The Magic Volume Lens:
An Interactive Focus+Context Technique for Volume Rendering

Lujin Wang Ye Zhao

Klaus Mueller

Arie Kaufman

Center for Visual Computing, Computer Science, Stony Brook University

(d)

Figure 1: Magic volume lensresults. (a) magnifying inside features in an arbitrary-shaped area on an engine, (b) applying sampling-rate-based
lens on a foot, (c) enlarging area of interest on an aneurism, (d) magnifying the duodenum of a segmentedfrog dataset.

ABSTRACT

The size and resolutionof volume datasetsn scienceand medi-

cineareincreasingat aratemuchgreaterthanthe resolutionof the
screengisedto view them. This limits the amountof datathatcan
be viewed simultaneouslypotentially leadingto a loss of overall

contet of the datawhenthe userviews or zoomsinto a particular
areaof interest. We proposea focus+contgt framevork that uses
variousstandardand advancedmagni cation lensrenderingtech-
niguesto magnify the featuresof interest,while compressinghe

remainingvolumeregionswithout clipping themaway completely

Someof theselensescanbeinteractively con gured by the userto

specifythedesirednagni cation patternswhile othersarefeature-
adaptie. All our lensesareacceleratedn the GPU. They allow

the userto interactvely managehe availablescreerarea,dedicat-
ing moreareato themoreresolution-importanteatures.

CR Categories:  1.3.3 [Computer Graphics]: Picture/Image
Generation—Vewing algorithms; 1.3.3 [Computer Graphics]:
Picture/lImageGeneration—Displayalgorithms 1.3.7 [Computer
Graphics]: Three-DimensionalGraphics and Realism—Color
shading shadaving, andtexture

Keywords: Focus+Contgt Techniquesl.ens,VolumeRendering,
Hardware-assisteédolumeRendering

1 INTRODUCTION

Recentearshave seeradramaticgrowth in our ability to compute,
acquire andassembleatasetsf increasinglyarge magnitudesind
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resolutionsGreatadvanceshave alsobeenmadein screertechnol-
ogy, bringing high-resolutiordisplaysto the desktopat affordable
prices,aswell as offering sophisticatedCAVE ervironments.The
onedevice thathasconsistentlyresistedparticipationin this spiral
of growth is the humaneye andthecortical visual processingbili-
ties. In fact, thereis a naturallimit onthescreerpixel density asa
functionof distancewhich the humaneye canresole, andthereis
alsoa naturalfalloff of retinal receptordensitytowardsthe foveal
periphery Finally, thereis alsoaboundon theinformationthe hu-
manbraincanvisually processat ary giventime, but this is proba-
bly anability thatcanbetrainedthe most. In view of thesenatural
limitations,which areboundto stay we mustdevisewaysto make
thebestuseof theavailableretinalsurfaceandcerebrabpotential in
light of the gronving amountof visualinformationreadyto be pre-
sented.Theseefforts have commonlybeenlabelledfocus+contat
technigueswheretheresolutionof thevisualinformationpresented
is highestin thefoveal centerandthenfalls off towardsthe periph-
eryin somesmoothfashion withoutperformingary clipping of the
viewed large object. Multi-resolutiontechniquesor even semantic
zooms canbeemployedo navigateacrosgheresolutionsn visual
spaceanda greatnumberof techniquedo controlthesehave been
describedn the past,includingvariousforms of lenseswarps,and
distortions. On the otherhand, therehave alsobeena numberof
methodsandmetaphorgo aid the userin the perceptionahaviga-
tion of adatasebr object,suchasstylizedhighlighting of features,
cut-avay views, andfolding.

Interactive operabilityis the prime key to a successfuliserex-
perienceandhis/herexplorationandimmersionin the data,andthe
GPUhasprovidedanattractive platformto achievethesegoals.Our
work embraceghis technologyto provide a novel focus+contat
tool that uni es and extendsa variety of existing methodsin this
area. Our techniquesare primarily designedfor volumetric ob-
jects, which have receved the leastamountof attentionso far.
Our framework providesa free-formvolumetriclensfunction that
canbefeature-adaptie or usercon gurablefor ahigh-quality anti-



aliasedandinteractve displaywith smoothtransitionsfrom high-
to low-resolutionareas.lIt is somavhatrelatedto the importance-
drivenvisualizationsystemyrecentlydescribeddy Viola etal. [22],
but our methodallows usersnot only to highlight and exposean
object, but alsoto non-linearly magnify the objectfor closerin-
spectionin its spatialandsemantiacontext.

