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Abstract

Weintroduceamulti-layeredimagecachesystemthatis de-
signedto work with a pool of renderingenginesto facilitate
aframe-less,asynchronousrenderingenvironmentfor scien-
ti�c visualization.Our systemdecouplestherenderingfrom
the displayof imageryat many levels; it decouplesrender
frequency andresolutionfrom display frequency andreso-
lution; allowsasynchronoustransmissionof imageryinstead
of thecompute-sendcycle of standardparallelsystems;and
allows local, incrementalre�nementof imagerywithout re-
quiringall imageryto bere-rendered.

Interactivity is accomplishedby maintaininga setof im-
agetiles for displaywhile theproductionof imageryis per-
formedby a pool of processors.The imagetiles areplaced
in �x edplacesin camera(vs. world) spaceto eliminateoc-
clusionartifacts. Displayquality is improvedby increasing
thenumberof imagetilesandimageryis refreshedmorefre-
quentlyby decreasingthenumberof imagetiles.

CR Categories: C.2.4 [Distributed Systems]:
Client/server—parallel/distributed; I.3.2 [Graphics Sys-
tems]: Distributed/network graphics—client/server;
I.3.3 [Picture/ImageGeneration]: Display Algorithms—
image caching; I.3.6 [Methods and Techniques]: Device
Independence—framelessrendering;

keywords: image cache, impostors, scienti�c visualiza-
tion, multiresolution techniques, hierarchical tech-
niques,paralleltechniques.

1 Intro duction

Scientistsarefacedwith a problemthatastheir simulations
grow to sizeswhereinterestingfeaturesandstructurescan
be resolved, the featuresthemselvesbecometo small (rela-
tiveto thesizeof thedata)to �nd, andthestructurestoolarge
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to visualize. Interactive navigationandexplorationof these
datasetsis essential,and small featurescan only be prop-
erly understoodis shown in thecontext of largerstructures,
showing both largescalestructuresandsmallscalefeatures
in thesamevisualizationis essential.However, thedatasize
preventsef�cient renderingof evensingleframes,let alone
multiple frameper a secondthat is requiredfor interactive
exploration.

Cachingandreusingimageryoverseveralframesto amor-
tizethecostof renderingthatimageryis proving to beavery
useful technique. However, prior techniquesareunableto
meethe demandsof scienti�c visualizationin that they ex-
pectstaticscenes,requiresigni�cant preprocessingtimeand
userassistanceto placeimpostors,andrely on purerandom
chanceto catchmoving structures.

A signi�cant numberof scienti�c datasetsare uniform,
cartesiangrids, wherethe informationdensityis very high
anduniform. Thus,tile densitymustbecorrespondingvery
high anduniform. Scienti�c visualizationmethodsrequire
user-controlled, run-time parametersthat can signi�cantly
affect visualizationresults; i.e., transfer-functions for vol-
ume visualization,iso-value for iso-contouring,or tempo-
ral movementfor time-varyingdatasets.All of theserequire
adaptive re�nementof tiles anddynamicupdatingof these
tiles.

We have developed our Multi-Level Image Caching
(MLIC) systemto cacherenderedimageryand to address
issuesspeci�c to theuseof impostorsfor scienti�c visualiza-
tion. Impostorsin our systemarecalledtiles, andassociate
a squareimagewith spatialpositionandextent(andtempo-
ral positionandextent for time varying datasets).A setof
imagetiles aremaintainedwith a singleforegroundprocess
displayingtheimageryandasetof parallelprocessesrender-
ing the imagery. Display quality is improved by increasing
thenumberof tilesandupdatefrequency is improvedby de-
creasingthenumberof tiles. Local re�nementof datadoes
not requirere-renderingall imagetiles, only thosetiles that
intersectthere�nementregionneedto bere-rendered.

