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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 mandatory, but it is alsodesirableto
have the ability to rapidly updatethe displayin orderto facilitate
interactive use.Point basedrenderingmethodshave beenshown
effective for this task.Building on this paradigmwe introducethe
PMR systemwhich usesa hierarchyboth in points and triangles
for rendering.This hierarchyis fundamentallydifferent from the
onesusedin existing methods.It is basedon the featuregeometry
in the object spaceratherthan its projectionin the screenspace.
This providescertainadvantagesover theexisting methods.

CR Categories: I.3.3 [Computer Graphics]: Picture Image
Generation—Viewing algorithms; I.3.5 [Computer Graphics]:
ComputationalGeometryand Object Modeling—Objecthierar-
chies

Keywords: rendering,feature,multi-resolution,level of details,
Voronoidiagram

1 I NTRODUCTI ON

Interactivevisualizationof largepolygonalmeshesposesaproblem
to many of thepresentdaygraphicrenderingsystems.Indeed,the
mostcommongraphiclibrariesin usetodaydo not have any built-
in facilitiesfor dealingwith modelsthatneedlargerRAM thanthe
oneavailablein therenderingcomputer. Of course,theproblemis
alleviatedwith largermemory, but the gain in hardwareresources
is fastovertaken by thedemandon datasizewith advancingtech-
nology. This haspromptedresearchin algorithmictechniquesthat
cancomplementtheavailablehardwareandsoftwarefor rendering
largepolygonalmodels.

Known approaches. Oneway to reducethedemandon theren-
deringresourceis by displayingonly thevisiblepartsandnomore.
ThehierarchicalZ-buffers[16], adaptive displays[14], andHierar-
chical OcclusionMaps [29] fall into this category. It is alsopos-
sible to coarsenor re�ne the model itself as it is being viewed.
Progressive and view dependentmeshes [19, 20], multiresolu-
tion meshesbasedon subdivisions [17], wavelets [4] and others
[8, 13,15,26,12] areexamplesof thisapproach.

Most of thecomputationduringrenderinga meshis devotedto
rasterizingpolygons.Consequently, effortshave focusedonreplac-
ing themwith easierprimitivessuchaspointsthatcanberendered
as pixels. This has led to intenseresearchon point cloud repre-
sentationof modelsin recentyears[1, 23, 25, 24, 30]. The no-
tion of points as renderingprimitive datesback asearly as 1974
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with thework of Catmull[3]. In 1985Levoy andWhittedproposed
pointsexclusively astheprimitiveof choicefor display[22]. In [18]
and[28], pointsareusedasa primitive for ray tracingof images.

The idea of view dependenthierarchywhich is usedin mesh
rendering[20] is �rst incorporatedin point basedrenderingby
Rusinkiewicz andLevoy in QSplat[27] andlaterby P�ster et.al in
Surfel[25]. Zwicker et.al introducea screenspacebasedsplatting
techniqueto renderpointswith textures[30]. KalaiahandVarsh-
ney selectively altersthesizeof thepointsto bedisplayed[21]. A
problemwith the point basedrenderingschemeis that whenone
moves very closeto the surface,the samplepoints may be more
thanonescreenpixel apart.This meansthateithera blocky image
will beseen(in thecasewherenointerpolationis done),or artifacts
maybepresentif theinterpolationis performedin screenspace(an
exampleof sucha blocky imageis shown in Figure1). This prob-
lem is overcomewith the hybrid techniquesthat useboth points
andtrianglesasrenderingprimitiveasproposedin POP[5] andHy-
brid Simpli�cation [7]. POPusesapointhierarchyasin QSplatand
usestrianglesonly at thelowestlevel. Hybrid Simpli�cation on the
otherhandusesa trianglehierarchybasedon edgecollapsingand
replacesthemwith pointsadaptively basedon anerrormetric.We
introducea hybrid techniquecalledPMR which is similar to POP
andHybrid Simpli�cation in that it alsousespointsandtriangles
adaptively, but is fundamentallydifferentin generatingthehierar-
chy.

