correspondingieometryis simplified.

This methodachievesadaptve tessellatiorof ary collectionof triangles.However
it doesnot respecthe topologyof the objects.Furthermorethe hierarchicalstructure
which is usedto partition the sceneneedsto be updatedwheneer an object moves
which makesit impracticalfor applicationsequiringanimations.

3 Adaptivetessellation

Sincetraditional LOD algorithmsperform poorly on the type of sceneswve are con-
cernedwith, we decidedio useadaptie tessellatiorof the primitive andenhancet by
introducingconnectiorinformationto producecontinuousneshegfig. 2(b)).
Oneadditionalconstraintvasthatour designneededo beintegratedn amodernli-
brarydesignedo build virtual environmentswvhich arebasednascenegraphin which
basicprimitives(definedin their own coordinatesystem)are composedy translation
androtationin a hierarchicalway. This is corvenientbecauset often correspondso
hierarchicalcompositionf objectsin the applicationdomain(lik e the variouspart of
an engine).Additionally, simple animationscan be performedby changingthe trans-
formation,without needingto modify eachvertex of all objectindividually.

3.1 Basicgeometricprimiti ves

Themaintype of primitiveswe manageadaptvely in our systemarethosewith a cir-
cular sectionsuchasa cylinder, atorusor a cone.The numberof trianglesneededo
approximatehe curvatureof the objectscanbeveryimportant. Adaptive tessellations
usedto selecta numberof pointson the sectionof thoseprimitives.
Connectedrimitiveshave two connectionsvhich areusedto build thelist of ver
tices,normalsandtexture coordinatedor the primitive. If two primitivesof the same
type areplacedin thescenen sucha way thatthey sharean extremity (the endpoints
andtheradiuscoincide)thena sharedconnections constructedTessellations evalu-
atedateachconnectioranda meshis constructedetweerntwo connectionso represent



agivenprimitive. In effect, constructinga meshof severalconnectegrimitivescanbe
viewedasa non uniform extrusionalonga pathlinking the differentconnectionswith
constraintdeingpropagatedrom oneto the other(seesect.3.2).

In orderto determineif two primitives are connectedthe endingpoints of each
primitive needto be comparedIf the primitivesare expressedn differentcoordinate
systemsthe points needto be corvertedinto a commonsystemsThis increaseghe
numberof computationgndintroduceserrors.In orderto combineefficientconnection
detectionwith traditionalprimitives,we have introduceda doublerepresentation:

— ConnectablePrimitives which are definedin the currentcoordinatesystem.For
example,a cylinder would be definedby the two end pointsandthe radius.Con-
nectionsbetweertheseprimitivesaremanagedy the connectiorcontmoller.

— InstancePrimitiveswhich do not containary geometryandareusedin the scene
graph.They eachcreatea connectablgrimitive which is registeredwith the con-
nectioncontroller Whenthe graphis traversedthe transformationsareappliedto
theprimitiveswhich updateheparametersf theassociatedonnectablgrimitive.

Thetorusis tessellatechdaptiely both on the sectionand on the numberof seg-
mentsusedto rotatefrom oneextremity to the otherby a given anglearoundthe axis
of the torus (seethe wheel of the tapin fig. 1). In our implementationgachstepin
therotationis representetby animplicit connectionto which otherprimitivescannot
connect.This way, we have a uniform way of building vertices,normalsand texture
coordinatedor all theprimitives.Thenumberof thesemplicit connectionglepend®n
theanglecoveredby thetorus.

3.2 Building amesh

In our currentimplementationthe connectabl@rimitivesareeithercylinders,conesor

tori. Eachcircularconnections definedby aradius,acenterandanormal.For cylinders
andconesthe normalis the axis of the primitive. For tori, it is the tangentof the arc

definedby the major radius.A connectionis eitherboundif it connectgwo different
primitives,or freeif it only belonggo oneprimitive (asis thecasefor thefirst or thelast
onein alist of connectegrimitives).Thebasicstepsin the algorithmfor constructing
ameshare:

— constructpoints,normalsandtexture coordinates;
updatetheseif oneof the parameteof the primitive changes.

—for eachframeandeachprimitive:
—selectanumberof pointsfor eachconnection.
—build amesh.

Constructingvertices. Pointsfor eachconnectiorare constructedy usingthe simple
parametricequationof the circle in the XY plane.The points are then translatedto
the origin of the connectionandrotatedso thatthe Z axis of the circle lies alongthe
directionof the normalfor the connectionHowever, specialcareneedsto betakento
make surethat points of the two connectionsof the sameprimitive are alignedwith
eachother Otherwisesomeprimitiveswould appearwisted.



This is doneby definingan up vectorin the directionwherethe first point of the
circlewill be.lt is eitherthe X axisor theZ axisdependingnwhetherthenormalof the
connectioriesalongtheZ axisor not. Givenalist of connectegbrimitivesasexplained
in sect.3.3, an up vectoris chosenfor first free connection.That up vectoris then
propagatedrom oneconnectiorto the otherdependingnthe type of the primitive:

— if the primitive is a cylinder or a cone,the up vectoris simply copiedfrom the
first connectiorto the second Changingthe up vectorbetweenwo extremitiesof
acylinderor aconewould introducea twisting effect which would be noticeable.