Our paperis structuredasfollows. We rst presentanoverview
of previouswork onthis subjectjn Section2, andthendescribeour
volumetriclens,in Section3 andGPUimplementatiorin Sectiord.
Finally, we presentesults,in Section5, andendwith conclusions,
in Section6.

2 RELATED WORKS

Focus+Context Visualization Marny techniqueshave been
developedin this area.Zhouetal. [25] devisedfocus-rgion based
volume renderingfor volume featureenhancementVolume data
insideandoutsidethe focusregion arerenderedn differentstyles,
and the distanceto the focal point is further includedto control
the optical propertief volumefeaturesn the context region [24].
Gaze-directedrolumerendering[17] takesthe obsener's viewing
focusinto accounto increaseherenderingperformanceThe vol-
umedataseis renderedat differentresolutionswith the focal re-
gion representedt full resolutionand the other partsat a lower
resolution. Importance-dsien volume rendering[22] is a view-
dependenimodel for automaticfocus+cont&t volume visualiza-
tion. Theobjectimportanceas addedasa new dimensiorto thetra-
ditional volumerenderingpipelinein orderto maximizethe visual
information. This techniqueremoresor suppressekessimportant
partsof a sceneto revealmoreimportantunderlyinginformation.

Cut-Aw ay Views and Extensions Cut-avay viewing, also
known asvolume cutting[20], is anothermway to displayvolumet-
ric objects.Variouscut-avay techniqguesanbe achievedautomat-
ically [7], and mary improvementshave beenmade. Insteadof
disposingcut-avay volumeparts,McGufn etal. [18] usedefor
mationsfor browsing volumetricdata. Tory etal. [21] provide a
framework, called ExoVis, for simultaneouslyiewing detail and
contet in volumetric datasets. It allows usersto view multiple
slicesof avolumeatarbitraryorientationsalongwith multiple sub-
volumesrenderedn differentstyles.All slicesandsubsolumesare
outsideor surroundinga 3D overview of thedataset.

Lenses and Distortion Lensesin real world can be quite
complicated13]. However, simplelensesand magni cationsare
still very usefuland have beenthoroughlystudiedfor text, image
and information visualizations[16, 11, 12]. Bier et al. [1] in-
troducedToolglassand Magic Lensesas a see-througtinterface
to modify the visual appearancef applicationobjects,enhance
dataof interestor suppresdistractinginformation. Viewpoint-
dependentlistortionof 3D data,see[3, 4] for example,highlights
regionsof interestby dedicatingmorespaceto them. On the other
hand relatively little work hasbeendoneonlensesn thedomainof
volumevisualization.Cignonietal. [5] providedthe Magicsphere
metaphorto visualize 3D datawith a MultiRes Iter. LaMar et
al. [15] integrateda 3D magni cationlenswith a hardware-teture
basedvolume renderer Zoomingis accomplishedoy modifying
texture coordinatesand the 2D perspeciie correcttexturestech-
nigue is extendedto 3D in orderto obtainthe correcttexture co-
ordinatedfor thelensborder Multiple segmentson the borderare
neededo generatamore naturalcircular lenses. Wei et al. [23]
applied sheye views to magnify particletrack volumedatausing
nonlinearmagni cation functions. CohenandBrodlie [6] magnify
volume databy generatinga new volume usinginversedistortion
functions,however, this methodis slow andis memory-intensie.
Furtherresearchis clearly neededo designbetterlensesand nd
ef cient implementationgor volumedata.

GPU-based Volume Rendering GPU-acceleratedolume
renderingcan be basedon textures[8] or ray casting[14]. Here
we will not list all the paperson GPU-based/olume Rendering.
Sinceour volumelensesare designedasedon changesn ray di-
rectionor ray samplingrate, it is straightforwardo implement,as
well asextend,themusingaray castingapproach.