Oursystemdecouplesgenerationof imageryfrom thedis-
playof theimagery, anddecouplestheresolutionof rendered
imageryfrom theresolutionof displayedimagery. Secondly,
our systemalso decouplesthe placementof tiles from the
speci�csof thedatalayout; that is, tiles areplacedto re�ect
userinterestandrenderingconcerns.

Denselyplacedtiles that move with respectto the cam-
eraviewpointcommonlyexperienceocclusionartifacts;e.g.,
tilesthataresupposedto beadjacentto eachothercanappear
to move apart,allowing a holeto form wherestructuresthat
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Figure1: Occlusionartifactsoccurwhentiles generatedto
becorrectfrom viewpointA areviewedfrom viewpointB. In
�gure (a),viewpointsarered,tilesaregreen,theholeis blue,
andthe occlusionis magenta.Figures(b)-(d) shows �gure
(a) from the point-of-view; the two left tiles have opacities
of 50%(which compositeto opacityof 75%),andthe right
tile hasanopacityof 75%

aresupposedtobehiddenareexposed,oradjacenttilesmove
over and occludeeachother, as shown in �gure 1. While
theseproblemshave beenaddressedin a very basicway for
opaquestructures,therearenot prior techniquesto handle
transparentstructures.

Our solutionis to decomposethespacearoundthepoint-
of-view into a setof convex, non-occluding(with respectto
thepoint-of-view) polyhedron,whicharethensubdividedby
a k-D treeto allow for adaptivity. The k-D treebasedsub-
divisionof thepolyhedronis constrainedto eliminateocclu-
sion artifacts. Tiles areplacedat the nodesof the k-D tree
andmove with thepoint-of-view.

Our systemruns on a two-processorlinux workstation
anda largesymmetricmultiprocessor(SMP)machine.The
implementationdiscussedin this paperusesa cube, cen-
teredabout the point-of-view, decomposedwith six pyra-
mids, wherethe tops of meetat the point-of-view and the
basesform the six facesof the cube. Othercon�gurations
arepossible.

2 Related Work

Bethelet.al. [Bethelet al. 2000]discusstheVisipult system
- adistributed,multiresolutionvisualizationsystemfor time-
varyinguniform,rectilineardatasets.Imageryis producedat
thebrick-level andis, therefore,not independentof thedata
decomposition.

There is signi�cant amountof work [Carrozzinoet al.

2001; Chen et al. 1999; Schau�er and Stürzlinger 1996;
Shadeet al. 1996; Decoretet al. 1999] on use and pre-
processingof impostorsfor viewing extremely large CAD
datasets. Most typical applicationsare architecturewalk-
throughs,either of individual buildings, of whole cities or
city districts. Signi�cant preprocessing(with user assis-
tance)effort is requiredto �nd goodlocationsto placeim-
postorsandto segmentthemodel(with respectto theimpos-
tor's location)to nearandfar sets.Far geometryis rendered
andcachedwith thatimpostor. At run-time,neargeometryis
rendereddirectly andthefar geometryis approximatedwith
thecachingimagery. Thesedatasetsstaticandareintended
to be visualizedmany times,so it is reasonableto spenda
largeamountof preprocessingtime to acceleratetherender-
ing of them.

The have been numerousof specializedhardware so-
lutions to parallelizerenderingof datasets. Blanke et.al.
[Blanke et al. 2000] introducesthe Metabuffer, a cross-bar
compositingnetwork of N COTS (CommonOff TheShelf)
renderingmachinesto M displaydevices,wherethe trans-
mittedimageryincludescolor, alpha,anddepthvalues,soit
is possibleto compositemutuallyoccludingimagetiles. The
network canbecon�gured to placeimageryat any arbitrary
locationandextentonthedisplaydevices.Thehardwarehas
notbeenbuilt; their resultsarederivedfrom simulations.

