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ABSTRACT

Within the eld of computergraphicsandvisualization,it is often
necessaryto visualize polygonal models with large number of

polygons.Display quality is mandatorybut it is alsodesirableto

have the ability to rapidly updatethe displayin orderto facilitate
interactive use.Point basedrenderingmethodshave beenshavn

effective for this task.Building on this paradigmwe introducethe
PMR systemwhich usesa hierarchyboth in points andtriangles
for rendering.This hierarchyis fundamentallydifferentfrom the
onesusedin existing methodslt is basedon the featuregeometry
in the object spaceratherthanits projectionin the screenspace.
This providescertainadwantageover the existing methods.

CR Categories: 1.3.3 [Computer Graphics]: Picture Image
Generation—¥éwing algorithms; 1.3.5 [Computer Graphics]:
ComputationalGeometryand Object Modeling—Objecthierar
chies

Keywords: rendering,feature,multi-resolution,level of details,
\oronoidiagram

1 INTRODUCTION

Interactive visualizationof large polygonalmesheposesaproblem
to mary of the presentday graphicrenderingsystemsindeed the
mostcommongraphiclibrariesin usetodaydo not have ary built-
in facilitiesfor dealingwith modelsthatneedlargerRAM thanthe
oneavailablein the renderingcomputer Of course the problemis
alleviatedwith larger memory but the gainin hardware resources
is fastovertalen by the demandon datasizewith advancingtech-
nology This haspromptedresearchn algorithmictechniqueghat
cancomplementheavailablehardwareandsoftwarefor rendering
large polygonalmodels.

Known approaches. Oneway to reducethe demandon the ren-
deringresourcas by displayingonly thevisible partsandnomore.
ThehierarchicalZ-buffers[16], adaptve displays[14], andHierar
chical OcclusionMaps[29] fall into this category. It is also pos-
sible to coarsenor re ne the modelitself asit is being viewed.
Progressie and view dependenimeshes [19, 20], multiresolu-
tion mesheshasedon subdvisions [17], wavelets[4] and others
[8, 13,15,26,12] areexamplesof this approach.

Most of the computationduring renderinga meshis devotedto
rasterizingpolygons.Consequentlyefforts have focusedon replac-
ing themwith easiemprimitivessuchaspointsthatcanberendered
as pixels. This hasled to intenseresearchon point cloud repre-
sentationof modelsin recentyears[1, 23, 25, 24, 30]. The no-
tion of points as renderingprimitive datesback as early as 1974
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with thework of Catmull[3]. In 1985Levoy andWhittedproposed
pointsexclusively astheprimitive of choicefor display[22]. In [18]
and[28], pointsareusedasa primitive for ray tracingof images.

The idea of view dependentierarchywhich is usedin mesh
rendering[20] is rst incorporatedin point basedrenderingby
Rusinkiavicz andLevoy in QSplat[27] andlaterby P ster et.alin
Surfel[25]. Zwicker et. al introducea screerspacebasedsplatting
techniqueto renderpointswith textures[30]. Kalaiahand Varsh-
ney selectvely altersthe sizeof the pointsto be displayed[21]. A
problemwith the point basedrenderingschemeis that whenone
moves very closeto the surface,the samplepoints may be more
thanonescreerpixel apart.This meanghateithera blocky image
will beseen(in thecasewherenointerpolationis done),or artifacts
maybepresentif theinterpolationis performedn screerspacgan
exampleof sucha blocky imageis shavn in Figure1). This prob-
lem is overcomewith the hybrid techniqueghat useboth points
andtrianglesasrenderingprimitive asproposedn POP[5] andHy-
brid Simpli cation [7]. POPusesapointhierarchyasin QSplatand
usedrianglesonly atthelowestlevel. Hybrid Simpli cation onthe
otherhandusesa triangle hierarchybasedon edgecollapsingand
replaceshemwith pointsadaptvely basedon anerror metric. We
introducea hybrid techniquecalled PMR which is similar to POP
andHybrid Simpli cation in thatit alsousespointsandtriangles
adaptvely, but is fundamentallydifferentin generatinghe hierar
chy.