3 VOLUMETRICLENSES

In this sectionwe describeseveral volumetric lenseswhich are
basedn geometricopticsandconformto samplingtheory

3.1 Magnier

The magni cation lens,calledmagni er in this paper is basedon
the magni cation model in optical physics. It provides usersa
methodfor closeinspectionof regionsof interestin volumetricob-
jects.Figure2 illustratesthe principle of amagni er. Theblueline
segmentrepresents magni er lenspositionedon theimageplane
by theuser LC is the centerpoint of the lensandF is the virtual
focal point. Whenorthogonalncidentrayshit theimageplane,in
theregion of themagni er, thentheray directionsaremodi ed and
go throughthe focal point F. Thereforea ray coneis formedbe-
tweenthelensandF. Theobjectswithin this conearerenderedn
alargerareaon the imageplanethantheir original size,while the
otherobjectsretaintheir original size. Consequentlythe objectsin
theregion of interestaremagni ed.

Ray direction

Object

Image plane

Figure 2: Magni er illustration.

In the basicscenariodescribedabore, objectslocatedbetween
the orthogonalraysandthe focusedrayswill not bevisible onthe
imageplane. This causesa lossof spatialcontext for the obsened
objectsand hasto be compensatefbr by specialtreatments.Our
solutionis to adda transitionregion closeto the borderof the ray
conewherethe directionsof raysare graduallychangedrom the
focuseddirectionto the orthogonaldirection. In Figure2, thetran-
sition region is representedby the redline segmentson the image
planewith awidth Ib, Ir is theradiusof thelens,andthe magni -
cationregion of the lensis showvn asthe blue line sggment. For a
ray startingfrom a point B in thetransitionregion, thedirectionis
computedaccordingto the distanceérom B to LC asfollows:

jFe Fj_jR LCj (Ir 1b),
Ir = Ib ’ @
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Figure 3: Magni er volume renderingswith (a) No lens, (b) Circular lens, (c) Square lens, (d) Arbitrary-shaped lens.

R LC . .
=F+ — Fi; 2
Re=F+ A LG iR Fj @)
raydir= B BR: 3)

whereP: is the point at which this ray passeshroughthe virtual
lensfocusplane,which is parallelto theimageplaneandincludes
thefocal pointF.

As aresultof the transitionregion approachwhile the objects
insidethecenterregion of thelensaremagni ed, the objectsin the
transitionregion are compressedTherefore,continuousobsena-
tion of the objectsis achiesed and no arti cial datalossis intro-
duced.

Basedon this method,we are able to designmagni ers with
ary arbitrary shape.Resultsobtainedby usingmagni ersin vol-
ume renderingare shavn in Figure 3. Figure 3a is the original
volumerenderingresultwith no magni er andFigure 3b-darethe
resultsobtainedby usingcircular magni er, squaremagni er and
arbitrary-shapednagni er, respectiely. Figure4 shaws the tran-
sition regions, magni cation regions of threemagni ers, and the
renderingeffectson enlagedportionsof Figure3b-d.

Transition T T I Magnification

region | | region
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Figure 4: Transition region and its rendering e ect.

The magni cation factor can be changedby modifying the fo-
cal point position. Moving virtual focal point F towardstheimage
planeachieves a higher magni cation factor andvice versa. The
GPUaccelerationmakesdt possiblefor usersto choosehisinterac-
tively. At the sametime, the userscanalsochangethe sizeof the
magni er, for example theradiusof acircularlens,andthe sizeof
thetransitionregion to generatehe desiredresults.

Ourvolumetriclensesarebasednray castingandit canbeeas-
ily detectedvhetheraray passthefeature thereforethe magni er
canbe utilized to enlage only featuresof interestin the obsened
volumetricobject. The magni cation methodis straightforwardly
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Figure 5: Magnier volume renderings for the bone feature in a
segmentedfrog dataset. (a) and (b) are renderingswithout and with
magni cation under circular lens.

appliedto the sggmentedrolumetricdatasetsTheray modi cation
methoddoesnot interferewith the compositionof the voxels with
differentpropertieshecausef their sggmentation.Figure5 shavs
theresultsof applyingthe magni er to show the bonefeaturesof a
segmentedrog dataset.

