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Abstract

We presenta new visibility-basedprefetchingalgorithmfor inter-
activeout-of-corerenderingof largemodelsonaninexpensivePC.
Usinganapproximatevisibility technique,we canvery accurately
andef�ciently determinewhichgeometrywill bevisible in thenear
futureandprefetchthatgeometryfrom disk beforeit mustberen-
dered. Our prefetchingalgorithm is a key part of a visualization
systemcapableof renderinga 13-million trianglemodelwith 99%
accuracy at interactive framerates. Our prefetchingalgorithm is
the�rst of its kind to bebasedona from-pointvisibility technique,
andenablesinteractive renderingon a commodityPC,asopposed
to expensivehigh-endgraphicsworkstationsor parallelmachines.
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ComputerGraphics—ComputingMethodologies
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1 Intro duction

In this paper, we presenta new visibility-basedprefetchingal-
gorithm for retrieving out-of-core3D modelsandrenderingthem
at interactive rateson an inexpensive PC. Interactive renderingof
large modelshasapplicationsin many areas,including computer-
aideddesign,engineering,entertainment,andtraining. Tradition-
ally, interactive renderingof large modelshas requiredtriangle
throughputonlyavailableonhigh-endgraphicsworkstationsor par-
allel machinesthatcosthundredsof thousandsof dollars.Recently,
with theexplosivegrowth in performanceof PCgraphicscardsthat
costafew hundreddollars,inexpensivePCsarebecominganattrac-
tive alternative to high-endmachines.Although inexpensive PCs
canmatchthe trianglethroughputof high-endmachines,inexpen-
sivePCshavemuchlessmainmemorythanhigh-endmachines.To-
daya typical high-endmachinehas16 GB of mainmemory, while
a typical inexpensivePChas512MB (32 timesless).Thus,achal-
lengein exploiting theperformanceof PCgraphicscardsis design-
ing renderingsystemsthatwork undertight memoryconstraints.
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Figure1: Our out-of-corerenderingsystemcanpreprocessa 13-
million-triangle model in 3 minutes,andthenrenderit with 99%
accuracy at10 framespersecondonaninexpensivePC.

Ourrenderingsystem,iWalk,overcomesthememoryconstraints
of an inexpensive PC by usingan out-of-corepreprocessingalgo-
rithm anda new multi-threadedout-of-corerenderingapproachto
overlaprendering,visibility computation,anddiskoperations.The
preprocessingalgorithmbreaksthegeometryof a modelinto man-
ageablepieces,andcreateson disk a spatialsubdivision of thege-
ometry. At runtime,thesystemmaintainsin memoryacacheof the
mostrecentlyusedgeometry.

Thesystemcanrunin two visibility modes:approximateor con-
servative. In approximatemode,the systemtries to maximizethe
quality of the renderedimages,givena user-de�ned budgetof ge-
ometryperframe.Thisbudgetis basedonthehardwarecapabilities
(suchasthe graphicscardtrianglethroughputandthe disk band-
width) andthe target framerate. In conservative mode,for those
instancesthatcannottolerateany errorsin therenderedimages,the
systemdeterminesandrendersall thevisible geometry, potentially
at lower frame rates. In either visibility mode,as the viewpoint
changes,thevisiblegeometrychanges,andthegeometrycachehas
to loadfrom diskthevisiblegeometrythatis not in thecache.Even
smallchangesin theviewpointcancauselargechangesin visibility.
Thisproblemmanifestsitself asabruptdropsin frameratesbecause
of burstsof diskoperations.

Theprefetchingalgorithmwepresentin thispaperaddressesthis
problem. The goal of prefetchingis to have the geometryalready
in memoryby the time it is needed. The prefetchingalgorithm
runsasa separatethread,andis orthogonalto thevisibility mode.
The prefetchingthreadusesa from-point visibility algorithm to
�nd the geometrythe useris likely to seein the nearfuture, and
sendsprefetchrequeststo the geometrycache. If the geometry
cacheis busyloadinggeometryneededfor thecurrentframe,it ig-
noresprefetchrequests;otherwise,it loadstherequestedgeometry
from disk. By amortizingthecostof burstsof disk operationsover
frameswith few disk operations,prefetchingimprovesthe perfor-
manceof thesystemin eithervisibility mode.

The main contribution of this paperis a multi-threadedout-of-
corerenderingapproachwhichto ourknowledgeis the�rst to com-
binespeculative prefetchingwith a from-pointvisibility algorithm.