First, PMR builds a hierarchyof pointsandtrianglesandthus,
unlike POR takesadwantageof the multiple resolutionof triangles
aswell aspoints. Secondthe hierarchyis computedsolely based
upona scaleindependentnetric as opposedo a scaledependent
errormetricasin Hybrid Simpli cation. Thisis achiered by mak-
ing thehierarchydependentnintrinsicfeatureof themodelrather
thanits speci ¢ scaledembeddingThird, unlike POPandHybrid
Simpli cation, thehierarchyin PMRis built onaninputpointcloud
without requiringthat a surfacemeshbe input. While, if needed,
one can always computea surfacemeshfrom a point cloud, it is
sometimegrohibitive to computesucha meshfrom a large data.
Taking away this onusfrom the user PMR providesmore e xibil-
ity. A sidebene t of this approachis that the hierarchybecomes
lighterweight.It doesnotneeda hugegraphstructureasin the Hy-
brid Simpli cation, acoarseoctreestructurds sufcient to holdthe
hierarchyinstead.

Our approach. Our renderingsystemPMR, like POPand Hy-
brid Simpli cation, utilizes both points and trianglesfor display
However, therearesomenew featureswvhich aredifferentfrom pre-
viously introducedrenderingsystemsIn particular our algorithm
males use of feature-dependerdecimationrather than screen-
spaceprojectionsin orderto determinevhich pointsare“moreim-
portant” for a visually pleasingdisplay of the model.Indeed,if a
largenumberof pointsarelocatedneareachotherin anareaof low
cunature,it may be possibleto positionthe viewer suchthat the
distancebetweerthe pointsis morethanonepixel. However, since
the areais at, thereis no adwantageto shawing all the detail at
once;a small subsef the pointsconnectedvith polygonswould
beadequatéo representhatparticularareafaithfully. PMRin fact
doesdealwith this situation:it appropriatelyeduceshenumberof



Figurel: Splattingsystemsnayshaw aliasingatcloserange(center) PMR dravstrianglesinsteadof pixelsatcloserange(right) andrespects

thefeaturesof themodel.

pointsandpolygonsrequireddueto its feature-basetechnique.

A brief overview of the methodis asfollows. The input point
cloud is organizedinto an octree;this senesas a spatialdecom-
position of the data.As an additionalbene t, the octreeis used
for acceleratinghe renderinglater. An algorithmbaseduponthe
Voronoi diagramandits dual Delaunaytriangulationis thenused
to preprocessthepointsetandto determingherelativeimportance
of the pointsfor display This importanceis computedby estimat-
ing thelocal featuresizearounda point from the point clouditself.
In addition,a polygon basedapproximationto the surfaceis also
computedusinginformationfrom the Delaunaytriangulation.This
processs repeatedor severallevels of decimationin orderto pro-
ducea hierarchyof pointsandtriangles;this allows the rendering
time spenton eachareaof the imageto betailoredto the speci c
detail requirementf that region. Finally, the pre-processede
is written to disk. The viewer applicationmay thenchoosea level
in the precomputedhierarchyaccordingto the viewing distance A
simple userde ned parametercan be usedto control the relation
betweerthehierarchylevel andtheviewer distancethusachiering
the speed/qualittradeof. Within eachhierarchylevel, the choice
of point vs. triangleis guidedby a screenspacemetric. The key
featuresof PMR canbe summarizedasfollows.

(1) Goodquality atall viewing distances.
(2) Adaptive displaybaseduponmodelcompleity.
(3) Adjustablespeed/qualityradeofs astheuserdesires.

(4) The ability to use disk spaceduring viewing which eases
memoryrequirements.

(5) Norequiremenbf aninputmesh.

Therestof thepaperis organizedasfollows. Section2 describes
the preprocessingtepthatcreateghe point andtrianglehierarchy
Section3 detailsthe renderingalgorithmthat usesthe createdhi-
erarchystoredinto the disk. Section4 shavs our resultsand we
concluden Section5.

2 PREPROCESSING

We preprocesthedatato createa hierarchyof pointsandatriangu-
lar meshout of them.Thehierarchyis basedn thegeometryof the
shaperatherthan on a screenspacemetric. The input point cloud
is decimatedwvherever its densityis more than neededo capture
thefeaturesof theshapeA thresholdparameteguidesthelevel of
this decimationresultingin a hierarchyof points. Notice that this
methoddoesnot introduceary new point; it only lters theinput
selectiely solelybasedn features.

