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Abstract

We presenta new visibility-basedprefetchingalgorithmfor inter-
active out-of-corerenderingof large modelson aninexpensve PC.
Using an approximatevisibility techniquewe canvery accurately
andef ciently determinevhichgeometrywill bevisiblein thenear
future and prefetchthat geometryfrom disk beforeit mustberen-
dered. Our prefetchingalgorithmis a key part of a visualization
systemcapableof renderinga 13-million trianglemodelwith 99%
accurag at interactize framerates. Our prefetchingalgorithmis
the rst of its kind to be basedon afrom-pointvisibility technique,
andenablednteractve renderingon a commodityPC, asopposed
to expensve high-endgraphicsworkstationsor parallelmachines.
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1 Intro duction

In this paper we presenta new visibility-based prefetchingal-

gorithm for retrieving out-of-core3D modelsandrenderingthem
at interactive rateson aninexpensve PC. Interactive renderingof

large modelshasapplicationsn mary areas,ncluding computer
aideddesign,engineeringgentertainmentandtraining. Tradition-
ally, interactve renderingof large modelshas requiredtriangle
throughpubnly availableonhigh-endgraphicavorkstationsor par

allel machineghatcosthundredof thousandef dollars.Recently
with theexplosive growth in performancef PCgraphicscardsthat
costafew hundredollars,inexpensve PCsarebecominganattrac-
tive alternatve to high-endmachines. Although inexpensve PCs
canmatchthe trianglethroughputof high-endmachinesjnexpen-
sive PCshave muchlessmainmemorythanhigh-endmachinesTo-

dayatypical high-endmachinehas16 GB of mainmemory while

atypicalinexpensve PChas512MB (32timesless).Thus,achal-
lengein exploiting the performancef PCgraphicscardsis design-
ing renderingsystemghatwork undertight memoryconstraints.
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Figure 1: Our out-of-corerenderingsystemcan preprocess 13-
million-triangle modelin 3 minutes,andthenrenderit with 99%
accuray at 10 framespersecondn aninexpensve PC.

OurrenderingsystemjWalk, overcomeshememoryconstraints
of aninexpensve PC by usingan out-of-corepreprocessinglgo-
rithm anda new multi-threadecbut-of-corerenderingapproacto
overlaprenderingyisibility computationanddisk operationsThe
preprocessinglgorithmbreaksthe geometryof a modelinto man-
ageablepiecesandcreateon disk a spatialsubdvision of the ge-
ometry At runtime,the systemmaintainsn memorya cacheof the
mostrecentlyusedgeometry

Thesystemcanrunin two visibility modes:approximateor con-
senative. In approximatanode,the systemtries to maximizethe
quality of the renderedmages given a userde ned budgetof ge-
ometryperframe. Thisbudgetis basednthehardwarecapabilities
(suchasthe graphicscardtriangle throughputand the disk band-
width) andthe tamget framerate. In conserative mode,for those
instanceshatcannottolerateary errorsin therenderedmagesthe
systemdeterminesindrendersall the visible geometrypotentially
at lower frame rates. In eithervisibility mode, asthe viewpoint
changesthevisible geometrychangesandthe geometrycachehas
to loadfrom disk thevisible geometnthatis notin the cache Even
smallchangeén theviewpointcancausdargechangesén visibility.
Thisproblemmanifeststself asabruptdropsin framerateshecause
of burstsof disk operations.

Theprefetchingalgorithmwe presentn this paperaddressethis
problem. The goal of prefetchingis to have the geometryalready
in memoryby the time it is needed. The prefetchingalgorithm
runsasa separatéhread,andis orthogonatto the visibility mode.
The prefetchingthreadusesa from-point visibility algorithm to

nd the geometrythe useris likely to seein the nearfuture, and
sendsprefetchrequestgo the geometrycache. If the geometry
cacheis busyloadinggeometryneededor the currentframe, it ig-

noresprefetchrequestsptherwise jt loadstherequestedieometry
from disk. By amortizingthe costof burstsof disk operationsover
frameswith few disk operationsprefetchingimprovesthe perfor

manceof thesystemin eithervisibility mode.