Ourprefetchingalgorithmplaysacritical role in our iWalk system,
whichis capableof renderingamodelwith tensof millions of poly-
gonsat interactive frameratesonaninexpensivePC(Figure1).

2 Related Work

Researchershave studiedtheproblemof renderingcomplex mod-
els at interactive frame ratesfor many years. Clark [1976] pro-
posedmany of the techniquesfor renderingcomplex modelsused
today, includingtheuseof hierarchicalspatialdatastructures,level-
of-detail (LOD) management,hierarchicalview-frustum and oc-
clusionculling, andworking-setmanagement(geometrycaching).
Garlicketal. [1990]presentedtheideaof exploiting multiprocessor
graphicsworkstationsto overlapvisibility computationswith ren-
dering.Airey et al. [1990] describeda systemthatcombinedLOD
managementwith the ideaof precomputingvisibility information
for modelsmadeof axis-alignedpolygons.

Funkhouseretal. [1992]describedthe�rst publishedsystemthat
supportedmodelslarger thanmain memory, andperformedspec-
ulative prefetching. Their systemwas basedon the from-region
visibility algorithm of Teller and Séquin [1991], which required
long preprocessingtimes,andwaslimited to modelsmadeof axis-
alignedcells. Our systemis basedon the from-point visibility al-
gorithmof Klosowski andSilva [2000;2001],which requiresvery
little preprocessing,andcanhandleany 3D polygonalmodel.

Aliaga et al. [1999] presentedthe Massive Model Rendering
(MMR) system,whichemployedmany accelerationtechniques,in-
cluding replacinggeometryfar from the user's point of view with
imagery, occlusionculling, LOD management,and from-region
prefetching.MMR wasthe �rst publishedsystemto handlemod-
elswith tensof millions of polygonsat interactive framerates,al-
thoughit did requireanexpensivehigh-endmulti-processorgraph-
icsworkstation.

Wald et al. [2001] developeda ray tracing systemthat useda
clusterof 7 dual-processorPCsto renderlow-resolutionimagesof
modelswith tensof millions of polygonsat interactive framerates.
Avila andSchroeder[1997] andEl-SanaandChiang[2000] devel-
opedsystemsfor interactive out-of-corerenderingbasedon LOD
management,but thesesystemsdid not performocclusionculling.
Varadhanand Manocha[2002] describea systemfor out-of-core
renderingthat useshierarchicalLODs [Erikson et al. 2001] and
prefetching,but their systemdoesnot performocclusionculling,
andtheirpreprocessingstepis in-core.

Wonka et al. [2001] employed a from-point visibility algo-
rithm and usedtwo processorsto overlap visibility computation
andrenderingat runtime(similarly to the ideaintroducedby Gar-
lick et al. [1990]), but they only reportedresultsfor 2.5D environ-
mentsthatweresmallerthanmainmemory. Many otherresearchers
have also developedsystemsfor out-of-corerendering,but with-
out focusingonachieving interactive framerates[ChiangandSilva
1997; Chianget al. 1998; Cox and Ellsworth 1997; Pharret al.
1997;Shenetal. 1999;SuttonandHansen2000].

3 Out-Of-Co re Preprocessing

Recallthatour maingoal is to rendera largemodelusinganinex-
pensive PCwith smallmemory. To accomplishthis, we must�rst
constructan out-of-corehierarchicalrepresentationfor the model
during a preprocessingstep,andthenat runtimeload on demand
thehierarchy nodesthattheusersees.Ourcurrentalgorithmbuilds
anout-of-coreoctree[Samet1990]whoseleavescontainthegeom-
etryof themodel.To storetheoctreeondisk,wesavethegeometric
contentsof eachoctreenodein a separate�le, andcreatea hierar-
chy structure (HS) �le, which storesinformationaboutthe spatial

relationshipof thenodesin thehierarchy, andfor eachnodeit con-
tainsthenode'sboundingboxandauxiliarydataneededfor visibil-
ity culling. The HS �le is the main datastructurethat our system
usesto control the �o w of dataand is assumedto �t in memory.
For the 13-million trianglemodelusedthroughoutthis paper, the
HS �le wasonly 3 MB.