— if theprimitiveis atorus,theup vectoris rotatedaroundthe axis of thetorusby the
sameangleasthetorus.This is donein stepsfor eachof theimplicit connections.
Thus, the rotation of the up vectoris madesmoothlyover all the connectionsas
shavniin fig. 3.

Fig. 3. Propagatingheup vector

Selectingvertices. The adaptve tessellatioralgorithmselectsa numberof pointsfrom
thosestoredin the connection.The selectioncriteria shouldideally be basedon the
screersize:thesmallertheprimitivesare thelessewill thecurvaturebenoticeableand
fewertriangleswill beneededo representhem.However screersizecanbeexpensve
to compute.ln the caseof the primitiveswe are using, two factorsare consideredo
selectanappropriatgessellatiorat eachconnection:

— thedistance:moredetailsarerequiredfor closerobjects.For eachobject,the er
gonomicalstudy(seesect.4) hasenabledisto definearangeof distancedbetween
whichtessellatiorshouldvarylinearly fromthe highesto thelowestpossiblevalue.
Distanceis measuredht the centerof eachconnectionThis meanghatconnected
primitivescanhave a differentnumberof verticesat eachconnectionrandthatthe
resultingmeshwould not be uniform.

— theradiusof the primitives:thesmallertheradius thefewerverticesareused.This
factoris in factusedto modify the valueof the distancerangediscussedbove. If
a cylinder of onemeterdiametemreachest’s lower tessellatiorievel at a distance
of onehundredmetersthenacylinder of fifty centimetersliametemwill reachit at
only fifty meters.



We do not usethe lengthof the cylinder asa factorfor computingtessellatiorbe-
causethe primary featurewhich makesa cylinder identifiableasoneis the curvature
whichis controlledby theradius.Lengthhasvery little impacton the perceptiorof the
curvature.

Initially we tried selectingverticescontinuously addingpoints one by oneasthe
primitive movescloserto the obsener. However this producesa rotation effect since
pointsarepackedgraduallycloserto eachotherandadditionalpointsareaddedo close
the circle. We have thuschosento constrainthe numberof verticesso thatit remains
amultiple of three.This maintainsthree“stable” directionsasthe tessellatiorevolves
suppressingherotationeffect.

Building triangles. Givena numberof pointsfor eachconnectiona triangle strip is
build connectingthe vertices.If the numberof verticesis not the samefor both con-
nectionsthe strip will containdegeneratdriangles(reduceto a segment).While this
is generallynot desirablejt hasno effect on the rendering(sincepointsand normals
coincide)andenabledo retainthe useof stripswhich arequickerto render

3.3 Managing connections

As explainedin sect.3.2, constraintsieedto be propagatedrom oneconnectiorto the
otherso that pointsremainaligned.For animationpurposesr becausef userinter-

actionswithin the simulator the positionand orientationof a primitive might change.
Eachtime this happensthe connectioninformationneedso be updated.This is done
in threesteps:

1. Thevalidity of all existing connectionss checled. The non-valid connectionsre
deletedandreplacedoy free connectiongor theeachdisconnectegrimitive.

2. Primitiveswith free connectionsare comparedo eachotherto determineif new
connectionareestablishedlf no connectioncanbe found,the free primitivesare
placedin atemporarnlist.

3. Finally, constraintsare propagatedrom one primitive to the other startingwith
thosein thelist constructedn the previousstep.Givenaprimitive of thatlist, anup
vectoris choserfor its freeconnectiorandis recursvely propagatedrom connec-
tion to connection(until a free connectionis reachedusingthe methoddescribed
in sect.3.2.

This ensureghat constraintscan be propagatedvithout having to explicitly build
lists of primitives:theconnectionareusedto getthechaininginformation.

4 Evaluation and Performance

Experiments. The aim of theseexperimentswas to evaluatethe loss of information
whensimplifying virtual 3D objects Reddyshavedthatthe caracteristicef thehuman
visual systemcan be usedto control the simplification objects[8]. We extendthese
resultsby shaving thatsimplificationscanbe usedat levels which arepercevablebe-
causecognitive processefacilitatethe recognitionof objects.We testedthe perceptual



behavior of varioustypesof usersto determinethe effect of field knowledge:workers
from thepiping andplumbingserviceof the CNPE(Enegy ProductionUnit) of Tricas-
tin; computerscientistaandengineersexpertin VR applicationspeoplenonexpertsin
eitherproductioninstallationsor VR applicationsThe experimentsveredesignedand
conducteddy A. Drouin, S. TonnoirandM.-A. Amorim, of EDF,

TR

Fig. 4. Fourtapsfor the experimentation

— Differentversionsof standardapsweredisplayedwith variouslevels of tessella-
tion andview angles(seefig. 4. The subjectavereaskto adjustthe distanceof the
objectsto the distancethey thoughtwas mostappropriate We could thusrecon-
structthe curve of perceptiorievelsfor 3D objectsbasedon the distancefrom the
obsenrer.