The main contrikution of this paperis a multi-threadedut-of-
corerenderingapproactwhichto ourknowledgeis the rst to com-
bine speculatre prefetchingwith afrom-pointvisibility algorithm.



Our prefetchingalgorithmplaysacritical role in ouriWalk system,
whichis capableof renderingamodelwith tensof millions of poly-
gonsatinteractve framerateson aninexpensve PC (Figurel).

2 Related Work

Researcherbave studiedthe problemof renderingcomplex mod-
els at interactve frame ratesfor mary years. Clark [1976] pro-
posedmary of thetechniquedor renderingcomplex modelsused
today includingtheuseof hierarchicakpatialdatastructureslevel-
of-detail (LOD) managementhierarchicalview-frustum and oc-
clusionculling, andworking-setmanagementgeometrycaching).
Garlicketal.[1990] presentetheideaof exploiting multiprocessor
graphicsworkstationsto overlapvisibility computationswith ren-
dering. Airey etal. [1990] describeda systemthatcombinedLOD
managemenwith the ideaof precomputingvisibility information
for modelsmadeof axis-alignedpolygons.

Funkhouseetal.[1992]describedhe rst publishedsystenthat
supportedmodelslarger than main memory and performedspec-
ulative prefetching. Their systemwas basedon the from-region
visibility algorithm of Teller and Séquin [1991], which required
long preprocessingmes,andwaslimited to modelsmadeof axis-
alignedcells. Our systemis basedon the from-pointvisibility al-
gorithmof Klosowski andSilva[2000;2001],which requiresvery
little preprocessingandcanhandleary 3D polygonalmodel.

Aliaga et al. [1999] presentedhe Massive Model Rendering
(MMR) systemwhichemplo/edmary accelerationechniquesin-
cluding replacinggeometryfar from the users point of view with
imagery occlusionculling, LOD managementand from-region
prefetching. MMR wasthe rst publishedsystemto handlemod-
elswith tensof millions of polygonsat interactve framerates,al-
thoughit did requireanexpensve high-endmulti-processograph-
icsworkstation.

Wald et al. [2001] developeda ray tracing systemthat useda
clusterof 7 dual-processoPCsto renderlow-resolutionimagesof
modelswith tensof millions of polygonsatinteractve framerates.
Avila andSchroedef1997] andEIl-SanaandChiang[2000] devel-
opedsystemdor interactie out-of-corerenderingbasedon LOD
managementut thesesystemalid not performocclusionculling.
Varadhamand Manocha[2002] describea systemfor out-of-core
renderingthat useshierarchicalLODs [Erikson et al. 2001] and
prefetching,but their systemdoesnot perform occlusionculling,
andtheir preprocessingtepis in-core.

Wonka et al. [2001] employed a from-point visibility algo-
rithm and usedtwo processorgo overlap visibility computation
andrenderingat runtime (similarly to theideaintroducedby Gar
lick etal.[1990]), but they only reportedresultsfor 2.5D erviron-
mentsthatweresmallerthanmainmemory Many otherresearchers
have also developedsystemsfor out-of-corerendering,but with-
outfocusingon achieving interactve frameratesChiangandSilva
1997; Chianget al. 1998; Cox and Ellsworth 1997; Pharret al.
1997;Shenetal. 1999;SuttonandHanser2000].