Spatial decomposition. Our featurebasedhierarchyohviously
calls for a featuredetectionstep.We do this by a Voronoi based
methoddescribedn [11]. Unfortunately Voronoidiagramcompu-
tationsarecostly In particular largedatasetsposesevereproblems
if the Voronoi diagramdatastructuredemandsnore RAM mem-
ory thanis available. Frequentthrashingin this casecripplesthe
computation\We overcomethis problemby dividing the datawith
anoctreeandthenconcentratingon eachnodeindividually for the
Voronoi diagramand subsequentomputationsThis stratgy has
given remarkablesuccessn Voronoi basedsurfacereconstruction
from largepoint clouds,se€[10] for details.

The depthof the octreesubdvision dependn the numberof
pointsthat we allow in the octreenodesat the lowestlevel (leaf
nodes) Sincetheseoctreenodeswill beusedlaterin therendering
stageaswell, it is adwvantageoughat they not have too mary or
too few pointswithin them. As the octreenodesbecomesmaller
therearemoreof themto processandoverheadrises.Corversely
if the octreenodesaretoo few in number someefciency is lost
in therenderingstageagain.Experimentsuggesthata maximum
between8000 and 12000 points per octreenode provides a good
balance.

(@) (b) (©

Figure2: A long skinry Voronoicell ~ for asamplepoint ona
denselysampledsurface , (a) the correspondindarthestVoronoi
vertex , estimatechormal andthetangentpolygon(shaded),
(b) theheight andradius of , (c)theumbrellatriangles.

Point hierarchy. It hasbeenobsened by AmentaandBern[2]
thatthe VVoronoicellsfor a point cloudthatis densewith respecto
local featuresizesare“long” and“skinny.” We capturethis aspect
by computingthe heightandradiusof a Voronoicell  for apoint



Figure 3: The octreefor the HAND dataset(far left). The hierarchyof pointsrespectghe featuresfrom mostto leastdetailed(centerand

right).

Figure4: Thehierarchyof triangles from mostto leastdetailed.

. The heightis the distancebetween and the farthestVoronoi
vertexin  ; shavn as in Figure2(b). It is known thatthe vector
from to this farthestVoronoi vertex estimateshe normalat
on the sampledsurface. Therefore the planepassingthrough
having  asits normalestimateghetangentplaneat . Thistan-
gentplaneintersects within acornvex polygon,whichwe call the
tangentpolygonfor . SeeFigure2 for anillustration. Theradiusof
is thedistanceof to the furthestpointin thetangentpolygon;
shavn as in Figure 2(b).

Intuitively, theheightof aVoronoicell measurethedistanceof a
samplepointfrom themedialaxisof theshapesnclosedy the sur
face.This distanceis small wherethe surfacebendssharply(high
cunvature)or hasotherpartsof thesurfacenearby. This meanghat
the heightmeasureshelocal featuresize. Theradius,on the other
hand,measureshe distancebetweensamplepointsthatareneigh-
borsonthe surface.Thus,theratio givesan estimateof the

sampledensitywith respecto thelocalfeaturesize.

Thedecimatiorstepthatis usedto createthe point hierarchyre-
movesthosepointswhoseVoronoi cells have ratio smaller
thanathresholdvalue becauséhey musthave severalotherpoints
closeto themandsothey areredundantor the displayof the sur
faceat a lower resolution.Pointsin areaswith high curvatureor
smallfeatureswill beretainedbecauseheir cellswill not belong
and skinry. An iterative point deletionwith the above ratio con-
dition generates point cloud for onelevel in the hierarchy Dif-
ferentlevels of the hierarchyare createdvia adjustingthe value of
the threshold . In particular the decimationshouldbe relatively
low in the more detailedlevels of the hierarchyso that therewill
be sufcient detail for closeviews. In addition, sincesparsedata
setsareableto be displayedmorerapidly, the mostdecimatedev-
els of the hierarchymay be comparatiely sparsesincethey will
not be shavn unlessthe correspondingart of the objectis further
away. For ourexperimentsyve typically usedarangeof valuesfrom

=0.1to =1.0,with aspacingof 0.1to 0.2betweersuccessie val-

ues.The Voronoidiagramis continuouslyupdatedthroughoutthe
preprocessing.