Stoll et.al. [Stoll et al. 2001] introducethe Lightning-2
digital video-basedcompositingnetwork, alsoconnectingN
COTS renderingmachinesto M displaydevices. Adaptive
placementof imageryis accomplishedby encodingimage
locationin thevideosignal. Lightning-2usesdigital video,
so communicatingauxiliary (i.e., depth)informationin the
video signalis dif�cult. Lombeyda et.al. [Lombeyda et al.
2001]introducestheSepia-2compositingnetwork. Thissys-
tem connectsN COTS renderingdevices in a daisy-chain,
with the output of one device is fed into the input of the
next in chain,andthe�nal device is thedisplay. Thereis no
adaptivity, andentireframesarecompositedpixel-to-pixel.
Thenetwork usesacentralcrossbar, andcanrecon�gurethe
network with eachframe. Blanke's andStoll's systemsdo
not scalelinearly with increasinginput andoutputdevices
as their network complexity is N � M. While Lombeyda's
systemscaleslinearly with respectto renderingdevices,but
thereis a small latency at eachnode,which restrictsthe to-
tal framerate. The SGI Onyx andOrigin SMPs(symmet-
ric multi-processor)systems,equippedIn�niteReality [Mon-
trym etal. 1997]renderingengines,areamoregeneralsolu-
tion to parallelrendering.While theOnyx andOrigin have
a generalpurposeinterconnectfabric that extremely fast,
the In�niteReality engineis signi�cantly out-performedby
newer cards;the Onyx andOrigin systemsarealsolimited
in the total numberof In�nteReality enginesthey canhold.
ThePixelFlow [Eylesetal. 1997]is averyspecialized(very
non-COTS) machinethatusesa deeplypipelinedcomposit-
ing network connectedto a setof renderingengines.Data
is distributedover the renderingengines,which computea



full frame,andship the frameto the compositingnetwork.
Thesehardware techniquesshow reasonablespeed-upsfor
small numbersof renderingengines,displays,anddatasets.
However, all sharethebasicrestrictionsof beingextremely
expensive, very specialized,have limited adaptivity with re-
spectto therenderedimagesize,andscalingis only goodif
oneof thedimensions(renderingengines,displaysize,and
datasetsize) is increase,but not if all increase.Thesesys-
temshave anexplicit notionof framesandarenot tolerance
of delaysor stallsin renderingengines.The fastersystems
compositedigital video signals,which makes it dif�cult to
include depthinformation. Thereare two recentcommer-
cial products,SGI's In�nitePerformance[SGI n. d.] and
HP's SV6 [HP n. d.], which usea larger numberof ren-
deringnodes,connectedby a compositingnetwork. While
neitherare COTS, both seemto be more commodity-and
component-orientedthan prior machinesoffered SGI and
HP.

There are several software techniquesto decomposea
sceneinto layers, then display the layers from a differ-
ent, but limited set of alternateviewpoints. Mueller et.al.
[Mueller et al. 1999] allows transparentvolume visualiza-
tion, but mustkeeptrackof all compositeddepthvalues,so
it canplacethelayerssuchthatnogapsappearwhenviewing
thelayersfrom new viewpoints. Schau�er[Schau�er1998]
usesmultiple layersto renderfully opaquemodels. Gaps
areavoidedby overlappingthe spatialextentsof the layers
suchthe the imagesoverlap by several pixels. Layersare
re-renderedjust beforea gapis predictedto appear. His pre-
diction mechanismonly characterizeserror with respectto
cameratranslationsandnot with camerarotationsaboutthe
model.Shadeet.al. [Shadeetal. 1998]discusstechniquesto
uselayersof images(with coloranddepth)to approximation
complex objects.Imagesarereprojectedon a pixel-by-pixel
basisand requirea well de�ne depthvalue; this this tech-
niqueis only usefulfor fully opaqueobjects.

The Tapestryproject by Simmonset.al. [Simmonsand
Séquin 2000] rendersa sceneby drawing a set gouraud-
shadedtriangleswherethe color and depthof the vertices
arecalculatedby a ray-tracer. Trianglesarere�ned if they
arephysically largeor have largechangesin color or depth.
As theusermoves,samplepoints(vertices)thatbecomeoc-
cludedareremovedfrom themesh.Their techniquedoesnot
handletransparentvolumesas it assumesopaquesurfaces
andmaintainsonly onelayerof samplepoints.