3 Out-Of-Co re Preprocessing

Recallthatour maingoalis to rendera large modelusinganinex-
pensve PCwith smallmemory To accomplishthis, we must rst
constructan out-of-corehierarchicalrepresentatioffior the model
during a preprocessingtep,andthenat runtimeload on demand
thehierarcly nodeghatthe userseesOur currentalgorithmbuilds
anout-of-coreoctree[Samet1990]whoseeavescontainthegeom-
etry of themodel. To storetheoctreeondisk, we savze thegeometric
contentsof eachoctreenodein a separatele, andcreatea hierar-
chy structue (HS) le, which storesinformationaboutthe spatial

relationshipof thenodesn the hierarcly, andfor eachnodeit con-
tainsthenodes boundingbox andauxiliary dataneededor visibil-

ity culling. TheHS le is the maindatastructurethatour system
usesto controlthe ow of dataandis assumedo t in memory
For the 13-million triangle model usedthroughoutthis paper the
HS le wasonly 3 MB.

An in-coreapproacho build anoctreefor amodelwould process
the entire modelin one pass,using a machinewith large enough
memoryto hold boththe modelandthe resultingoctree.We avoid
this brute-forceapproactbecauseve do notwantto usea separate
expensve machinewith large memoryjustto build the octree.Our
out-of-corealgorithmbuilds an octreefor a modeldirectly on ma-
chineswith smallmemory The algorithm rst breaksthe model
in sectionsthat t in mainmemory andthenincrementallybuilds
the octreeon disk, one passfor eachsection,keepingin memory
only the sectionbeingprocessedOur preprocessinglgorithmre-
quiresno userinterventionandis very fast, often ordersof mag-
nitudefasterthanprevious approachesit constructghe octreefor
the UNC power plantmodel[UNC 1999]in just 3 minutes,while
theMMR systenfAliagaetal. 1999]requiredover two weeks,and
the systemby Wald et al. [2001] spent2.5 hourspreprocessinghe
samemodel.

Our preprocessings similar in natureto several otherconstruc-
tion algorithms[Cignoni et al. 2002;Uengetal. 1997;Wald et al.
2001].1t is mostakinto thealgorithmof Cignonietal. [2002],and
thereforehascomparablepreprocessingimes. Otherrecentcon-
structionalgorithmsarepresentedh [Durandetal. 2000;Schau er
et al. 2000; Wonkaet al. 2000; Wonkaet al. 2001]. As our con-
structionalgorithmis notthe mainfocusof this paperwe referthe
readerto [Corréaet al. 2002] for a thoroughexaminationof the
differencedetweenall of thesealgorithms.

4 OQut-of-Co re Rendering

Figure2 shavs a diagramof iWalk's renderingapproachThe user
interface (a) keepstrack of the position, orientation,and eld-of-
view of the users camera.For eachnew setof camergparameters,
the systemcomputeshe visible set— the setof octreenodesthat
theusersees.Accordingto the users choice,the systemcancom-
puteanapproximaterisible set(b), or aconserative visible set(c).
To computean approximatevisible set,iWalk usesthe prioritized-
layeredprojection(PLP)algorithm[Klosowski andSilva2000]. To
computea conserative visible set, iWalk usescPLP [Klosowski
and Silva 2001], a conserative extensionof PLP. For eachnode
in the visible set,the renderingthread(d) sendsa fetch requesto
the geometrycache(i), which will readthe nodefrom disk (j) into
memory Therenderingthreadthensendshe nodeto the graphics
card(e)for display(f). To avoid burstsof disk operationsthelook-
aheadhread(g) predictswherethe users cameras likely to bein
the next frame. For eachpredictedcamerathe look-aheadhread
usesPLP (h) to estimatethe visible set, and then sendsprefetch
requestso the geometrycache(i).