Ohviously, computationof the height and radiusrequiresthat
all surfaceneighborsof eachpoint be presentvhile computingthe
Voronoidiagramfor eachoctreenode . Althoughthisis the case
for most points, the points nearthe boundaryof  do not have
theirneighborsTo remedythis, weincludepointsfrom all adjacent
nodeswhile computingthe Voronoidiagramof thepointsin  (that
is, ary leaf nodethatsharesanedge face,or vertex with thenode).
Thosepointswhich areoutside  areprocessedust asary other
pointwith the exceptionthattheirinformationis notwritten to disk
atthistime (thedatafor ary pointis writtenonly whentheleafnode
containingit is the currentonebeingprocessed)Figure 3 shavs
thepoint hierarchyfor the HAND dataset.

Triangle hierarchy. Eachpoint cloud in the point hierarchyis
alsoequippedwith a setof trianglesthat approximatethe surface
for displayat higherresolutionsLet bethehierarchy
of pointcloudscreatedor anode .Let betheVoronoicellof a
point in theVoronoidiagramof apointcloud in this hierarchy
alongwith the pointsat the samehierarchylevel from neighboring
leaf nodes.The tangentpolygonof computedwith this VVoronoi
diagramintersectscertainVoronoi edgesin . We take the dual
Delaunaytrianglesof theseedgeswhich createan umbella for
atthehierarchylevel ; seeFigure2(c).For sufciently densepoint
samplestheumbrellatriangleslie at with respecto the surface—
anobserationthatfollows from theresultsin [9]. Theumbrellatri-
anglesfor representheinterpolatedsurfacelocally around . All
suchumbrellatrianglesatlevel createthe th level of thetriangle
hierarchy Figure 4 shaws the hierarchyof trianglesproducedby
this methodfor the HAND dataset.

Records. In additionto the point andtriangle hierarchy we also
computesomeotherinformation within eachleaf node.For each



hierarchylevel, we determinethe umbeella radius for a point
which is the maximumdistanceof to ary othervertex in its set
of umbrellatriangles.Later, this umbrellaradiusis usedto select
whetherto rendera given samplepoint as a single pixel or asa
collectionof umbrellatriangles.In addition, the averagevalue of
all theumbrellaradii at eachhierarchylevel is alsocomputedand
stored.This is usedlaterto determinethelevel of hierarchywhich
should be selectedfor display It should be notedthat a triangle
which is presentin one samplepoint's umbrellawill very likely
be presentwithin the umbrellasof the othertwo verticesof that
triangle.To accelerateenderingthen,it is usefulto associata ag
with eachtrianglesothatin subsequentenderingit is only dravn
once.

The entireoctreeis written into the disk with the following in-
formation.

(1) Pointlist : the pointsin aleaf nodeare placedconsecutiely
in this list.

(2) Normals : the estimatednormals at each point from the
Voronoi diagramof the undecimatedooint set at eachleaf
node.

(3) Octreestructure: the tree datastructurerepresentinghe oc-
tree.

(4) Hierarchy: Eachlevel of thehierarchyin aleafnodehas

(a) A list of umbrellatrianglesfor eachvertex

(b) umbrellaradii for eachvertex andthe averageumbrella
radiusover all points.

All preprocessingtepscanbedoneof ine, thussavingtimedur
ing renderingMoreover, if thedisk le containingtheoctreeinfor-
mationis mappedinto memory the octreedoesnot needto take
the full amountof RAM thatwould otherwisebe necessanyf the
viewing systemdoesnot have enoughmemoryto hold all the data
atonce,portionscanbe selectvely pagedo andfrom thedisk le.