An in-coreapproachtobuild anoctreefor amodelwouldprocess
the entiremodel in onepass,usinga machinewith large enough
memoryto hold boththemodelandtheresultingoctree.We avoid
this brute-forceapproachbecausewe do not wantto usea separate
expensive machinewith largememoryjust to build theoctree.Our
out-of-corealgorithmbuilds anoctreefor a modeldirectly on ma-
chineswith small memory. The algorithm�rst breaksthe model
in sectionsthat �t in mainmemory, andthenincrementallybuilds
the octreeon disk, onepassfor eachsection,keepingin memory
only thesectionbeingprocessed.Our preprocessingalgorithmre-
quiresno userinterventionand is very fast,often ordersof mag-
nitudefasterthanpreviousapproaches.It constructstheoctreefor
theUNC power plantmodel[UNC 1999] in just 3 minutes,while
theMMR system[Aliagaetal. 1999]requiredover two weeks,and
thesystemby Wald et al. [2001] spent2.5hourspreprocessingthe
samemodel.

Our preprocessingis similar in natureto severalotherconstruc-
tion algorithms[Cignoni et al. 2002;Uenget al. 1997;Wald et al.
2001]. It is mostakin to thealgorithmof Cignonietal. [2002],and
thereforehascomparablepreprocessingtimes. Other recentcon-
structionalgorithmsarepresentedin [Durandetal. 2000;Schau�er
et al. 2000; Wonkaet al. 2000; Wonkaet al. 2001]. As our con-
structionalgorithmis not themainfocusof this paper, we referthe
readerto [Corrêa et al. 2002] for a thoroughexaminationof the
differencesbetweenall of thesealgorithms.

4 Out-of-Co re Rendering

Figure2 shows a diagramof iWalk's renderingapproach.Theuser
interface(a) keepstrack of the position,orientation,and�eld-of-
view of theuser's camera.For eachnew setof cameraparameters,
thesystemcomputesthevisible set— thesetof octreenodesthat
theusersees.Accordingto theuser's choice,thesystemcancom-
puteanapproximatevisibleset(b), or aconservativevisibleset(c).
To computeanapproximatevisible set,iWalk usestheprioritized-
layeredprojection(PLP)algorithm[Klosowski andSilva2000].To
computea conservative visible set, iWalk usescPLP [Klosowski
andSilva 2001], a conservative extensionof PLP. For eachnode
in thevisible set,the renderingthread(d) sendsa fetch requestto
thegeometrycache(i), which will readthenodefrom disk (j) into
memory. Therenderingthreadthensendsthenodeto thegraphics
card(e) for display(f). To avoid burstsof diskoperations,thelook-
aheadthread(g) predictswheretheuser's camerais likely to bein
the next frame. For eachpredictedcamera,the look-aheadthread
usesPLP (h) to estimatethe visible set, and then sendsprefetch
requeststo thegeometrycache(i).

To betterunderstandour renderingapproach,we needto brie�y
review thevisibility algorithmsthatiWalk uses.PLPis anapproxi-
mate,from-pointvisibility algorithmthatmaybethoughtof asaset
of modi�cationsto thetraditionalhierarchicalview frustumculling
algorithm[Clark 1976]. First, insteadof traversingthemodelhier-
archy in aprede�nedorder, PLPkeepsthehierarchy leafnodesin a
priority queuecalledthefront, andtraversesthenodesfrom highest
to lowestpriority. WhenPLPvisits a node,it addsit to thevisible
set, removesit from the front, andaddstheunvisitedneighborsof
thenodeto thefront. Second,insteadof traversingtheentirehier-
archy, PLPworksonabudget,stoppingthetraversalafteracertain
numberof primitiveshave beenaddedto the visible set. Finally,
PLPrequireseachnodeto know not only its children,but alsoall
of its neighbors.
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Figure2: The multi-threadedout-of-corerenderingapproachof the iWalk system. For eachnew camera(a), the system�nds the setof
visible nodesusingeitherapproximatevisibility (b), or conservative visibility (c). For eachvisible node,the renderingthread(d) sendsa
fetchrequestto thegeometrycache(i), andthensendsthenodeto thegraphicscard(e). Thelook-aheadthread(g) predictsfuturecameras,
estimatesthenodesthattheuserwouldseethen(h), andsendsprefetchrequeststo thegeometrycache(i).

In additionto beingtime-critical,anotherkey featureof PLPthat
iWalk exploits is thatPLPcangenerateanapproximatevisible set
basedon just the informationstoredin the hierarchy structure�le
createdatpreprocessingtime. In otherwords,PLPcanestimatethe
visiblesetwithoutaccessto theactualscenegeometry.