— The sameobjectswere presentectloseup at variousanglesand the tessellation
wasgraduallydecreasedntil the userpressed key to indicatethathe hadsensed
achangen therepresentationf the object. This enabledusto optimizethe maxi-
mum numberof trianglesneededvhenthe objectsarepresentedloseup.

— Having testedthe perceptionof the tessellationwe still neededo testif partic-
ipantswere capableof identifying randomly presentedapsbasedon the mental
representatiothey hadacquired A closeup view of a highly detailedversionof
eachof the objectswas displayedside by side by a randomview of ary object
at ary tessellatiorlevel, ary orientation,andary distance The userwasaskedto
decidewhetherbothdisplayedobjectswereidentical.

Fig. 5. Comparingrealandvirtual scenes
— Thelastexperimentwasintendedto studythe behaior of participantsvhenthey
arerequiredto processa complex ervironmentof geometricandarchitecturaton-
figurations. We wantedto find out if anexcessve degradationwouldimpactonthe
efficiency of thesimpleviewpointfindingtask.A pictureof therealscenewasdis-
playedabove a 3D modelof the scenein which the userwasaskto navigateuntil



hewould find the point of view correspondingo wherethe picturehadbeentaken

from (seefig.5). The subjectsweredivided in four groups.Adaptive tessellation
was activatedfor the first groupbut the threeotherswhereshown threedifferent
fixedlevelsof tessellation.

Results. The first three experimentsproved that the appropriatetessellationfor the
circular sectionof the primitives shouldrangefrom 6 verticesto 18. The minimum
tessellatiorfor a cylinder of onemeterdiametershouldbereachedat 30 meters.

The last experimentshowved that adaptve tessellationmproved the performance
of subjectswithin the environment.High levels of fixed tessellationower the frame
rateandhinderthe navigation. Thelowestlevel of tessellatiordistortedthe objectstoo
muchandmadeidentificationmoredifficult. The framerateandtriangle countfor the
adaptvely tessellate@nvironmentwerecomparabléo thoseobtainedor afixedtessel-
lation of 12 vertices However, triangleswerebetterdistributedsincecloserobjectshad
more detailsthanfurther ones.This leadto fewer identificationerrorsandto a better
recognitionof objectsin theervironment.

Resultsalsoshaved that dynamicvisual perceptionis influencedby the operatie
knowledgeaswell asby the taskthatis assignedo the subject.The perceptionand
recognitionstrateyy of industry workerswas influencedby their prior knowledge of
thetypesof objectsandinstallationsusedin the experimentationlt usuallyhelpthem
recognizesimplified objectsby acceptinggreaterdegradationsandfiltering out some
partsof the objectwhich were not importantfor the recognition(as the supporting
pipes).However, it alsosometimedeadthemto consideronly foregroundobjectsand
ignorepertinentinformationin the backgroundwhich introduceda few moreerrorsin
thenavigation.
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Fig. 6. Performanceneasures

4.1 Performance

We have implementedhis algorithmusingthe OpenGLOptimizerlibrary. It is coupled
to a view frustum and an occlusionculling algorithm so that only visible primitives
are evaluatedfor adaptve tessellation.The performancemeasuresvheremadeon an
ernvironmentrepresenting forty meterslong corridorwith onesidecoveredwith var
ious pipes(seefig.5). It containsabout2300 primitivesleadingto maximumof 50K



triangles.The obsener simply walked down that corridorwhile the framerateandthe
numberof displayedrianglesweremeasured.

As shavnin fig. 6(a),thenumberof trianglesrisesslowly astheusersmovescloser
the objectsand dropssharplywhencloseobjectsmove out of the view frustum. Fig-
ure 6(b) shavs the frameratefor adaptve tessellationandconstantessellatiorlevels
suchthat eachcylinder is representedby six and twenty one vertices(which arethe
minimum andmaximumvaluesdeterminedy the egonomicalstudy). The framerate
increasegraduallyasfewer objectsarevisible. Thefigure shavs adaptve tessellation
performsalways betterthan constanthigh levels of tessellationwhich arerequiredto
maintainobjectcomprehension.

5 Conclusion

In orderto reducetheamountof trianglesusedto represensimpleprimitives,we have
presentec@nextensionof atessellatioralgorithmwhich alreadywhich adaptshe num-
berof trianglesto theobsenationdistanceln this context, we shavedthatit is usefulto
manageconnectiorinformationsothatthe meshe®f adjacenprimitivesremainscon-
tinuous.Using the connectionsthe alignmentconstraintscanbe propagatedrom one
primitive to the next. The connectionsare updatedeachtime an objectmoveswithin
thescene.

An ergomical study was conductedo determinethe appropriatelevels of tessel-
lation for a given distance.lt hasalso shavn that adaptve tessellationmprovesthe
performancef the userwithin thevirtual ernvironmentby raisingthe frameratewhile
preservingheappearancef visible objects.

We planto extendour designby includingotherfactorsto modulatethetessellation
suchastheincidenceof theviewing direction,thespeedf theobjectwith respecto the
obseneror theperipheralocation.Additionnaly, we intendto evaluatetheinclusionof
othertypesof primitiveswithin our framework.
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