Sincein thetransitionregion, the ray samplingrateis relatively
low, aliasingcouldoccur Althoughthis is not alwaysnoticeablen
practice,anti-aliasingtechniquesanbe appliedto generatebetter
results. A solutionis to usevolumetexture mip-mappingto adap-
tively choosethe appropriateesolutionof the volumedatafor ren-
dering.A lower resolutionvolumeis choserfor regionssampledat
alower rate,in orderto eliminatealiasing. One candeterminethe
requiredmip-maplevel by calculatingthe magni cation factormf
for point Py,

_ R R lb :
mf FLg) \Ir D+ 1 4)
wherePg, is the orthogonalprojectionof Pr on the imageplane.
Thisfactorwill determinghe mip-maplevel thathneeddo beused.

3.2 Feature-basedens

Feature-drien volume visualizationprovides usersa highlighting
andexpositionof the portionsof interestin volume objects. This
facilitatesan accurateand differentiatedunderstandingf the im-

portantfeatures.Besidesthe traditional x ed-shapedensusedto

magnify segmenteddatasetspur free-form magni er canbe em-
ployedto alsoachieve a feature-sensite andfeature-centriobject
enlagement. The differenceis that the shapeof the magni er is

de ned dynamicallyby the shapeof the features(representedby
the segmentationinformation) in the datasetwithin an arbitrary
view port. This s illustratedin Figure 6. Whetheranincidentray
changeslirectiondepend®n thedistribution of the featureandthe



currentview port. Thusthe directionof eachray hasto be deter
mineddynamically Transitionregionsarealsousedhereto retain
the spacecontet of thefeatures.
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Figure 6: Feature-basedlens illustration.

For eachray orthogonallyincident upon the image plane, the
new direction is computedas follows. Assumingall rays have
changedlirectionsto thefocal pointF,

if aray passeghroughthe feature,thenits new directionis
pointingto F.

if the ray doesnot passthroughthe featurebut is inside the
transitionregion on theimageplane,the distanced (seeFig-

ure 6) from its entry point to the boundaryof the feature-
projectedareais calculated.This distances usedto compute
thenew directionasin Equations1-3.

otherwisetheray continuesalongits original direction.
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Figure 7: Distance computation on the transition region of the
feature-based lens. (a) Distance eld on the transition region, (b)
Seaching circle for each pixel outside the feature-projected region is
used for local computation.

Ontheimageplane thedistancdrom apixel to the boundaryof
thefeature-projectedreahasto be calculatedor somerays. This
requiresknowledgeof the position of suchan areaon the image
planein eachdifferentview port. Therefore a two passcomputa-
tion hasto beusedwherethe rst passde nesthefeature-projected
region andthe secondpasscomputesghe distancefrom a pixel to
this region. Differentdistancecomputationmethodscanbe used
duringthe secondpass.To facilitate the GPU acceleratiorfor this
algorithm,it hasto beimplementedasednlocal operationsvhere
eachpixel only utilizes the knowledgeof its neighborhood.Our
implementatioris to usea searchingircle for eachpixel with the
transitionregion width |b asits maximalradius(seeFigure? for an

illustration). Insidethis circle, we computea neighborthatis a fea-
tureprojectedpointandhasthe smallestistanceto the pixel. This
smallestdistanceis usedasthe distancevaluefor this pixel. This
methods implementediirectlyasafragmentprogramon GPU(see
Sectiord).

Our lens can be combinedwith ary feature-baseday casting
volumerenderingmethod,for example,the two level volumeren-
deringtechnique[9] for segmentedvolumedata. Figure 8 shavs
somerenderingresultsfor a color volumedatasetin which a user
selectedeatureis magni ed andthe otherobjectsnearthatfeature
arecompressedFigure 8a shaws the skin of the brain. Figure8b
shavsaninterior structureof thebrain,withoutrenderingotherfea-
tureswhich occludethis structure while the magni ed structures
areshown in Figure8c and8d.
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Figure 8: Feature-basedlens volume renderingsfor a segmentedhu-
man brain color volume dataset. (a) without specifying any feature
of interest, (b) with a feature of interest, which is not magni ed and
appeas too small to be seenclealy. From (c) to (d) the magni ca-
tion factor increases.