To betterunderstanaur renderingapproachwe needto brie y
review thevisibility algorithmsthatiWalk uses.PLPis anapproxi-
mate from-pointvisibility algorithmthatmaybethoughtof asaset
of modi cationsto thetraditionalhierarchicaliew frustumculling
algorithm[Clark 1976]. First, insteadof traversingthe modelhier-
archy in aprede nedorder PLPkeepghehierarcly leafnodesn a
priority queuecalledthefront, andtraverseshenodesrom highest
to lowestpriority. WhenPLP visits a node,it addsit to thevisible
set removesit from the front, andaddsthe unvisited neighborsof
the nodeto thefront. Secondjnsteadof traversingthe entirehier
archy, PLPworkson abudget,stoppingthetraversalafteracertain
numberof primitives have beenaddedto the visible set. Finally,
PLP requireseachnodeto know not only its children,but alsoall
of its neighbors.



occlusion
' nodes to queries
approximate render
: ) visible set | conservative nodes to .
USer | camera approximate conservative visible set renderin render graphics image | : monitor
interface - visibility: PLP visibility: cPLP| ) 9 card 9 . )
(@ : (b) front - (©) (e)
‘ fetch request fetch
etc
prefetch request request
predicted camera ¢ " geometry
: : i approximate geometry '
: look-ahead approximate visibility: PLP cache read request d|§k
: ) visible set (h) (i) geometry| 0

Figure 2: The multi-threadedout-of-corerenderingapproachof the iwalk system. For eachnenv camera(a), the system nds the setof
visible nodesusing eitherapproximatevisibility (b), or conserative visibility (c). For eachvisible node,the renderingthread(d) sendsa
fetchrequesto the geometrycache(i), andthensendshe nodeto the graphicscard(e). Thelook-aheadhread(g) predictsfuture cameras,
estimateshe nodegthatthe userwould seethen(h), andsendgrefetchrequestdo the geometrycache(i).

In additionto beingtime-critical,anotheikey featureof PLPthat
iWalk exploits is that PLP cangeneratean approximatevisible set
basedon just the informationstoredin the hierarcly structure le
createdat preprocessingme. In otherwords,PLP canestimatethe
visible setwithoutaccesgo the actualscenegeometry

An implementatiorof PLP may be simple or sophisticatedde-
pendingon the heuristicto assignprioritiesto eachnode. Several
heuristicsprecomputeor eachnodea value between0.0 and 1.0
calledsolidity, which estimatesow likely it is for the nodeto oc-
cludeanobjectbehindit. At runtime,thepriority of anodeis found
by initializing it to 1.0, andattenuatingt basedon the solidity of
thenodesfoundalongthetraversalpathto the node(Figure3).

Although PLP is in practicequite accuratefor mostframes, it
doesnot guaranteémagequality, andsomeframesmay shav ob-
jectionableartifacts. To avoid this potentialproblem,the system
may usecPLP [Klosowski and Silva 2001], a conserative exten-
sionof PLPthatguarantee$00%accuratémages.However, cPLP
cannotnd thevisible setfrom theHS le only, andneedso read

projection priority

P high

. low

Figure3: A sectionof the UC Berkeley SodaHall model. At run-
time, theiWalk systermmusegheprioritized-layeregrojection(PLP)
algorithmto estimatethe nodespotentiallyvisible from the current
view frustum (outlinedin yellow). The transparentolor of each
nodeindicatesthe projectionpriority of thenode.

the geometryof all potentiallyvisible nodes.Theseadditionaldisk
operationsmay make cPLP much slower than PLR Our imple-
mentationof cPLP canuseeitheran item-kuffer techniquethatis
portableto ary platformthatsupportOpenGL,or occlusionquery
extensiongsuchasthe HP test[Severson1999]andthe nVidia oc-
clusionquery[Rege 2002]) whenthey are available. Thus,cPLP
needgo fetchgeometryfrom the geometrycache andreadpixels
or occlusionqueriesfrom thegraphicscard.