3 VIEWING

After the preprocessede is writtento disk, it maynow beviewed
in an acceleratednanner We take advantageof the systemcall
mmap()underLinux; this references disk le asif it is actually
an areaof RAM. The operatingsystems$ disk cachingfacilities
thenhandlethe buffering of recentlyuseddatain memoryandpro-
vide for fastaccesgo frequentlyusedinformation.If thedisk le
is larger thanthe available memoryspace datacanbe selectiely
loadedfrom disk or purgedfrom memoryasneededinderthe con-
trol of theoperatingsystem Onemayobsere thatthereis no need
to build ary octreedatastructureat this time sincethe stored le
alreadyhasthedatablockedinto nodesandtheoctreeis thusstored
there.Theoctreedecompositiorof the point cloudalsocouldallow
usto selectvely cull away portionsof the modelwhich lie outside
the view frustum.This is the sameideaasusedin QSplat;the ra-
tionaleis that no effort shouldbe spenton invisible nodes.Once
anodeis choserfor display we rst needto selectanappropriate
level of hierarchyfor it. Next, we needto determinevhetherto ren-
deraparticularpointasasinglepixel or asanumbrellaof triangles.
In fact,bothof thesequestionsareansweredia amappingoetween
theworld andthe screerspace.

World to screenspace. It is necessaryo determinethesizeof a
pixel (referredto aspixel sizg in relationto the “world space”in

whichthe object’s point coordinatesrede ned. However, asingle
pixel coversanever-increasingamountof suchspaceasits distance

Figure 5: The pixel size grows as distancefrom the viewer in-
creases.

from theeye pointincreases- or, equivalently; asits Z-buffer value
grows larger(see gure 5).

Thereforejt is necessaryo mapthe distanceof the modelfrom
the viewer to the pixel size. Sinceit would be too expensve to
performsuchan estimationfor every pointin the model,we again
male useof ouroctreedatastructure Speci cally, whenaleafnode
is processedye examineits eightcornervertices Oneof thesever
ticeswill be closestto the eye point. Next, we take anotherworld
spacepoint which is also at the samedistancefrom the eye but
is oneworld spaceunit avay from the cornerpoint. Both points
areprojectedo screerspace Thedistancebetweerthemin screen
spacds thencomputedThereciprocalof this distancegivesanes-
timate of the size of a pixel at a given distancefrom the eye. This
size,then, is taken as the pixel size arywherewithin that octree
node.Notethatthisis aconserative estimateasonemovesfurther
from the eye within thatnode,the amountof world spacecovered
increasesso we are underestimatinghe pixel's coverage.As we
will seelater, this amountsto overestimatinghe amountof detail
neededor a given areaof theimage;however, it doesensurethat
noholeappearsn therenderingattheexpenseof possiblyperform-
ing a smallamountof extra work. Figure 7 shaws the hierarchies
choserbasednthe pixel size.

Selectinghierarchy. Recallthateachnodehasseverallevelsof a
point hierarchycontainedwithin itself. To selecta hierarchylevel,
we choosethe level which hasan averageumbrellaradiusthatis
closeto beingthesameastheestimatedixel sizefor thatnode.The
ideais thatthis will allow the maximumnumberof samplepoints
to berenderedaspixels. It hasbeenobsered thatpoint-baseden-
deringis muchfasterthanpolygon-basedendering sowe attempt
to favor thisasmuchaspossiblewhenit canbe donewithoutcom-
promisingquality. In orderto allow the userto tradeoff quality for
speedwe provide aselectablevaluethatindicateghescreen-space
tolerancefor error. This is doneby selectinga level whoseaver
ageumbrellaradiusis a userde ned constanfactor multiplied by
the estimatedpixel size.Table 2 and Figure9 exemplify this qual-
ity/speedradeof.

Point vs. umbrella. To determinewhetherto rendera point as
a point or an umbrella,we againcomparethe twice the umbrella
radiuswith the estimatedpixel size for the given leaf node.The
valueis doubledto ensurethatthereis no possibility of a hole ap-
pearing asit mightif theumbrellawerenearlycircularandthera-
diuswascloseto the estimatedpixel size.If the pixel sizeis larger
thantwice the umbrellaradius,it mustbe the casethat the pixel

completelycoversthe point in question.Moreover, it also covers
theentireumbrellaof thatpoint aswell. In thatcasejt would bea
wasteof resourceso renderarything morethanasinglepointsince
all detailsare“hidden” within thatsingle pixel. Thus,in this case,
a single point is rendered Otherwise,the full umbrellais dravn

sincethe detailcoversmorethanonepixel. Drawing the entireum-
brellaalsoensureghat no holesappeamwithin the surface.Recall
that the pixel size was underestimategreviously, so ary inaccu-
racieswill tendto leadto more umbrellasbeingdrawn; this also
preventsthe appearancef holes.Figure 6 shavs thatmorepoints
arerenderedasthe objectrecededurther from the eye. However,