3 MLIC Spatial Decomposition and
Caching Basis

TheMLIC systemdecomposestheregionaboutthecamera's
point-of-view into a covering setof convex, non-occluding
(with respectto thepoint-of-view) polyhedra.Many decom-
positionsof thespacearoundthecameraarepossible;in this
paper, we usea cubebasisfor the sake of simplicity. The
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Figure2: Exampleof aMLIC implementedonasquare(2D)
andacube(3D).

(B) (C)(A)

Figure3: A k-D treetile canbe subdivided in two orienta-
tionsin 2D (3 in 3D).

cubeis thendecomposedinto six pyramids,with the “top”
point at thecenterof thecube,andthepyramidbasesform-
ing thesix faces.Thesix pyramidare,in turn,subdividedby
constrainedk-D trees.

The imagetiles areplacedat �x edpositionswith respect
to the camerapoint-of-view, so must be re-renderedwhen
thepoint-of-view translates;they don't needto bere-render
if the point-of-view's orientation/directionor �eld-of-view
change.

Figure 2 shows a 2D and 3D exampleof a Multi-Level
ImageCacheimplementedusing a square/cubeas a basis.
For �gure 2(2D), the red circle at the centeris the camera
point-of-view, with the red linesshowing thecameraorien-
tation and�eld-of-view; black lines show the basedecom-
positionof the space;blue lines show the k-D treedecom-
positionof eachquadrant;andgreenlines show individual
tiles. Thetiles areshown slightly smallerthat their physical
extent(delimitedby blue& blacklines),asto emphasizethat
they areindependententities. Note that the differentquad-
rantshave differentdegreesof decomposition.Figure2(3D)
showseachof thesix facesof thecubeareshown in different
colors. The pyramidsarescaleddown by 10% to show the
individual regions.All faceshave beensubdividedtwice.

Thedistanceto theouterfaceof apyramidcorrespondsto
the far-clipping planeof a viewing-frustum. Increasingand
decreasingthe distanceto the far-clipping plane increases
anddecreasesthespatialextentcoveredby thecache.

The k-D treedecompositionplanesareeitherparallel to
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Figure4: Reusingtilesasthecameraturnsto theright.

thecubefaceor passthoughtheorigin of thecube-cache,so
thereareno occlusionartifacts(comparedto �gure 1); i.e.,
tilesrunto theboundariesof ak-D nodeandtheirend-points
do not move with respectto the camera.This is shown in
�gure 3. Figure3(B) shows theparenttile to besubdivided
in red; �gure 3(A) shows the subdivision of the parenttile
into front andbacktiles (with respectto the point-of-view)
and �gure 3(C) shows the subdivision parenttile in to left
andright tiles.

Figure 4 shows where tiles would be reusedbetween
frames. In the top row, the �rst (left) frame,a setof tiles
arerendered.The blue andgreentiles arerenderedfor (or
before)the�rst frame. In thesecondframe(top row, right),
asthecamera(shown in red) turnsclockwise,anadditional
setof tiles arenow visible. Thoseshown in greenareren-
deredin bothframes(i.e.,renderedin the�rst frameandjust
reusedin the second). Tiles shown in blue arenot visible
in the secondframe,andmay be deleted(if runningout of
cachespace).Thepurpletiles in thesecondframearenow
visible; they will be placedin a work queueto be rendered
if their imageryis invalid. Themiddle row shows a render-
ing of a iso-surfacerenderingof a Trebecularbonedataset;

Render Engine
Render Engine
Render Engine

Work Queue

Done Queue

Render Engine

Display Engine

Image Database

Shared Memory

Figure5: TheMLIC systemarchitecture.

the initial camerapositionis show in the left imageandthe
camerahasturnedto theright in theright image.Thebottom
row shows anoutsideview of theMLIC, with thepoint-of-
view andField-Of-View pyramidshown in red. Tile bound-
arycolorcorrespondsto thefacesof thecubefor de�nesthe
physical cachecon�guration. Notice that the tiles outlined
in cyan no longerappearin the right image,andnew tiles
appearon theright sideof theimage.