First, PMR builds a hierarchyof pointsandtrianglesandthus,
unlike POP, takesadvantageof themultiple resolutionof triangles
aswell aspoints.Second,the hierarchyis computedsolely based
upona scaleindependentmetric asopposedto a scaledependent
errormetricasin Hybrid Simpli�cation. This is achievedby mak-
ing thehierarchydependentonintrinsicfeaturesof themodelrather
thanits speci�c scaledembedding.Third, unlike POPandHybrid
Simpli�cation, thehierarchyin PMRis built onaninputpointcloud
without requiring that a surfacemeshbe input. While, if needed,
onecanalwayscomputea surfacemeshfrom a point cloud, it is
sometimesprohibitive to computesucha meshfrom a large data.
Takingaway this onusfrom theuser, PMR providesmore�e xibil-
ity. A sidebene�t of this approachis that the hierarchybecomes
lighterweight.It doesnotneedahugegraphstructureasin theHy-
brid Simpli�cation, acoarseoctreestructureis suf�cient to holdthe
hierarchyinstead.

Our approach. Our renderingsystemPMR, like POPandHy-
brid Simpli�cation, utilizes both points and trianglesfor display.
However, therearesomenew featureswhicharedifferentfrom pre-
viously introducedrenderingsystems.In particular, our algorithm
makes use of feature-dependentdecimationrather than screen-
spaceprojectionsin orderto determinewhichpointsare“more im-
portant” for a visually pleasingdisplayof the model.Indeed,if a
largenumberof pointsarelocatedneareachotherin anareaof low
curvature,it may be possibleto position the viewer suchthat the
distancebetweenthepointsis morethanonepixel. However, since
the areais �at, thereis no advantageto showing all the detail at
once;a small subsetof thepointsconnectedwith polygonswould
beadequateto representthatparticularareafaithfully. PMRin fact
doesdealwith thissituation:it appropriatelyreducesthenumberof



Figure1: Splattingsystemsmayshow aliasingatcloserange(center).PMRdrawstrianglesinsteadof pixelsatcloserange(right) andrespects
thefeaturesof themodel.

pointsandpolygonsrequireddueto its feature-basedtechnique.
A brief overview of the methodis as follows. The input point

cloud is organizedinto an octree;this servesasa spatialdecom-
position of the data.As an additionalbene�t, the octreeis used
for acceleratingthe renderinglater. An algorithmbaseduponthe
Voronoi diagramandits dual Delaunaytriangulationis thenused
to preprocessthepoint setandto determinetherelative importance
of thepointsfor display. This importanceis computedby estimat-
ing thelocal featuresizearounda point from thepoint clouditself.
In addition,a polygonbasedapproximationto the surfaceis also
computedusinginformationfrom theDelaunaytriangulation.This
processis repeatedfor several levelsof decimationin orderto pro-
ducea hierarchyof pointsandtriangles;this allows the rendering
time spenton eachareaof the imageto be tailoredto the speci�c
detail requirementsof that region. Finally, the pre-processed�le
is written to disk. Theviewer applicationmay thenchoosea level
in theprecomputedhierarchyaccordingto theviewing distance.A
simpleuserde�ned parametercanbe usedto control the relation
betweenthehierarchylevel andtheviewerdistance,thusachieving
the speed/qualitytradeoff. Within eachhierarchylevel, thechoice
of point vs. triangle is guidedby a screenspacemetric. The key
featuresof PMR canbesummarizedasfollows.

(1) Goodqualityat all viewing distances.

(2) Adaptive displaybaseduponmodelcomplexity.

(3) Adjustablespeed/qualitytradeoffs astheuserdesires.

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

(5) No requirementof aninputmesh.

Therestof thepaperis organizedasfollows.Section2 describes
thepreprocessingstepthatcreatesthepoint andtrianglehierarchy.
Section3 detailsthe renderingalgorithmthat usesthe createdhi-
erarchystoredinto the disk. Section4 shows our resultsand we
concludein Section5.