5 From-Point Visibilit y-Based Prefetching

Theideabehindprefetchings to predicta setof nodeghattheuser
is likely to seenext, andbring themto memoryaheacdf time. Ide-
ally, by thetimetheuserseeshosenodesthey will bealreadyin the
geometrycacheandtheframerateswill notbeaffectedby thedisk
latengy. Systemgesearchersave studiedprefetchingstrateiesfor
decade$Gindele1977;Przybylski1990],andmary previousren-
deringsystemdAliaga et al. 1999; Funkhoused 996; Funkhouser
et al. 1992; Varadhanand Manocha2002] have usedprefetching
successfully To our knowledge,all previous prefetchingmethods
thatemplgy occlusionculling have beenbasedon from-region vis-
ibility algorithms,andweredesignedo run on multiprocessoma-
chines. Our prefetchingmethodworks with from-point visibility
algorithms andrunsasaseparatéhreadn auniprocessomachine.
Our prefetchingmethod exploits the fact that PLP can very
quickly computeanapproximatevisible set. Giventhecurrentcam-
era(Figure2a), thelook-aheadhread(Figure2g) predictsthe next
cameraposition by simply extrapolatingthe currentposition and
thecameras linearandangularspeedsMore sophisticategbredic-
tion schemesouldconsideraccelerationandseveral prior camera
locations. For eachpredictedcamerathe look-aheadhreaduses
PLP (Figure2h) to determinewhich nodesthe predictedcameras
likely to see. For eachnodelikely to be visible, the look-ahead
threadsendsa prefetchrequesto the geometrycache(Figure2i).
Thegeometrycacheputsthe prefetchrequestsn aqueueanda set
of prefetchthreadsprocesghe requests.If thereareno fetch re-
questgpending,andif the maximumamountof geometrythatcan
beprefetchegerframehasnotbeenreacheda prefetchthreadwill
poparequesfrom the prefetchqueue andreadtherequestechode
from disk (if necessaryjFigure2j). If the cacheis full, the least
recentlyusednodesareevictedfrom memory Therequestethodes
arethenplacedin aqueueof nodeghatarereadyto berendered.
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mark node as free;
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broadcast node is free;
unlock cache;
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{
lock cache;
while (node is busy)
wait untili node is free;
mark node as busy;
if (node is valid) {
miss = false;
update node position;
} else {
miss = true;
allocate  memory;
unlock cache;
if (miss)
read node;
lock cache;
if (miss)
add node to cache;
if (no fetches pending)
broadcast no fetches pending;
unlock cache;
add node to ready_queue;
}
prefetch(node, ready_queue)
{
lock cache;
while (there are fetch
wait until no fetch
while (node is busy)
wait untili node is free;
mark node as busy;
if ((node is valid)
|| (reached max prefetch
|| (reached max prefetch
can_read = false;
else {
can_read = true;
allocate memory;
unlock cache;
if (can_read) {
read node;
lock cache;
add node to cache;
unlock cache;
add node to ready_queue;
}

Figure4: Pseudo-codéor themaincacheroutines.

(a) usersview

(b) cacheview

Figure5: A sampleframeinsidethe power plant model. (a) The
imagethattheusersees(b) The stateof thenodesn thecache.

Figure 4 shavs the pseudo-coddor the main routinesrun by
the threadsin the cache. Whena client makes a fetch request,a
threadexecutesthe fetch routine (and similarly for a prefetchre-
quest). Whenthe client is doneusingthat node, it mustcall the
releaseaoutine. Theseroutineshave to be very carefulaboutshar
ing the cachedatastructuresTo guaranteenutualexclusion,there
is alock to accesghe cache,andeachnodehasa ag indicating
whetherit is free or busy This schemeis similar to the oneused
in the UNIX buffer cache[Bach 1986]. Figure5ashavs the users
view of the UNC power plant model[UNC 1999] during a walk-
throughsessionandFigure5b shaws the stateof the octreenodes
in thecache.