0.11FPS;4554966riangles;
0 points
(full detailmesh;closerange)

0.77FPS;669820triangles;
48267points
(PMR; closerange)

Figure6: DAVIDHEAD at differentviewing distancesFPS

sincethe hierarchylevel usedalso changesthe numberof points
doesnot increaseoo much;instead the systemswitchesto using
a sparserhierarchylevel and draws trianglesinstead.Thus, both
the total numberof pointsdravn andthe total numberof triangles
decreases.

Algorithm.  The display procedurecalls the Renderprocedure
and passest an agumentof the octrees root node. This pro-
ceduren turnmakesuseof anothemprocedurealledRendesNode:

RENDER-NODE (Leaf NodeN)
1 estimatehepixel sizefor N
2 selectthelevel of hierarchy
3 for eachpoint presenttthis level
decidehow to draw: pointor umbrella
if point
draw aspixel
else
for eachtrianglein point'sumbrella
if trianglenotyetrendered
rendertriangle
markasrendered

POOWOLO~NO O~

o

RENDER (OctreeNodeN)
if Nisaleafnode
call RenderNode(N)
else
for eachchild of N
call Render(child)

GabhwNPEF

4 RESULTS

We experimentedwith PMR on several large data setsavailable
from Geogia Tech and Stanfordweb sites[33, 34]. The system
usedfor thesetestscontainedan Intel Pentiumd processorunning
at 1.7 GHz. The systemwas con gured with 2GB of RAM anda
Matrox Millenium G450graphicscard. The Voronoi diagramsfor
the hierarchieswvere generatedvith the help of the CGAL library
[32]. Thishierarchycomputatiorusespointdeletionsn 3D Voronoi
diagramswhich is not yet ef ciently implementedn CGAL. As a
result,thoughoff-line, the preprocessinfpr generatinghehiearar
chytook considerablg¢ime; seeTablel.

Figure6 shavs therenderingspeedwith DAVIDHEAD at differ-
entviewing distancesAs the modelrecededurther, more points

0.65FPS;656223triangles;
377452points
(PMR; atadistance)

1.65FPS;215034triangles;
204050points
(PMR; evenfurtheraway)

frames/secondPointsareshawn in red;trianglesareshowvn in blue.

Hierarchy
Object Vertices | Time | size(MB)
DRAGON 437645 | 03:53 97
HAPPY 542557 | 04:36 150
BLADE 882954 | 09:02 238
DAVIDHEAD | 2000646 | 06:36 512
STMATTHEW | 3382855 26:38 479

Tablel: Preprocessingtatistics Timesaregivenin hours:minutes.

arerenderecand more decimatedevel of the hierarchyis chosen.
Thisresultsin higherframerates.

Figure7 shavs thehierarchythatis usedfor thedisplay Thetri-
anglesandpointswithin eachoctreeleaf nodeare coloredaccord-
ing to the level of hierarchythat was selectedfor that leaf node.
Notice that thoseareasclosestto the viewer tend have the most
detailedrepresentatiorthosefurther avay aremorelikely to have
lessdetail sinceit is not neededor a gooddisplay However, this
nottruein all casesFor example,the top of DAVIDHEAD in Fig-
ure? is coloredbluethoughtheregion is closerto the viewer. The
reasorfor thisfactis thatthe samples extremelydensen thisarea
andPMR canproduceacceptableuality while usingthe mostdec-
imatedlevel in the hierarchy despitethe factthatthe areais close
to theviewer.

Figure 8 shaws the resultof PMR comparedto the full-detail
representationg he quality differenceshetweerthemarenot very
apparengvenatcloserange which highlightsthe quality presera-
tion of PMR.