2 PREPROCESSI NG

Wepreprocessthedatato createahierarchyof pointsandatriangu-
lar meshoutof them.Thehierarchyis basedonthegeometryof the
shaperatherthanon a screenspacemetric.The input point cloud
is decimatedwherever its densityis more thanneededto capture
thefeaturesof theshape.A thresholdparameterguidesthelevel of
this decimationresultingin a hierarchyof points.Notice that this
methoddoesnot introduceany new point; it only �lters the input
selectively solelybasedon features.

Spatial decomposition. Our featurebasedhierarchyobviously
calls for a featuredetectionstep.We do this by a Voronoi based
methoddescribedin [11]. Unfortunately, Voronoidiagramcompu-
tationsarecostly. In particular, largedatasetsposesevereproblems
if the Voronoi diagramdatastructuredemandsmoreRAM mem-
ory than is available.Frequentthrashingin this casecripplesthe
computation.We overcomethis problemby dividing thedatawith
anoctreeandthenconcentratingon eachnodeindividually for the
Voronoi diagramandsubsequentcomputations.This strategy has
given remarkablesuccessin Voronoi basedsurfacereconstruction
from largepoint clouds,see[10] for details.

The depthof the octreesubdivision dependson the numberof
points that we allow in the octreenodesat the lowest level (leaf
nodes).Sincetheseoctreenodeswill beusedlaterin therendering
stageas well, it is advantageousthat they not have too many or
too few pointswithin them.As the octreenodesbecomesmaller,
therearemoreof themto process,andoverheadrises.Conversely,
if the octreenodesaretoo few in number, someef�ciency is lost
in therenderingstageagain.Experimentssuggestthata maximum
between8000and12000pointsper octreenodeprovidesa good
balance.

v

S

+

p

p

p

+

h

p

r

pv

(a) (b) (c)

Figure2: A long skinny Voronoicell
���

for a samplepoint � on a
denselysampledsurface � , (a) thecorrespondingfarthestVoronoi
vertex ��� , estimatednormal �

�

andthetangentpolygon(shaded),
(b) theheight � andradius 	 of

�
�

, (c) theumbrellatriangles.

Point hierarchy. It hasbeenobserved by AmentaandBern [2]
thattheVoronoicellsfor a point cloudthatis densewith respectto
local featuresizesare“long” and“skinny.” We capturethis aspect
by computingtheheightandradiusof aVoronoicell

�
�

for apoint



Figure3: Theoctreefor the HAND dataset(far left). Thehierarchyof pointsrespectsthe features,from mostto leastdetailed(centerand
right).

Figure4: Thehierarchyof triangles,from mostto leastdetailed.

� . The height is the distancebetween� and the farthestVoronoi
vertex in ��� ; shown as � in Figure2(b). It is known thatthevector

�

� from � to this farthestVoronoi vertex estimatesthe normalat
� on the sampledsurface.Therefore,the planepassingthrough �

having �

� asits normalestimatesthe tangentplaneat � . This tan-
gentplaneintersects��� within aconvex polygon,whichwecall the
tangentpolygonfor � . SeeFigure2 for anillustration.Theradiusof

�
� is thedistanceof � to thefurthestpoint in thetangentpolygon;

shown as � in Figure 2(b).

Intuitively, theheightof aVoronoicell measuresthedistanceof a
samplepoint from themedialaxisof theshapeenclosedby thesur-
face.This distanceis small wherethesurfacebendssharply(high
curvature)or hasotherpartsof thesurfacenearby. Thismeansthat
theheightmeasuresthelocal featuresize.Theradius,on theother
hand,measuresthedistancebetweensamplepointsthatareneigh-
borson thesurface.Thus,theratio �	��
���
��

���

���

��� givesanestimateof the
sampledensitywith respectto thelocal featuresize.