All tiles have the same�x ed resolution.A tile is re�ned
by replacingit with a left/right, top/bottom,or front/back
tile children,whereeachchild containsa copy of thecorre-
spondingregion of theparenttile. Thenew tiles aremarked
for futurere-rendered.Tiles arecoarsenedby removing the
childrenandreplacingtheparent's imageryby a �ltered ver-
sionof thechildren's imagery.

Rotatingthe cameradirectiondoesnot invalidateany of
thetiles,but newly exposedtiles mayrequirerendering,and
possiblyre�nement. Tiles now partially exposedby to be
coarsened.Ourcurrentsystemdoesnotuseany errormetric
for prioritizing tiles for re-renderingandvisible tiles arere-
renderedin a round-robinscheme.

4 The MLIC System Architecture

The MLIC systemarchitectureconsistsof a singledisplay
engine,multiple renderingengines,a work queue,a done
queue,andanimagedatabase.Theworkanddonequeueand
the imagedatabaseareplacedin a sharedmemorysegment
andthedisplayengineandall renderingenginescandirectly
accessthequeueandimagedatabase.

Thedisplayenginewritesrequeststo to workandreceives
acknowledgmenton the donequeue. Renderenginesread
requestsfrom theworkqueue,rendersandwritesimageryto
the imagedatabase,andwritescompletedtasksto thedone
queue.

We currently useVTK' s off-screenrenderingcapability
and its ray-castengines(both volume renderingand iso-
surfacerendering)to renderimagery.

The displayenginejust renderstiles that areboth within
budgetandareavailable. If antile hasno children,but does
not meettherenderingrequirements,it is addedto thework
queueto be subdivided. The displayenginealsoreadsthe
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Figure 6: Readersand writers can compareheadand tail
positionsto get a conservative estimateif a queueis empty
or full.

donequeueto seewhatregionshave beencompletedby the
renderengines. When a region is completed,the display
enginenotesthis in the imagedatabase.This operationis
extremelysmall andfast,and if the generatorenginesper-
formedit, would requireanothersemaphorecontrolaccess.

4.1 Shared Queue Issues

We startedwith a very basiccircularqueueimplementation
for thework anddonequeues,usingtwo �elds to recordthe
headand tail positions,a size�eld to recordthe available
space,andonesemaphorefor eachqueue.Both displayen-
ginesandrenderenginesmustblock to addor remove ele-
mentsfrom thequeues.We foundthatthis basicimplemen-
tation scaledpoorly; when using eight renderenginesand
one display engine,processeswould occasionally(˜1% of
thetime) block for aslong as0:5 secondson thesemaphore
to accessthe queue.This causedunacceptablestalls in the
displayengine.

Our solutionis to observe thatwhenusingqueues,where
oneprocessonly writes to the queueandthe otherprocess
only readsfrom thequeue,a readernever modi�es thehead
of thequeue,andawriter modi�es thetail of thequeue,and
that a readercanonly readfrom a non-emptyqueueanda
writer canonly write to a non-full queue.We canconserva-
tively estimatethe emptyandfull statusof a queueby cal-
culatingthedistancebetweentheheadandtail of thequeue.
That is, a readermay �nd the queueempty, even thougha
writer may just addedan element;similarly, a writer may
�nd the queuefull, even thougha readerhasjust removed
anelement.Whenthereaderaccessthequeue's tail pointer
andcomparesthedistanceto theheadpointer, theheadmay
move, increasing(never decreasing)thenumberof elements
in the queue,thuswill get a conservative estimateof avail-
ableelementsin the queue.A similar argumentwork for a
writer: readerprocesseswill only increaseavailablespacein
aqueue.This is shown in �gure 6. However, parallelreaders
mustshareandblock on accessthetail pointer, andparallel
writers do the samefor the headpointer. Hence,the dis-
play enginenever blockson eitherthework or donequeues
as there is only one; however, renderenginesmust block
on bothqueues.As theenginestake considerablelongerto
completetheir tasksthanthedisplayengine,they checkthe
queuesmuchlessoften.Thisdoesimply, however, thatthere
is ascalinglimitation ontherenderengines,andthatamulti-