Unlike our from-point prefetchingmethod, from-region pre-
fetchingmethodsdecompos¢he modelinto cells,andprecompute
for eachcell thegeometrythattheuserwould seefrom ary pointin
the cell. At runtime,from-region methodsguessn which cell the
usemwill benext, andloadthegeometryisible fromthatcell ahead
of time. Ourfrom-pointprefetchingnethodhasseveraladvantages
over from-region prefetchingmethods.First, from-region methods
typically requirelong preprocessintimes(tensof hours) while our
from-point methodrequireslittle preprocessinga few minutes).
Second,the set of nodesvisible from a single point is typically
muchsmallerthanthe setof nodesvisible from ary pointin are-
gion. Thus,our from-pointprefetchingmethodavoidsunnecessary
disk operationsandhasa betterchancethana from-region method
of prefetchingnodesthatactuallywill bevisible soon.Third, some
from-region methodsrequirethat cells coincidewith axis-aligned
polygonsin themodel. Our from-pointmethodimposeso restric-
tion onthemodel's geometry Finally, thenodesvisible from a cell
maybevery differentfrom thenodesvisible from aneighborof that
cell. Thus,afrom-region methodmay causeburstsof disk actiity
whenthe usercrossesell boundarieswhile a from-point method
betterexploits frame-to-framecoherence.

Sincethe costof disk readoperationdgs high, mostsystemsry
to overlapall of theseoperationswith othercomputationsy run-
ning several processe®n a multiprocessomachine[Aliaga et al.
1999; Funkhouser1996; Garlick et al. 1990], or on a network of
machinegWald etal. 2001;Wonkaetal. 2001]. Along thesesame
lines, our systemusesmultiple threadson a single processoma-
chineto overlap disk operationswith visibility computationsand
rendering.

6 Experimental Results

To evaluate our system,and in particular our prefetchingalgo-
rithm, we experimentedwith the 13-million-triangle UNC power
plant model [UNC 1999]. The raw modelwas roughly 600 MB
in size; after our preprocessingtep, the modelsize increasedo
1 GB. To our knowledge,no othersystemhasbeenableto render
this modelat interactive rateson a single PC. Our systemran Red
Hat Linux 8.0,hada 2.8 GHz PentiumlV CPU,512MB of main
memory a 35 GB SCSldisk,andannVidia Quadro980XGL card.
Using top, we found that the operatingsystemand relatedutili-
ties usedroughly 64 MB of main memory For our testmachine,
we found that the following con guration worked well: 256 MB
of geometrycache 8 fetchthreads,1 prefetchthread,a maximum
of 2 MB of prefetchedyeometryper frame,approximatevisibility
with abudgetof 280,000trianglesperframe,atamgetframerateof
10fps, andimageresolutionof 1024 768.

To analyzethe overall performancef our systemwe measured

the frame ratesachieved when walking throughthe power plant
model along several prede ned paths(which enabledrepeatable
conditionsfor our experiments). Note that our algorithmsmade
no assumption®n the pathsbeing known beforehandtherefore,
completecamerainteractvity is alwaysavailableto the user The
rst pathusedhas36,432viewpoints,visits almostevery partof the
model,andrequiresfetchinga total of 900 MB of datafrom disk.
Using the above con guration, our systemrenderedthe frames
alongthatpathin 74 minutes.Only 95 frames(0.26%)causedhe
systento achieve lessthanl fps. Themeanframeratewas9.2fps,
and the medianframe rate was 9.3 fps. To analyzethe detailed
performanceof our system,it is easierto useshorterpaths. For
this purposewe useda 500-framepathwhich required210MB of
datato bereadfrom disk. If fetchedindependentlythe maximum
amountof memorynecessaryo renderary givenframein approx-
imatemodewould be 16 MB.

