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Figure 1: Magic volume lens results. (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.

ABSTRAC T

The size and resolutionof volumedatasetsin scienceand medi-
cineareincreasingat a ratemuchgreaterthantheresolutionof the
screensusedto view them.This limits theamountof datathatcan
be viewed simultaneously, potentially leadingto a lossof overall
context of thedatawhentheuserviews or zoomsinto a particular
areaof interest.We proposea focus+context framework that uses
variousstandardandadvancedmagni�cation lensrenderingtech-
niquesto magnify the featuresof interest,while compressingthe
remainingvolumeregionswithout clipping themawaycompletely.
Someof theselensescanbeinteractively con�guredby theuserto
specifythedesiredmagni�cationpatterns,while othersarefeature-
adaptive. All our lensesareacceleratedon the GPU. They allow
theuserto interactively managetheavailablescreenarea,dedicat-
ing moreareato themoreresolution-importantfeatures.

CR Categories: I.3.3 [Computer Graphics]: Picture/Image
Generation—Viewing algorithms; I.3.3 [Computer Graphics]:
Picture/ImageGeneration—Displayalgorithms I.3.7 [Computer
Graphics]: Three-DimensionalGraphics and Realism—Color,
shading,shadowing,andtexture

Keywords: Focus+Context Techniques,Lens,VolumeRendering,
Hardware-assistedVolumeRendering

1 I NTRODUCTI ON

Recentyearshaveseenadramaticgrowth in ourability to compute,
acquire,andassembledatasetsof increasinglylargemagnitudesand
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resolutions.Greatadvanceshavealsobeenmadein screentechnol-
ogy, bringinghigh-resolutiondisplaysto thedesktopat affordable
prices,aswell asoffering sophisticatedCAVE environments.The
onedevice thathasconsistentlyresistedparticipationin this spiral
of growth is thehumaneye andthecorticalvisualprocessingabili-
ties. In fact, thereis a naturallimit on thescreenpixel density, asa
functionof distance,which thehumaneyecanresolve,andthereis
alsoa naturalfalloff of retinal receptordensitytowardsthe foveal
periphery. Finally, thereis alsoa boundon theinformationthehu-
manbraincanvisually processat any giventime,but this is proba-
bly anability thatcanbetrainedthemost. In view of thesenatural
limitations,which areboundto stay, we mustdevisewaysto make
thebestuseof theavailableretinalsurfaceandcerebralpotential,in
light of thegrowing amountof visual informationreadyto bepre-
sented.Theseefforts have commonlybeenlabelledfocus+context
techniques,wheretheresolutionof thevisualinformationpresented
is highestin thefovealcenterandthenfalls off towardstheperiph-
ery in somesmoothfashion,withoutperformingany clippingof the
viewedlargeobject.Multi-resolutiontechniques,or evensemantic
zooms,canbeemployedto navigateacrosstheresolutionsin visual
space,anda greatnumberof techniquesto controlthesehavebeen
describedin thepast,includingvariousformsof lenses,warps,and
distortions. On the otherhand,therehave alsobeena numberof
methodsandmetaphorsto aid theuserin theperceptionalnaviga-
tion of adatasetor object,suchasstylizedhighlightingof features,
cut-awayviews,andfolding.

Interactive operabilityis theprimekey to a successfuluserex-
perienceandhis/herexplorationandimmersionin thedata,andthe
GPUhasprovidedanattractiveplatformto achievethesegoals.Our
work embracesthis technologyto provide a novel focus+context
tool that uni�es andextendsa variety of existing methodsin this
area. Our techniquesare primarily designedfor volumetric ob-
jects, which have received the least amountof attentionso far.
Our framework providesa free-formvolumetriclensfunction that
canbefeature-adaptiveor user-con�gurablefor ahigh-quality, anti-



aliased,andinteractive displaywith smoothtransitionsfrom high-
to low-resolutionareas.It is somewhatrelatedto the importance-
drivenvisualizationsystem,recentlydescribedby Viola etal. [22],
but our methodallows usersnot only to highlight andexposean
object, but also to non-linearlymagnify the object for closer in-
spectionin its spatialandsemanticcontext.