Thedecimationstepthatis usedto createthepointhierarchyre-
movesthosepointswhoseVoronoi cellshave

����
���
��

���

���

��� ratio smaller
thanathresholdvalue� becausethey musthaveseveralotherpoints
closeto themandsothey areredundantfor thedisplayof thesur-
faceat a lower resolution.Pointsin areaswith high curvatureor
small featureswill be retainedbecausetheir cellswill not be long
and skinny. An iterative point deletionwith the above ratio con-
dition generatesa point cloud for one level in the hierarchy. Dif-
ferentlevelsof thehierarchyarecreatedvia adjustingthevalueof
the threshold� . In particular, the decimationshouldbe relatively
low in the moredetailedlevels of the hierarchyso that therewill
be suf�cient detail for closeviews. In addition,sincesparserdata
setsareableto bedisplayedmorerapidly, themostdecimatedlev-
els of the hierarchymay be comparatively sparse,sincethey will
not beshown unlessthecorrespondingpartof theobjectis further
away. Forourexperiments,wetypicallyusedarangeof valuesfrom

� =0.1to � =1.0,with aspacingof 0.1to 0.2betweensuccessiveval-

ues.The Voronoi diagramis continuouslyupdatedthroughoutthe
preprocessing.

Obviously, computationof the height and radiusrequiresthat
all surfaceneighborsof eachpoint bepresentwhile computingthe
Voronoidiagramfor eachoctreenode � . Althoughthis is thecase
for most points, the points near the boundaryof � do not have
theirneighbors.To remedythis,weincludepointsfrom all adjacent
nodeswhile computingtheVoronoidiagramof thepointsin � (that
is, any leaf nodethatsharesanedge,face,or vertex with thenode).
Thosepointswhich areoutside � areprocessedjust asany other
pointwith theexceptionthattheir informationis notwritten to disk
atthistime(thedatafor any point is writtenonly whentheleafnode
containingit is the currentonebeingprocessed).Figure 3 shows
thepointhierarchyfor theHAND dataset.

Triangle hierarchy. Eachpoint cloud in the point hierarchyis
alsoequippedwith a setof trianglesthat approximatethe surface
for displayathigherresolutions.Let �! �"	�$#�"�%�%�"&�$' bethehierarchy
of pointcloudscreatedfor anode� . Let �(� betheVoronoicell of a
point � in theVoronoidiagramof apoint cloud �

�

in thishierarchy
alongwith thepointsat thesamehierarchylevel from neighboring
leaf nodes.The tangentpolygonof � computedwith this Voronoi
diagramintersectscertainVoronoi edgesin �(� . We take the dual
Delaunaytrianglesof theseedgeswhich createan umbrella for �

at thehierarchylevel ) ; seeFigure2(c).For suf�ciently densepoint
samples,theumbrellatriangleslie �at with respectto thesurface–
anobservationthatfollowsfrom theresultsin [9]. Theumbrellatri-
anglesfor � representtheinterpolatedsurfacelocally around� . All
suchumbrellatrianglesat level ) createthe ) th level of thetriangle
hierarchy. Figure 4 shows the hierarchyof trianglesproducedby
thismethodfor theHAND dataset.

Records. In additionto thepoint andtrianglehierarchy, we also
computesomeother informationwithin eachleaf node.For each



hierarchylevel, we determinethe umbrella radius for a point � ,
which is the maximumdistanceof � to any othervertex in its set
of umbrellatriangles.Later, this umbrellaradiusis usedto select
whetherto rendera given samplepoint as a single pixel or as a
collectionof umbrellatriangles.In addition, the averagevalueof
all theumbrellaradii at eachhierarchylevel is alsocomputedand
stored.This is usedlater to determinethelevel of hierarchywhich
shouldbe selectedfor display. It shouldbe notedthat a triangle
which is presentin one samplepoint's umbrellawill very likely
be presentwithin the umbrellasof the other two verticesof that
triangle.To acceleraterendering,then,it is usefulto associatea�ag
with eachtriangleso that in subsequentrenderingit is only drawn
once.

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

(1) Point list : thepointsin a leaf nodeareplacedconsecutively
in this list.

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

(3) Octreestructure: the treedatastructurerepresentingtheoc-
tree.

(4) Hierarchy: Eachlevel of thehierarchyin a leafnodehas

(a) A list of umbrellatrianglesfor eachvertex

(b) umbrellaradii for eachvertex andtheaverageumbrella
radiusover all points.