To studyhow multiple threadsmprove the framerates,we ran
testsusing threedifferentcon gurations. The rst con guration
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Figure 6: Using multiple threadsto improve frame rates. We
measuredhe frame ratesduring a 500-framewalkthroughof the
power plantmodelunderthreecon gurations:(a) usingonethread
for fetching and rendering;(b) using multiple threadsto overlap
fetching and rendering;and (c) using multiple threadsto overlap
fetching, rendering,and prefetching. Concurrentfetching elimi-
natessomedownward spikes, and adding concurrentspeculatie
prefetchingeliminatesalmostall of the remainingspikes. The rst

spike happendecausehe cacheis initially empty Thethreecon-
gurations produceidenticalimages.
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plant modelwhen using approximatevisibility. The vertical axis
representshe fraction of correctpixelsin the approximatémages
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Figure8: Usingprefetchingo amortizethe costof disk operations.
We measuredhe amountof geometryfetchedper frame without

prefetching(a) andwith prefetching(b). Prefetchingamortizeshe
costof burstsof disk operationsover frameswith few disk oper

ations, thus eliminating most frame rate drops. The systemwas
con guredto prefetchatmost2 MB perframe.

is entirely sequential:a singlethreadis responsibldor computing
visibility, performingdisk operationsandrendering. The second
con gurationaddsasynchronougetchingto the rst con guration,
allowing up to 8 fetchthreads.Thethird con guration addsan ex-
tra threadfor speculatie prefetchingto the secondcon guration,
allowing up to 2 MB of geometryto be prefetchecperframe. Fig-
ure 6 shavs the frameratesachieved by thesethreecon gurations
for the 500-framepath. For the purely sequentialcon guration,
we seemary downward spikesthat correspondo abruptdropsin
framerates which arecausedy thelateny of the disk operations,
and spoil the users experience(The rst spike happenshecause
the cacheis initially empty). Whenwe add asynchronougetch-
ing, mary of the downward spikes disappearbut too mary still
remain. The users experienceis much better but the framerate
dropsare still disturbing. Whenwe add speculatie prefetching,
all signi cant downward spikesdisappearandthe userexperience
is smooth. Note thatthe gain in interactvity comesentirely from
overlappingthe independenbperations. The threecon gurations
achieve exactly the sameimageaccurag (Figure7).

Figure 8 shavs why prefetchingimprovesthe framerates. The
chartscomparehe amountof geometrythatthe systenreadsfrom
disk per frame for the secondand third con gurationsdescribed
above. Prefetchinggreatlyreduceshe needto fetchlargeamounts
of geometryin asingleframe,andthushelpsthesystento maintain
higherandsmootherframerates.

Figure 9 shavs thatthe userspeeds anotherimportantparam-
eterin the system,and hasto be adjustedto the disk bandwidth.
Whenthe userspeedincreasesthe changesdn the visible setare
larger In otherwords,asthe frame-to-framecoherencalecreases,
the amountof datathe systemneedsto readper frameincreases.
Thus,cachingandprefetchingaremoreeffective if the usermoves
atspeedsompatiblewith the disk bandwidth.The gure alsoindi-
catesthathigherdisk bandwidthshouldimprove framerates.

7 Conclusion

We have presente@systentfor renderindargemodelsonmachines
with smallmemoryatinteractve framerates.A key componenbf
our out-of-corerenderingapproactis a new prefetchingalgorithm
basedon a from-pointvisibility algorithm. The prefetchalgorithm
accuratelyandef ciently predictswhatgeometrywill bevisible in
subsequenframesandprefetcheshemfrom disk. We believe our
systemis the rst to be ableto preprocesshe 13-million triangle
UNC power plantmodelandrenderit interactvely onasinglePC.

Oneareaof future work is addinglevel-of-detail (LOD) man-
agemento our entire system. In approximatemode, our system
mayproducamageswith low accurag if thecamerasseegheentire
model. El-Sanaet al. [2001] shov how to integrateLOD manage-
mentwith PLP-basedacclusionculling. Anotherpossibleareafor
futurework is speedingup renderingin conserative mode,which
currentlycanbe muchslower thanrenderingn approximatemode.
Finally, we alsowouldlik e to extendthesystento supportdynamic
scenes.
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