stageor distributedqueuingsystemwill berequiredto scale
beyondacertainpoint.

Theonly caveatis thataccessingintegervalueson shared
memorysystemmust be atomic, and no partial valuesare
returned.This modelof a sharedqueueworks correctlyon
a two processorLinux boxes anda 48 processorSGI Ori-
gin3000.

4.2 Tasks

Threekindsof taskscanbewritten to thework queue:sub-
divide,render, andmerge. In additionto thekind of task,the
taskstructurealsocontainsa pointer to the associatedk-D
node,which includesthe spatialpositionandextendof the
regionto bemodi�ed. Whenarenderenginestartsto service
atask,it removesthetaskfrom theworkqueue.Whenatask
is completed,it is simplywritten to thedonequeue.

4.2.1 Subdivide

The subdividetask is to take a tile andreplaceit with two
childrentiles thatcover thesameextent. An tile canbesplit
(with respectto thepoint-of-view) into left/right, top/below,
or front/backtile pairs. Sinceall tiles have the samereso-
lution; whena left/right or top/bottompair is rendered,the
effect is to doubleto numberof pixelsin thedirectionof the
split.

Tiles aredisplayedin backto front orderwith blendingto
affect anOVER operation(see[PorterandDuff 1984]). So
to breaka tile into a front/backtile pair, we needto setthe
valuesin the front/backpairssuchthatwhenthey arecom-
positedtogether, they producethesameresultasdisplaying
theparenttile. Hence,to subdivideatile, wemustcomputea
inverseto theOVER operator.TheOVER operatoris de�ned
asfollows:

K = C0overC1 = C0 + C1(1� a0)
g = a overa = a0 + a1(1� a0)

WhereC1;2 anda1;2 arethe input opacity-weightedcolor
and opacity values,respectively, and K and g are the out-
put opacity-weightedcolor andopacityvalues,respectively.
NotethattheOVER operatorperformsthesamecalculation
on eachof thered,green,andbluechannels.K andg corre-
spondto thecolorandopacityof theparenttile, andC1;2 and
a1;2 correspondto the color andopacityof the child tiles.
We alsosimplify by assumingthefront/backimageryis the
same,e.g.,C = C1 = C2 anda = a0 = a1.

Solvingfor C, givenK:

K = C+ (1� a )C = C(2� a)

thus

C =
K

(2� a )

And solvingfor a , giveng:

g = a + a (1� a ) = 1� (1� a )2



2563 5123

ProcessorsRateSpeed-UpRateSpeed-Up
1 1.48 1.00 0.73 1.00
2 2.91 1.97 2.09 2.86
4 6.76 4.57 5.74 7.86
8 12.5 8.47 11.5 15.8
16 29.2 19.7 22.3 30.5
32 63.3 42.8 45.4 62.2

Table1: Scalabilitystudy for two trebecularbonedatasets
using the Multi-Level ImageCachesystem. The ratesare
tilespersecond.

thus

a = 1�
p

1� g

However, we have observedtwo issueswith theseformu-
las.First,theseoperationsareperformedon8-bit integerval-
ues,andcanbevery errorprone.Secondly, thestructuresin
thedataarenotplaceduniformly in theassociatedregion. If,
for example,the front half of theregion associatedwith the
parenttile is empty, the child tile associatedwith that front
half will containimagerybelongingto the backhalf. This
is not a problemuntil oneof thechildrenis re-rendered.If
thefront child is re-rendered,theoverall contribution of the
front/backregionswill decreaseasthey effectively become
more transparent.Similarly, if the back tile is re-rendered
�rst, the overall contribution will increase,and they effec-
tively becomemoreopaque.Due to proximity andviewing
parameters,thefront andbackpairsarere-renderedatnearly
thesametime,andthereforedonotcreateaproblem.