All preprocessingstepscanbedoneof�ine, thussaving timedur-
ing rendering.Moreover, if thedisk �le containingtheoctreeinfor-
mation is mappedinto memory, the octreedoesnot needto take
the full amountof RAM thatwould otherwisebenecessary. If the
viewing systemdoesnot have enoughmemoryto hold all thedata
at once,portionscanbeselectively pagedto andfrom thedisk �le.

3 V I EWI NG

After thepreprocessed�le is written to disk, it maynow beviewed
in an acceleratedmanner. We take advantageof the systemcall
mmap()underLinux; this referencesa disk �le as if it is actually
an areaof RAM. The operatingsystem's disk cachingfacilities
thenhandlethebuffering of recentlyuseddatain memoryandpro-
vide for fastaccessto frequentlyusedinformation.If thedisk �le
is larger thanthe availablememoryspace,datacanbe selectively
loadedfrom diskor purgedfrom memoryasneededunderthecon-
trol of theoperatingsystem.Onemayobserve thatthereis noneed
to build any octreedatastructureat this time sincethe stored�le
alreadyhasthedatablockedinto nodesandtheoctreeis thusstored
there.Theoctreedecompositionof thepointcloudalsocouldallow
usto selectively cull away portionsof themodelwhich lie outside
the view frustum.This is thesameideaasusedin QSplat;the ra-
tionale is that no effort shouldbe spenton invisible nodes.Once
a nodeis chosenfor display, we �rst needto selectanappropriate
level of hierarchyfor it. Next, weneedto determinewhetherto ren-
deraparticularpointasasinglepixel or asanumbrellaof triangles.
In fact,bothof thesequestionsareansweredvia amappingbetween
theworld andthescreenspace.

World to screenspace. It is necessaryto determinethesizeof a
pixel (referredto aspixel size) in relationto the “world space”in
which theobject's point coordinatesarede�ned.However, a single
pixel coversanever-increasingamountof suchspaceasits distance
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Figure 5: The pixel size grows as distancefrom the viewer in-
creases.

from theeyepoint increases– or, equivalently, asits Z-buffer value
grows larger(see�gure 5).

Therefore,it is necessaryto mapthedistanceof themodelfrom
the viewer to the pixel size. Since it would be too expensive to
performsuchanestimationfor every point in themodel,we again
makeuseof ouroctreedatastructure.Speci�cally, whenaleafnode
is processed,weexamineits eightcornervertices.Oneof thesever-
ticeswill be closestto theeye point. Next, we take anotherworld
spacepoint which is also at the samedistancefrom the eye but
is one world spaceunit away from the cornerpoint. Both points
areprojectedto screenspace.Thedistancebetweenthemin screen
spaceis thencomputed.Thereciprocalof thisdistancegivesanes-
timateof thesizeof a pixel at a given distancefrom theeye. This
size, then, is taken as the pixel size anywherewithin that octree
node.Notethatthis is aconservativeestimate:asonemovesfurther
from theeye within thatnode,theamountof world spacecovered
increases,so we areunderestimatingthe pixel's coverage.As we
will seelater, this amountsto overestimatingthe amountof detail
neededfor a given areaof the image;however, it doesensurethat
noholeappearsin therenderingattheexpenseof possiblyperform-
ing a small amountof extra work. Figure7 shows the hierarchies
chosenbasedon thepixel size.

Selectinghierarchy. Recallthateachnodehasseverallevelsof a
point hierarchycontainedwithin itself. To selecta hierarchylevel,
we choosethe level which hasan averageumbrellaradiusthat is
closeto beingthesameastheestimatedpixel sizefor thatnode.The
ideais that this will allow themaximumnumberof samplepoints
to berenderedaspixels.It hasbeenobservedthatpoint-basedren-
deringis muchfasterthanpolygon-basedrendering,sowe attempt
to favor thisasmuchaspossiblewhenit canbedonewithoutcom-
promisingquality. In orderto allow theuserto tradeoff quality for
speed,weprovideaselectablevaluethatindicatesthescreen-space
tolerancefor error. This is doneby selectinga level whoseaver-
ageumbrellaradiusis a user-de�ned constantfactor multiplied by
theestimatedpixel size.Table2 andFigure9 exemplify this qual-
ity/speedtradeoff.