3.3 Sampling-rate-basedens

Weintroducedwo magni cationlenseghatmodify thecastedays
usinggeometricoptics. They areimplementedirectly by changing
ray directionsfrom differentareasof the imageplane. Thedistrib-
ution of the areascanbe userde ned or feature-basedn this sec-
tion, we de ne alensfrom anothemoint of view. The rayscasted
towardsthe obsened objectmay have varying densitiesin differ-
entportionsof the object. This resultsin a varying samplingrate
for the object. Therefore this speciallensis calledsampling-ate-
basedens Varioussamplingfunctionscould be adoptedo de ne
variousvolumetriclensesandto achieve differentvolumerendering
results. we canusetheselensesin conjunctionwith the mip-map
volumesdiscussedn Section3.1.
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Figure 10: Comparing volume renderingswith (a) No lens, (b) Magni er, and Sampling-rate-basedlenses(c) Cubic sampling function (maximal
sampling rate/no rmal sampling rate = 3), and (d) An arbitrary sampling function shown in Figure 11.
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Figure 9: Sampling-rate-basedlens illustration.

Weillustratetheideaof thislensin 1Din Figure9, whereasam-
pling rate functionis shown at the top andthe correspondingays
areshavn atthebottom.In thesamplingratefunction,Ir is thelens
radius,thevertical axisis the samplingrateandthe horizontalaxis
representshe distanceto the lenscenter The samplingrateclose
to thelenscentelis thehighest.It thendecreaseandbecomesven
smallerthanthe original normalsamplingrate towardsthe bound-
ary of thelens. At thebottomof Figure9, we canseethattherays
shotto theobjectaredensean the centerregion of thelensandbe-
comecoarsertowardsthe boundary Note thatthe distribution of
pixels on theimagescreens uniform andthatthe original orthog-
onalraysarealsodistributed uniformly. To distribute the raysac-
cordingto the samplingratefunction, the startpoint of aray is not
fromits original startingpixel but dependsnits distancdo thelens
centerandthe samplingrate. Thus,we needto computethecorrect
start point for eachray. As usual,the transitionregion approach
is appliedto this lens. Here, the magni cation region plus transi-

tion region mustbe exactly equalto the lensregion, which means
the distancefrom the cutting point (wheresamplingratereturnsto

normal)to the lens centermustbe equalto the radiusof thelens,
Ir. De ne sr asthe samplingrateandsd asthe samplingdistance
function. Here,sr is inverselyproportionatto the distancebetween
samplingrays. We rst precomputea coefcient C satisfyingthe

integral equation:

Ir

o C sd(s)ds= Ir; (5)
sd(s) = sir: (6)

Thenfor eachray j, thedistancebetweerits realstartpointand
the lens centercan be calculatedusing Equation7, which is the
discreteform of the distancantegral.

geps
distancgj)= & C sd(i): (7)
i=0

Figure10shawstheresultswith thesampling-rate-basddnses,
comparingit with the resultsobtainedwith no lensand with the
magni er. The toesof the foot are renderedwith different mag-
ni cation effects. The differencebetweenFigure 10b and 10cis
mainly causedy thedifferentmagni cationfactordistributionson
the lenses.For the magni er, the factorsfor points,which project
into the magni cation region andlocateon the sameplaneparal-
lel to the imageplane,are the same. Therefore,objectswith the
samedepthare magni ed uniformly. However, for the lens with
cubicsamplingfunction,thefactoris the higheston thelenscenter
anddecreasegraduallytowardsthe lens boundary Objectswith
projectionscloserto thelenscenteraremagni ed with highermag-
ni cation factors. Along ary ray, the factor remainsthe samefor
differentdepthes.