An implementationof PLPmaybesimpleor sophisticated,de-
pendingon theheuristicto assignpriorities to eachnode. Several
heuristicsprecomputefor eachnodea valuebetween0.0 and1.0
calledsolidity, which estimateshow likely it is for thenodeto oc-
cludeanobjectbehindit. At runtime,thepriority of anodeis found
by initializing it to 1.0, andattenuatingit basedon the solidity of
thenodesfoundalongthetraversalpathto thenode(Figure3).

Although PLP is in practicequite accuratefor most frames,it
doesnot guaranteeimagequality, andsomeframesmayshow ob-
jectionableartifacts. To avoid this potentialproblem,the system
may usecPLP[Klosowski andSilva 2001], a conservative exten-
sionof PLPthatguarantees100%accurateimages.However, cPLP
cannot�nd thevisible setfrom theHS �le only, andneedsto read

Figure3: A sectionof theUC Berkeley SodaHall model. At run-
time,theiWalksystemusestheprioritized-layeredprojection(PLP)
algorithmto estimatethenodespotentiallyvisible from thecurrent
view frustum(outlined in yellow). The transparentcolor of each
nodeindicatestheprojectionpriority of thenode.

thegeometryof all potentiallyvisible nodes.Theseadditionaldisk
operationsmay make cPLP much slower than PLP. Our imple-
mentationof cPLPcanuseeitheran item-buffer techniquethat is
portableto any platformthatsupportsOpenGL,or occlusionquery
extensions(suchastheHP test[Severson1999]andthenVidia oc-
clusionquery[Rege 2002]) whenthey areavailable. Thus,cPLP
needsto fetchgeometryfrom thegeometrycache,andreadpixels
or occlusionqueriesfrom thegraphicscard.

5 From-Point Visibilit y-Based Prefetching

Theideabehindprefetchingis to predictasetof nodesthattheuser
is likely to seenext, andbring themto memoryaheadof time. Ide-
ally, by thetimetheuserseesthosenodes,they will bealreadyin the
geometrycache,andtheframerateswill notbeaffectedby thedisk
latency. Systemsresearchershavestudiedprefetchingstrategiesfor
decades[Gindele1977;Przybylski1990],andmany previousren-
deringsystems[Aliaga et al. 1999;Funkhouser1996;Funkhouser
et al. 1992; VaradhanandManocha2002] have usedprefetching
successfully. To our knowledge,all previous prefetchingmethods
thatemploy occlusionculling have beenbasedon from-region vis-
ibility algorithms,andweredesignedto run on multiprocessorma-
chines. Our prefetchingmethodworks with from-point visibility
algorithms,andrunsasaseparatethreadin auniprocessormachine.

Our prefetchingmethod exploits the fact that PLP can very
quickly computeanapproximatevisibleset.Giventhecurrentcam-
era(Figure2a), thelook-aheadthread(Figure2g) predictsthenext
cameraposition by simply extrapolatingthe currentposition and
thecamera's linearandangularspeeds.More sophisticatedpredic-
tion schemescouldconsideraccelerationsandseveralprior camera
locations. For eachpredictedcamera,the look-aheadthreaduses
PLP(Figure2h) to determinewhich nodesthepredictedcamerais
likely to see. For eachnodelikely to be visible, the look-ahead
threadsendsa prefetchrequestto the geometrycache(Figure2i).
Thegeometrycacheputstheprefetchrequestsin a queueanda set
of prefetchthreadsprocessthe requests.If thereareno fetch re-
questspending,andif themaximumamountof geometrythatcan
beprefetchedperframehasnotbeenreached,aprefetchthreadwill
popa requestfrom theprefetchqueue,andreadtherequestednode
from disk (if necessary)(Figure2j). If the cacheis full, the least
recentlyusednodesareevictedfrom memory. Therequestednodes
arethenplacedin aqueueof nodesthatarereadyto berendered.



fetch(node, ready_queue)
{

lock cache;
while (node is busy)

wait until 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 requests pending)

wait until no fetch requests pending;
while (node is busy)

wait until node is free;
mark node as busy;
if ((node is valid)

|| (reached max prefetch amount per frame)
|| (reached max prefetch request age))
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;

}

release(node)
{

lock cache;
mark node as free;
if (node is valid)

broadcast memoryavailable;
broadcast node is free;
unlock cache;

}

Figure4: Pseudo-codefor themaincacheroutines.