Our paperis structuredasfollows. We �rst presentanoverview
of previousworkonthissubject,in Section2, andthendescribeour
volumetriclens,in Section3 andGPUimplementationin Section4.
Finally, we presentresults,in Section5, andendwith conclusions,
in Section6.

2 REL ATED WORK S

Focus+Context Visualization Many techniqueshave been
developedin this area.Zhouetal. [25] devisedfocus-region based
volumerenderingfor volumefeatureenhancement.Volumedata
insideandoutsidethefocusregion arerenderedin differentstyles,
and the distanceto the focal point is further included to control
theopticalpropertiesof volumefeaturesin thecontext region [24].
Gaze-directedvolumerendering[17] takestheobserver's viewing
focusinto accountto increasetherenderingperformance.Thevol-
umedatasetis renderedat different resolutions,with the focal re-
gion representedat full resolutionand the other partsat a lower
resolution. Importance-driven volume rendering[22] is a view-
dependentmodel for automaticfocus+context volume visualiza-
tion. Theobjectimportanceis addedasa new dimensionto thetra-
ditional volumerenderingpipelinein orderto maximizethevisual
information. This techniqueremovesor suppresseslessimportant
partsof a sceneto revealmoreimportantunderlyinginformation.

Cut-Aw ay Views and Extensions Cut-away viewing, also
known asvolumecutting[20], is anotherway to displayvolumet-
ric objects.Variouscut-away techniquescanbeachievedautomat-
ically [7], and many improvementshave beenmade. Insteadof
disposingcut-away volumeparts,McGuf�n et al. [18] usedefor-
mationsfor browsing volumetricdata. Tory et al. [21] provide a
framework, calledExoVis, for simultaneouslyviewing detail and
context in volumetric datasets. It allows usersto view multiple
slicesof avolumeatarbitraryorientations,alongwith multiplesub-
volumesrenderedin differentstyles.All slicesandsubvolumesare
outsideor surroundinga 3D overview of thedataset.

Lenses and Disto rtion Lensesin real world can be quite
complicated[13]. However, simple lensesandmagni�cationsare
still very usefulandhave beenthoroughlystudiedfor text, image
and information visualizations[16, 11, 12]. Bier et al. [1] in-
troducedToolglassand Magic Lensesas a see-throughinterface
to modify the visual appearanceof applicationobjects,enhance
data of interestor suppressdistractinginformation. Viewpoint-
dependentdistortionof 3D data,see[3, 4] for example,highlights
regionsof interestby dedicatingmorespaceto them.On theother
hand,relatively little workhasbeendoneonlensesin thedomainof
volumevisualization.Cignoniet al. [5] providedtheMagicsphere
metaphorto visualize3D datawith a MultiRes �lter . LaMar et
al. [15] integrateda 3D magni�cation lenswith a hardware-texture
basedvolume renderer. Zooming is accomplishedby modifying
texture coordinates,and the 2D perspective correcttexturestech-
nique is extendedto 3D in order to obtain the correcttexture co-
ordinatesfor thelensborder. Multiple segmentson theborderare
neededto generatemore naturalcircular lenses. Wei et al. [23]
applied�sheye views to magnifyparticletrack volumedatausing
nonlinearmagni�cation functions.CohenandBrodlie [6] magnify
volumedataby generatinga new volumeusing inversedistortion
functions,however, this methodis slow andis memory-intensive.
Furtherresearchis clearlyneededto designbetterlensesand�nd
ef�cient implementationsfor volumedata.

GPU-based Volume Rendering GPU-acceleratedvolume
renderingcan be basedon textures[8] or ray casting[14]. Here
we will not list all the paperson GPU-basedVolumeRendering.
Sinceour volumelensesaredesignedbasedon changesin ray di-
rectionor ray samplingrate,it is straightforwardto implement,as
well asextend,themusinga raycastingapproach.