3.4 Angular lens

A commonwidely usedlensis the sheye lens[2], andour GPU
acceleratedyeneralvolumetric lens framewvork supportsthis type
of lensaswell. The sheyelensis a speciallydesignedenswhich
achieveswider viewing angles. The original sheye lenseswere
photometridensegdesignedo takephotosof theentiresky. There
aretwo mainidealized sheye projections,the hemisphericahnd
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the angular sheye, which arecommonin computergraphicsren-
dering[2]. The hemisphericalsheye is lessuseddueto the dis-
tortion introduced. An angular sheye projectioncan be usedfor
anglesup to 360degreesandis de ned suchthatthe distancefrom
thepixel P to the centerof theimageis proportionalto theanglea

of theviewing direction(seeFigure12a). Theray directioncorre-
spondingto ary pixel on theimagecanbe calculatedby a special
transformfrom pixel coordinatego 3D polarcoordinateg?]. Fig-
ure 12bshavs animageof a 180degreesview on a bonsaiwith an
angularens.
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Figure 12: Angular lens. (a) Angular sheye lens with 180 degrees
illustration, (b) 180 degreesview of a bonsaiwith an angular sheye
lens.

Our framework is basedon a ray casting volume rendering
scheme. This allows us to walk into the interior of the objectto
seethe augmented/olume renderingresults. By using an angu-
lar lens, larger view port anglescanbe achievedandmore objects
canbe accommodateth the nal image. This is helpful in mary
interior volume renderingscenarios. A good exampleis virtual
colonoscopy[10]. When navigating inside the colon, moreareas
canbe viewedto achieve a moreef cient obsenation. Figure 13
shaws theresultof viewing a colonfrom a point on the centerline
of the colon. Comparingthis with a normalperspectre view with
120 degrees,moreinformation canbe obtainedwhenusinga 180
degreesangularens.
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Figure 13: Virtual tour of the colon. (a) Perspective view with angle
120 degrees,(b) 180 degreesview with an angular sheye lens.

4 HARDWARE ACCELERATION

To achieve interactve focus+contgt volume rendering,we have
implementedall of our volumetriclenseson contemporarngraphic
hardware.In GPU-accelerateday castingvolumerendering[14],
front facesandbackfacesof the volume boundingbox aredravn
usingOpenGLin two fragmenipasses$o getthestartandendpoints
for all therays. However, this approacttannotbeusedfor our vol-
umetriclens. Becauseay directionsarenot alwaysorthogonalor
perspectie,we haveto calculatethestartandendpointsof eachray
for thevariouslensalgorithmsdescribeckarlier Hence we imple-
mentedour own ray castingrenderingalgorithmswith lenseffects
onthe GPU.At rst, we calculatethe ray directionsusingthe ap-
propriatelensrules. Then,theintersectiorpointsof eachray with
the boundingbox of the volumetricobjectare computed.Finally,
aray traversalalgorithmis implementedor a givenstepsize,with
the volume data(density gradientor color) storedin 3D textures.
All thesealgorithmsaretranslatednto Cgfragmentprograms.The
currentGPUs(e.g.,NVIDIA GeForce6800)havetherequiredfea-
tures,suchasloop, early terminationandbranchesinakingit pos-
sibleto implementour ray traversalmethodef ciently .

For our magni er andangularlenseswe usefour passedrag-
mentprogramsasfollows:

Pass1: RayDirection Calculatethe ray directionfor each
fragmentbasedon the view port and lens parameters. Also

theinformationaboutwhethera ray goesthroughthelensor

hits the featureof interest,or the distanceto the lens center
canbe obtainedo achiese differentrenderingeffects.

Pass2: RayTfontbak Computethe intersectionsof each
ray with the volume boundingbox, and storethe distances
from the front and back intersectionpoints to the ray start
point, denotedast_front andt_badk, whichwill beusedalong

with the ray directionandview port parameterso de ne the

intersectiorpointsin the next pass.

Pass3: RayCasting Castthe ray into the volumeandcom-

positethe color basedon the volume dataandtransferfunc-

tion. Differenttraditionalvolumerenderingnodesanbeeas-
ily addednto this pass.

Pass4: Rendering Outputthe renderingresultsto theframe

buffer.

For the feature-basedens, one more passcalled Pass 1+:
RaylLensBader, is addedbeforePass?2, to calculatethe distance
eld for the lens transitionregion and changethe ray directions
basednthedistance.

For sampling-rate-basedenses, ray directions are never
changedbut therealray startpointsneedto be computed We also
usethefour-passragmentprogramsput the rst passs changedo
Pass1*: RayStartBints which computeghe ray startpointsused
in laterpasses.