4.2.2 Merge

Mergea left/right, top/bottom,or front/backpair for form a
lower resolutionimage.This is usedwhenthecameraposi-
tion hasnot changed,but the region is lessimportant(e.g.,
the userhasturnedthe view frustumaway). The left/right
and top/bottompairsareproducedby low-pass�ltering or
sub-sampling,dependingonwhich�ltering modeusedin the
original rendering.Mergingafront/backpair is simplycom-
positingthefront andbackpairstogether.

4.2.3 Render

Simply rendera region to an image. VTK is usedas the
renderingengine,so anything that VTK canrendercanbe
renderedandcachedin oursystem.

5 Results

TheresultswereobtainedusingaSGIOrigin3000computer
with 48250MHzMIPSR10Kprocessors.Weusea trebecu-
lar bonedataset,whichanextremelyhigh-resolutionscanof
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Figure7: A log-log plot of thescalabilitystudyfor two tre-
becularbonedatasetsusing the Multi-Level ImageCache
system.

Figure8: Volumerenderinga 2563 trebecularbonedataset
usingtheMulti-Level ImageCachesystem.Individual tiles
areoutlinedin yellow.

thespongymaterialinsideof bones;theoriginal5403 dataset
is 1cm3. We measuredthe sustainedrate at which render
tasksareperformedby countingthenumbercompleteddur-
ing a �x edinterval of 10 seconds.We did not measuresub-
divide or merge tasks,as they happenmuch lessoften, do
not occurin a sustainedfashion,andtake muchlesscompu-
tationaleffort thanrendering.

OurscalabilitystudywasperformedusingourMLIC sys-
tem,VTK' s off-screenrenderingcapability(via Mesa),and
VTK' s software-basedray-castiso-surfaceengineto render
imagery. Theimagetilesall havearesolutionof 1282 pixels.

The MLIC volume rendererexperiencesroughly linear
speed-upfor a 2563 and 5123 versionsof the trebecular



dataset,asshown in table1 and�gure 7. Theapparentsuper-
linearspeed-upfor MLIC is dueto therangeof ratesfor dif-
ferentnumberof processors:runswith oneprocessorshow
muchlargerrangein thenumberof tiles renderedpera sec-
ond thanrunswith 32 processors.Sometiles aremoreex-
pensiveto renderthanothers;tilesthataremoresquaretouch
lessmemorythantiles thatarelongtrapezoids.Theratesfor
runswith smallernumbersof processorsshouldprobablybe
higher. As eachprocessorhasits own copy of thedata,there
shouldbeno super-linearscalingdueto data�tting into the
processorcaches.

6 Conclusion and Future Work

Wehave introducedourMulti-Level ImageCachingsystem.
It maintainsasetof imagetilesfor interactivedisplaywhile a
setof parallelprocessesrendernew imagery. Oursystemhas
successfullydecoupledrenderingratesfromdisplayrates,al-
lows for fairly slow rendering,while providing interactive
displayof imagery. The systemexperienceslinear scaling
onanOrigin3000SMPup to 32processors.

Currently, our systemusesa round-robinapproachto up-
datingtiles. Thisis notsuf�cient whentherearealargenum-
ber of tiles beingdisplayed. If therearea large numberof
tiles, therateat which tiles areupdateis slow, andit canbe-
comedif�cult to navigateanenvironment.Weplanto imple-
mentanerror- andview-drivenscheduler. Weplanto replace
therenderingengine.Thereis considerableoverheadfor ren-
deringa framein VTK, andit is not optimizedfor texture-
basedvolumevisualization.Third, we plan to augmentthe
systemto handlemultiresolution,time-vary datasets.Last,
we plan to move our systemto clusterof Linux worksta-
tions, ascontemporarygraphicscardsaremuchfasterthan
theOrigin3000's In�niteReality3 graphicssubsystem.