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 ensurethat thereis no possibilityof a holeap-
pearing,asit might if theumbrellawerenearlycircularandthera-
diuswascloseto theestimatedpixel size.If thepixel sizeis larger
than twice the umbrellaradius,it mustbe the casethat the pixel
completelycovers the point in question.Moreover, it alsocovers
theentireumbrellaof thatpoint aswell. In thatcase,it would bea
wasteof resourcesto renderanythingmorethanasinglepointsince
all detailsare“hidden” within thatsinglepixel. Thus,in this case,
a single point is rendered.Otherwise,the full umbrella is drawn
sincethedetailcoversmorethanonepixel. Drawing theentireum-
brellaalsoensuresthatno holesappearwithin the surface.Recall
that the pixel sizewasunderestimatedpreviously, so any inaccu-
racieswill tend to lead to moreumbrellasbeingdrawn; this also
preventstheappearanceof holes.Figure6 shows thatmorepoints
arerenderedasthe objectrecedesfurther from the eye. However,



0.11FPS;4554966triangles; 0.77FPS;669820triangles; 0.65FPS;656223triangles; 1.65FPS;215034triangles;
0 points 48267points 377452points 204050points

(full detailmesh;closerange) (PMR; closerange) (PMR;ata distance) (PMR;evenfurtheraway)

Figure6: DAVIDHEAD at differentviewing distances;FPS � frames/second. Pointsareshown in red;trianglesareshown in blue.

sincethe hierarchylevel usedalsochanges,the numberof points
doesnot increasetoo much; instead,the systemswitchesto using
a sparserhierarchylevel and draws trianglesinstead.Thus,both
the total numberof pointsdrawn andthe total numberof triangles
decreases.

Algorithm. The display procedurecalls the Renderprocedure
and passesit an argumentof the octree's root node. This pro-
cedurein turnmakesuseof anotherprocedurecalledRender-Node:

RENDER-NODE (Leaf NodeN)
1 estimatethepixel sizefor N
2 selectthelevel of hierarchy
3 for eachpointpresentat this level
4 decidehow to draw: pointor umbrella
5 if point
6 draw aspixel
7 else
8 for eachtrianglein point's umbrella
9 if trianglenotyet rendered

10 rendertriangle
11 markasrendered

RENDER (OctreeNodeN)
1 if N is a leafnode
2 call Render-Node(N)
3 else
4 for eachchild of N
5 call Render(child)

4 RESULTS

We experimentedwith PMR on several large datasetsavailable
from Georgia Tech and Stanfordweb sites[33, 34]. The system
usedfor thesetestscontainedanIntel Pentium4 processorrunning
at 1.7 GHz. The systemwascon�gured with 2GB of RAM anda
Matrox Millenium G450graphicscard.TheVoronoi diagramsfor
the hierarchiesweregeneratedwith the help of the CGAL library
[32]. Thishierarchycomputationusespointdeletionsin 3D Voronoi
diagramswhich is not yet ef�ciently implementedin CGAL. As a
result,thoughoff-line, thepreprocessingfor generatingthehiearar-
chy took considerabletime;seeTable1.

Figure6 shows therenderingspeedwith DAVIDHEAD at differ-
ent viewing distances.As the model recedesfurther, morepoints

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

Table1: Preprocessingstatistics.Timesaregivenin hours:minutes.

arerenderedandmoredecimatedlevel of thehierarchyis chosen.
This resultsin higherframerates.

Figure7 shows thehierarchythatis usedfor thedisplay. Thetri-
anglesandpointswithin eachoctreeleaf nodearecoloredaccord-
ing to the level of hierarchythat was selectedfor that leaf node.
Notice that thoseareasclosestto the viewer tend have the most
detailedrepresentation;thosefurtheraway aremorelikely to have
lessdetail sinceit is not neededfor a gooddisplay. However, this
not true in all cases.For example,the top of DAVIDHEAD in Fig-
ure7 is coloredbluethoughtheregion is closerto theviewer. The
reasonfor this factis thatthesampleis extremelydensein thisarea
andPMRcanproduceacceptablequalitywhile usingthemostdec-
imatedlevel in thehierarchy, despitethe fact that theareais close
to theviewer.