As wasmentionedpreviously, thereis a userde nabletolerance
factoravailablefor determiningheamountof detailto display The
higherthis factor thefasteris renderingwith lower quality. Table2
illustratestherenderingspeeddependencon this factor

Recallthatwe variedthe decimationthreshold from0.1t0 1.0
in stepsof 0.10r0.2to generatéhepointhierarchyWhen islarge
(closeto 1.0), featuresof the modelaredistortedor lost. However,
this lossis not visibly signi cant whenthosepartsof the model
arefurther away. In orderto make surethat the sparsehierarchy
levelsareavailedonly whenthe viewing distancds quitelarge,we
introducea modi cation to the tolerancefactor computation.No
alterationin thetolerancefactoroccursuntil a pixel sizeis at least
two. After this,we reducehefactorlinearly until the pixel sizeis at
leastfour, atwhichpointthefactorwill have avalueof one.Thenet
effectof thismodi cation is to slow thetransitionasthedecimation
level becomegrogressiely more sparse Consequentlythe very
sparsdevelsarenot useduntil their lower resolutionis not visible.
All timing gures citedin this papemale useof this modi cation.



DRAGON BLADE

DAVIDHEAD HAPPY

Figure7: The hierarchiesReddenoteghe mostdetailedarea,fol-
lowedsuccessiely by orangeyellow, green,andblueasmoredec-
imatedlevelsareused.

Figure9 illustratesthe dependenc of the quality on the tolerance
factorat differentviewing distancesThe left columnis produced
with a factor of one, while the right columnis producedwith a
factorof ve.In thetopthreeimagestheeyeis placedatadistance
from the scene;notice that lessdetailedhierarchylevels are used
andfactor3 and5 both usethe mostdecimatechierarchylevel. In
themiddleimagesthe eye hasbeenmoved closer For this reason,
theprogramswitchesto moredetailedhierarchylevelsfor factorl,
but choosedessdetailedlevel for factor3 and5. Finally, the area
highlightedis viewed at a very closedistancein the bottom row
wheredetailedlevelsareusedfor all factors.

5 CONCLUSIONS

WehaveintroducedPMR, ahybridrenderingschemehatuseshoth
pointsandtrianglesadaptvely for display Thehierarchyis precom-
putedwith thefeaturegeometryin the objectspaceandis selected
with ascreerspaceduringdisplay An inputsurfaceis notrequired,
andthe separatiorof tasksinto preprocessingndviewing stages
allows for afruitful division of laboranda higherframeratewhile
rendering.Experimentson several large datashav PMR's effec-
tivenessn maintainingquality, speedandproviding aspeed/quality
tradeof.

A future researchdirectionwould be to investigateif and how
themethodof PMR canbeappliedto volumerenderingTheideaof
“dividing cubes”projectingto alessthana pixel [6] is anevidence

0.54FPS(full detail) 3.85FPS(PMR)

0.25FPS(full detail) 0.71FPS(PMR)

0.43FPS(full detail) 3.44FPS(PMR)

Figure8: Comparisorof full-detail meshesndthehierarchicaten-
deringsat closerangefor DRAGON, BLADE, andHAPPY. FPSde-
notestheframesrenderedersecond.

thatsuchrenderingschememaybe useful.
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Numberof FPS FPS FPS FPS

Object Vertices | Full Mesh | Hierarchy Factor=1| Hierarchy Factor=3 | Hierarchy Factor=5
DRAGON 437645 0.54 0.57 1.69 3.85
HAPPY 542557 0.43 0.54 2.29 3.44
BLADE 882954 0.25 0.27 0.71 0.71
DAVIDHEAD 2000646 0.11 0.32 0.61 0.78
STMATTHEW 3382855 0.072 0.64 0.66 0.67

Table2: Framerateswith differentfactors.

0.64FPS 0.67FPS 0.67FPS
0.29FPS 0.59FPS 0.59FPS
0.16FPS 0.74FPS 0.96FPS

Figure9: St.Matthev data:Factor=1(left), factor=3(middle),andfactor=5(right). As in Figure7, colordenoteghehierarchylevel. Top: The
eyeis furthestfrom the gure. Middle: As theeye dravs neareymoredetailedhierarchylevelsareused Bottom: The mostdetailedhierarchy
levelsareusedwhentheeyeis very closeto the gure. FPSdenotegheframesrenderegpersecond.