(a)user's view

(b) cacheview

Figure5: A sampleframeinsidethe power plant model. (a) The
imagethattheusersees.(b) Thestateof thenodesin thecache.

Figure 4 shows the pseudo-codefor the main routinesrun by
the threadsin the cache. Whena client makesa fetch request,a
threadexecutesthe fetch routine(andsimilarly for a prefetchre-
quest). When the client is doneusing that node,it mustcall the
releaseroutine. Theseroutineshave to bevery carefulaboutshar-
ing thecachedatastructures.To guaranteemutualexclusion,there
is a lock to accessthe cache,andeachnodehasa �ag indicating
whetherit is free or busy. This schemeis similar to the oneused
in theUNIX buffer cache[Bach1986]. Figure5ashows theuser's
view of the UNC power plant model [UNC 1999] during a walk-
throughsession,andFigure5b shows thestateof theoctreenodes
in thecache.



Unlike our from-point prefetchingmethod, from-region pre-
fetchingmethodsdecomposethemodelinto cells,andprecompute
for eachcell thegeometrythattheuserwouldseefrom any point in
thecell. At runtime,from-region methodsguessin which cell the
userwill benext, andloadthegeometryvisiblefrom thatcell ahead
of time. Our from-pointprefetchingmethodhasseveraladvantages
over from-region prefetchingmethods.First, from-region methods
typically requirelongpreprocessingtimes(tensof hours),while our
from-point methodrequireslittle preprocessing(a few minutes).
Second,the set of nodesvisible from a single point is typically
muchsmallerthanthesetof nodesvisible from any point in a re-
gion. Thus,our from-pointprefetchingmethodavoidsunnecessary
diskoperations,andhasabetterchancethana from-regionmethod
of prefetchingnodesthatactuallywill bevisiblesoon.Third, some
from-region methodsrequirethat cells coincidewith axis-aligned
polygonsin themodel.Our from-pointmethodimposesno restric-
tion on themodel'sgeometry. Finally, thenodesvisible from acell
maybeverydifferentfrom thenodesvisiblefrom aneighborof that
cell. Thus,a from-region methodmaycauseburstsof disk activity
whentheusercrossescell boundaries,while a from-pointmethod
betterexploits frame-to-framecoherence.

Sincethecostof disk readoperationsis high, mostsystemstry
to overlapall of theseoperationswith othercomputationsby run-
ning several processeson a multiprocessormachine[Aliaga et al.
1999; Funkhouser1996; Garlick et al. 1990], or on a network of
machines[Wald et al. 2001;Wonkaet al. 2001].Along thesesame
lines, our systemusesmultiple threadson a singleprocessorma-
chine to overlapdisk operationswith visibility computationsand
rendering.

6 Experimental Results

To evaluateour system,and in particular our prefetchingalgo-
rithm, we experimentedwith the 13-million-triangleUNC power
plant model [UNC 1999]. The raw model was roughly 600 MB
in size; after our preprocessingstep,the model size increasedto
1 GB. To our knowledge,no othersystemhasbeenableto render
this modelat interactive rateson a singlePC.Our systemranRed
Hat Linux 8.0, hada 2.8 GHz PentiumIV CPU,512MB of main
memory, a35GB SCSIdisk,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 fetch threads,1 prefetchthread,a maximum
of 2 MB of prefetchedgeometryper frame,approximatevisibility
with a budgetof 280,000trianglesperframe,a targetframerateof
10 fps,andimageresolutionof 1024� 768.

To analyzetheoverall performanceof our system,we 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 assumptionson the pathsbeingknown beforehand;therefore,
completecamerainteractivity is alwaysavailableto the user. The
�rst pathusedhas36,432viewpoints,visitsalmosteverypartof the
model,andrequiresfetchinga total of 900MB of datafrom disk.
Using the above con�guration, our systemrenderedthe frames
alongthatpathin 74 minutes.Only 95 frames(0.26%)causedthe
systemto achieve lessthan1 fps. Themeanframeratewas9.2fps,
and the medianframe rate was 9.3 fps. To analyzethe detailed
performanceof our system,it is easierto useshorterpaths. For
this purpose,we useda 500-framepathwhich required210MB of
datato bereadfrom disk. If fetchedindependently, themaximum
amountof memorynecessaryto renderany givenframein approx-
imatemodewouldbe16MB.