Table 1: GPU performance for di erent volume datasets.

Volumelensmethod

Simpleray casting

Data Datasize Renderingspeedms)

Frames/second Renderingspeedms)

Frames/second

lobster | 128 128 128 70

14.2 61 16.4

engine | 256 256 110 95

10.5 74 13.6

bonsai | 256 256 128 110

9 95 10.5

foot 154 263 222 97

10.3 90 11.1

aneurism| 256 256 256 186

5.4 158 6.3

frog 502 472 138 308

3.3 258 3.9
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Figure 14: Magni cation results. (a) and (b) are DVR resultswithout
and with magni er, (c) and (d) are DVR with gradient magnitude
modulation results without and with magni er.

5 RESULTS

We have implementedour methodson a PentiumXeon 2.4GHz
CPU with 2.5GB memoryand an NVIDIA GeForce 6800 Ultra
GPUwith 256MB memory In Table1, we reportthedatasizeand

theperformancef ourmethodwith GPU-acceleratedomputation.

For comparisonwe alsoincludethe performanceof a simpleray
castingvolumerenderer(utilizing the front facesandbackfaces)
with the samedatasetsonthesameGPU.All theperformancesire
testedvith 512 512imagesandwith al.0stepsize.Notethatour
methodhasnot beenoptimizedfor the GPU, therefore,we com-
pareit with the simpleray castingimplementationwhich is also
unoptimized. Our volumelensmethodsonly slightly increasethe
renderingime comparingo the generakay castingmethod.In the
future,we will implementthe standardptimizationmethodssuch
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Figure 15: Feature-basedlens results. (a)-(b) Feature frog heat is
magni ed, rendered with two level volume rendering method. The
bone and eye retia are rendered with MIP, all other features are
renderedwith DVR, with di erent transfer function for each feature.

asemptyspaceskippingto improve the performanceFor example,
the speedfor aneurismdatacanbe dramaticallyacceleratedvith
spaceskipping.

As aray castingbasedaugmentatiorfor volumerendering,our
volumetric lensescan be combinedwith mary volume rendering
modesfor example directvolumerendering DVR), MIP andDVR
with no shading DVR with gradientmagnitudemodulation XRay
andthetwo level volumerenderingnethodfor sggmentediata.We
shaw resultswith severalrenderingnethodsn Figurel4, Figurel5
andFigurel6.

Our lensescanbe usedto interactiely chooseandmagnify re-
gionsor featuresof interestto seesmalldetailsmoreclearly while
the context region remains. The size andshapeof the lensesand
themagni cationfactoralsocanbechangednteractiely, whichal-
lows the userto adjustthe lensesfor desiredresults.Demovideos
thatshow theinteractize volumelensrenderingsanbe obtainedat
http://wwwcs.sugshedu/ lujin/paper/visO5.

6 CONCLUSIONS

We have describedh universalandgeneralvolumetriclensframe-
work thathasapplicationdn mary domains.It allows usersto ap-
ply ary well known lenses,suchasa sheye lensin the context
of volumetric distortion, as well as designfree-styleand feature-
adaptie lensedor arbitrarymagni ed focus+cont&t viewing. For
example,coupledwith a GPU-basednteractve seggmentational-
gorithmit canbe usedto magnify the segmentatiorresultat great
detailandaid in its re nement. The supportfor free-stylelenses,
createdwith our lensdesigninterface,can helpillustratorsto de-
signedmore helpful and informative visualizationsof volumetric
objects,emphasizingnarbitraryshapedegion of interestwithout
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Figure 16: Feature magni cation results with magni cation factor
increasing from (a) to (d).

losingthe context of its surround.Finally, the GPU acceleratiorof
our magicvolumelensallows all of theseto be doneatinteractve
speedsfosteringboth creatize designandexploration.

In future work, we would like to extendthis free-stylezooming
capabilitiesto multi-resolutiondataandto semantizooms,where
thedataappearingindermagni cationcomesrom adifferentdata
source pr eventexturesynthesisit mayalsoproof helpful to users
to provide an option for superimposing lens-distortedattice on
top of thelensarea o aid in theassessmerf the non-lineamag-
ni cation effects.
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