Acknowledgments

Thisdocumentwaspreparedasanaccountof work sponsoredby an
agency of theUnitedStatesGovernment.NeithertheUnitedStates
Governmentnor the University of California nor any of their em-
ployees,makesany warranty, expressor implied, or assumesany
legal liability or responsibilityfor the accuracy, completeness,or
usefulnessof any information,apparatus,product,or processdis-
closed,or representsthatits usewouldnot infringeprivatelyowned
rights. Referencehereinto any speci®ccommercialproduct,pro-
cess,or serviceby tradename,trademark,manufacturer, or oth-
erwise,doesnot necessarilyconstituteor imply its endorsement,
recommendation,or favoring by the United StatesGovernmentor
theUniversityof California.Theviewsandopinionsof authorsex-
pressedhereindonotnecessarilystateor re¯ectthoseof theUnited
StatesGovernmentor theUniversityof California,andshallnotbe
usedfor advertisingor productendorsementpurposes.This work
wasperformedundertheauspicesof theU.S.Departmentof Energy
by Universityof California,LawrenceLivermoreNationalLabora-
tory underContractW-7405-Eng-48.

References
BETHEL , W., SHALF, J., LAU, S., GUNTER, D., LEE, J., TIERNEY, B.,

BECKNER, V., BRANDT, J., EVENSKY, D., CHEN, H., PAVEL , G.,
OLSEN, J., AND BODTKER, B. 2000. Visapult - Using High-speed
WANs andNetwork DataCachesto EnableRemoteandDistributedVi-
sualization.In SuperComputing2000, 118–119.

BLANKE, W., BAJAJ, C., FUSSELL , D., AND ZHANG, X. 2000. The
Metabuffer: A ScalableMultiresolutionMultidisplay 3D GraphicsSys-
temUsingCommodityRenderingEngines.TechnicalReportTR2000-
16,Universityof TexasatAustin.

CARROZZINO, M., TECCHIA , F., FALCIONI , C., AND BERGAMASCO, M.
2001.Imagecachingalgorithmsandstrategiesfor realtimerenderingof
complex virtual environments.In Afrigraph2001, 65–74.

CHEN, B., SWAN, I I ., J., KUO, E., AND KAUFMAN, A. 1999. LOD-
SpriteTechniquefor AcceleratedTerrainRendering.In IEEEVisualiza-
tion 1999, 291–298.

DECORET, X., SILL ION, F., SCHAUFLER, G., AND DORSEY, J. 1999.
Multi-layeredimpostorsfor acceleratedrendering.ComputerGraphics
Forum18, 3 (Sept.),61–73.

EYLES, J., MOLNAR, S., POULTON, J., GREER, T., LASTRA , A., ENG-
LAND, N., AND WESTOVER, L. 1997. PixelFlow: TheRealization.In
GraphicsHardwareSymposium, 57–68.

HP. VisualizationCenterSV6,http://www.hp.com.

LOMBEYDA , S., MOLL , L., SHAND, M., BREEN, D., AND HEIRICH,
A. 2001. ScalableInteractive VolumeRenderingUsing Off-the-Shelf
Components.In IEEEPVG2001, 115–121,158.

MONTRYM , J., BAUM , D., DIGNAM , D., AND M IGDAL , C. 1997.In®nite-
Reality:A Real-TimeGraphicsSystem.In Siggraph1997, 293–302.

MUELLER, K., SHAREEF, N., HUANG, J., AND CRAWFIS, R. 1999.IBR-
AssistedVolumeRendering.In Hot Topics,Vis 1999, 1–4.

PORTER, T., AND DUFF, T. 1984. CompositingDigital Images. In Sig-
graph1984, 253–259.
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