Figure 8 shows the result of PMR comparedto the full-detail
representations.Thequality differencesbetweenthemarenot very
apparentevenatcloserange,whichhighlightsthequalitypreserva-
tion of PMR.

As wasmentionedpreviously, thereis a user-de�nabletolerance
factoravailablefor determiningtheamountof detailto display. The
higherthis factor, thefasteris renderingwith lower quality. Table2
illustratestherenderingspeeddependency on this factor.

Recallthatwe variedthedecimationthreshold� from 0.1 to 1.0
in stepsof 0.1or 0.2to generatethepointhierarchy. When � is large
(closeto 1.0), featuresof themodelaredistortedor lost.However,
this loss is not visibly signi�cant when thosepartsof the model
are further away. In order to make surethat the sparsehierarchy
levelsareavailedonly whentheviewing distanceis quitelarge,we
introducea modi�cation to the tolerancefactor computation.No
alterationin thetolerancefactoroccursuntil a pixel sizeis at least
two.After this,wereducethefactorlinearlyuntil thepixel sizeis at
leastfour, atwhichpoint thefactorwill haveavalueof one.Thenet
effectof thismodi�cation is to slow thetransitionasthedecimation
level becomesprogressively more sparse.Consequently, the very
sparselevelsarenot useduntil their lower resolutionis not visible.
All timing �gures citedin thispapermake useof this modi�cation.



DRAGON BLADE

DAVIDHEAD HAPPY

Figure7: Thehierarchies.Reddenotesthemostdetailedarea,fol-
lowedsuccessively by orange,yellow, green,andblueasmoredec-
imatedlevelsareused.

Figure9 illustratesthedependency of thequality on the tolerance
factorat differentviewing distances.The left columnis produced
with a factor of one, while the right column is producedwith a
factorof � ve.In thetopthreeimages,theeye is placedatadistance
from the scene;notice that lessdetailedhierarchylevels areused
andfactor3 and5 bothusethemostdecimatedhierarchylevel. In
themiddle images,theeye hasbeenmovedcloser. For this reason,
theprogramswitchesto moredetailedhierarchylevelsfor factor1,
but chooseslessdetailedlevel for factor3 and5. Finally, thearea
highlightedis viewed at a very closedistancein the bottom row
wheredetailedlevelsareusedfor all factors.

5 CONCL USI ONS

WehaveintroducedPMR,ahybridrenderingschemethatusesboth
pointsandtrianglesadaptively for display. Thehierarchyisprecom-
putedwith thefeaturegeometryin theobjectspaceandis selected
with ascreenspaceduringdisplay. An inputsurfaceis notrequired,
andthe separationof tasksinto preprocessingandviewing stages
allows for a fruitful division of laboranda higherframeratewhile
rendering.Experimentson several large datashow PMR's effec-
tivenessin maintainingquality, speedandproviding aspeed/quality
tradeoff.

A future researchdirectionwould be to investigateif andhow
themethodof PMRcanbeappliedto volumerendering.Theideaof
“dividing cubes”projectingto a lessthana 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: Comparisonof full-detail meshesandthehierarchicalren-
deringsat closerangefor DRAGON, BLADE, andHAPPY. FPSde-
notestheframesrenderedpersecond.

thatsuchrenderingschememaybeuseful.
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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.Matthew data:Factor=1(left), factor=3(middle),andfactor=5(right).As in Figure7,colordenotesthehierarchylevel.Top:The
eye is furthestfrom the�gure. Middle: As theeyedrawsnearer, moredetailedhierarchylevelsareused.Bottom:Themostdetailedhierarchy
levelsareusedwhentheeye is verycloseto the�gure. FPSdenotestheframesrenderedpersecond.