To studyhow multiple threadsimprove the framerates,we ran
testsusing threedifferent con�gurations. The �rst con�guration
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Figure 6: Using multiple threadsto improve frame rates. We
measuredthe frameratesduring a 500-framewalkthroughof the
powerplantmodelunderthreecon�gurations:(a)usingonethread
for fetching and rendering;(b) using multiple threadsto overlap
fetchingandrendering;and(c) usingmultiple threadsto overlap
fetching, rendering,and prefetching. Concurrentfetching elimi-
natessomedownward spikes, and addingconcurrentspeculative
prefetchingeliminatesalmostall of theremainingspikes.The�rst
spike happensbecausethecacheis initially empty. Thethreecon-
�gurations produceidenticalimages.
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Figure8: Usingprefetchingto amortizethecostof diskoperations.
We measuredthe amountof geometryfetchedper framewithout
prefetching(a) andwith prefetching(b). Prefetchingamortizesthe
costof burstsof disk operationsover frameswith few disk oper-
ations, thus eliminating most frame rate drops. The systemwas
con�guredto prefetchatmost2 MB perframe.

is entirelysequential:a singlethreadis responsiblefor computing
visibility, performingdisk operations,andrendering.The second
con�gurationaddsasynchronousfetchingto the�rst con�guration,
allowing up to 8 fetchthreads.Thethird con�gurationaddsanex-
tra threadfor speculative prefetchingto the secondcon�guration,
allowing up to 2 MB of geometryto beprefetchedperframe.Fig-
ure6 shows theframeratesachievedby thesethreecon�gurations
for the 500-framepath. For the purely sequentialcon�guration,
we seemany downward spikesthat correspondto abruptdropsin
framerates,whicharecausedby thelatency of thediskoperations,
and spoil the user's experience(The �rst spike happensbecause
the cacheis initially empty). Whenwe add asynchronousfetch-
ing, many of the downward spikes disappear, but too many still
remain. The user's experienceis muchbetter, but the framerate
dropsare still disturbing. When we add speculative prefetching,
all signi�cant downwardspikesdisappear, andtheuserexperience
is smooth. Note that the gain in interactivity comesentirely from
overlappingthe independentoperations.The threecon�gurations
achieveexactly thesameimageaccuracy (Figure7).

Figure8 shows why prefetchingimprovesthe framerates.The
chartscomparetheamountof geometrythatthesystemreadsfrom
disk per frame for the secondand third con�gurationsdescribed
above. Prefetchinggreatlyreducestheneedto fetchlargeamounts
of geometryin asingleframe,andthushelpsthesystemto maintain
higherandsmootherframerates.

Figure9 shows that theuserspeedis anotherimportantparam-
eter in the system,andhasto be adjustedto the disk bandwidth.
Whenthe userspeedincreases,the changesin the visible setare
larger. In otherwords,astheframe-to-framecoherencedecreases,
the amountof datathe systemneedsto readper frameincreases.
Thus,cachingandprefetchingaremoreeffective if theusermoves
atspeedscompatiblewith thediskbandwidth.The�gure alsoindi-
catesthathigherdiskbandwidthshouldimprove framerates.

7 Conclusion

Wehavepresentedasystemfor renderinglargemodelsonmachines
with smallmemoryat interactive framerates.A key componentof
our out-of-corerenderingapproachis a new prefetchingalgorithm
basedon a from-pointvisibility algorithm.Theprefetchalgorithm
accuratelyandef�ciently predictswhatgeometrywill bevisible in
subsequentframesandprefetchesthemfrom disk. We believe our
systemis the �rst to be ableto preprocessthe 13-million triangle
UNC powerplantmodelandrenderit interactively onasinglePC.

Oneareaof future work is addinglevel-of-detail (LOD) man-
agementto our entiresystem. In approximatemode,our system
mayproduceimageswith low accuracy if thecameraseestheentire
model. El-Sanaet al. [2001] show how to integrateLOD manage-
mentwith PLP-basedocclusionculling. Anotherpossibleareafor
futurework is speedingup renderingin conservative mode,which
currentlycanbemuchslower thanrenderingin approximatemode.
Finally, wealsowouldliketo extendthesystemto supportdynamic
scenes.
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Figure9: Adjustingtheuserspeedto thediskbandwidth.Wemeasuredtheframeratesalongacamerapathinsidethepowerplantmodelfor
differentuserspeeds(or equivalently, for differentnumberof framesin thepath). If theusermovestoo fast,theframeratesarenot smooth.
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