3 VOL UM ETRI C L ENSES

In this sectionwe describeseveral volumetric lenseswhich are
basedon geometricopticsandconformto samplingtheory.

3.1 Magni�er

Themagni�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 illustratestheprincipleof a magni�er. Theblueline
segmentrepresentsa magni�er lenspositionedon theimageplane
by theuser. LC is thecenterpoint of the lensandF is thevirtual
focal point. Whenorthogonalincidentrayshit the imageplane,in
theregionof themagni�er, thentheraydirectionsaremodi�ed and
go throughthe focal point F. Therefore,a ray coneis formedbe-
tweenthelensandF. Theobjectswithin this conearerenderedin
a largerareaon the imageplanethantheir original size,while the
otherobjectsretaintheir originalsize.Consequently, theobjectsin
theregion of interestaremagni�ed.
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Figure 2: Magni�er illustration.

In the basicscenariodescribedabove, objectslocatedbetween
theorthogonalraysandthe focusedrayswill not bevisible on the
imageplane.This causesa lossof spatialcontext for theobserved
objectsandhasto be compensatedfor by specialtreatments.Our
solutionis to adda transitionregion closeto theborderof the ray
conewherethe directionsof raysaregraduallychangedfrom the
focuseddirectionto theorthogonaldirection.In Figure2, thetran-
sition region is representedby the red line segmentson the image
planewith a width lb, l r is theradiusof thelens,andthemagni�-
cationregion of the lensis shown astheblue line segment. For a
raystartingfrom a pointPI in thetransitionregion, thedirectionis
computedaccordingto thedistancefrom PI to LC asfollows:

jPF � Fj
l r

=
jPI � LCj � (l r � lb)

lb
; (1)
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Figure 3: Magni�er volume renderingswith (a) No lens, (b) Circular lens, (c) Square lens, (d) Arbitra ry-shaped lens.

PF = F +
PI � LC
jPI � LCj

� jPF � Fj; (2)

ray dir = PF � PI : (3)

wherePF is the point at which this ray passesthroughthe virtual
lensfocusplane,which is parallelto theimageplaneandincludes
thefocalpointF.

As a resultof the transitionregion approach,while the objects
insidethecenterregion of thelensaremagni�ed, theobjectsin the
transitionregion arecompressed.Therefore,continuousobserva-
tion of the objectsis achieved andno arti�cial dataloss is intro-
duced.

Basedon this method,we are able to designmagni�ers with
any arbitraryshape.Resultsobtainedby usingmagni�ers in vol-
ume renderingare shown in Figure 3. Figure 3a is the original
volumerenderingresultwith no magni�er andFigure3b-darethe
resultsobtainedby usingcircular magni�er, squaremagni�er and
arbitrary-shapedmagni�er, respectively. Figure4 shows the tran-
sition regions,magni�cation regions of threemagni�ers, and the
renderingeffectson enlargedportionsof Figure3b-d.
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Figure 4: Transition region and its rendering e�ect.

The magni�cation factor canbe changedby modifying the fo-
cal pointposition.Moving virtual focal pointF towardstheimage
planeachievesa highermagni�cation factor andvice versa. The
GPUaccelerationmakesit possiblefor usersto choosethis interac-
tively. At thesametime, theuserscanalsochangethesizeof the
magni�er, for example,theradiusof a circularlens,andthesizeof
thetransitionregion to generatethedesiredresults.

Ourvolumetriclensesarebasedonraycastingandit canbeeas-
ily detectedwhethera ray passthefeature,thereforethemagni�er
canbe utilized to enlarge only featuresof interestin theobserved
volumetricobject. The magni�cation methodis straightforwardly

(a) (b)

Figure 5: Magni�er volume renderings for the bone feature in a
segmentedfrog dataset. (a) and (b) are renderingswithout and with
magni�cation under circular lens.

appliedto thesegmentedvolumetricdatasets.Theraymodi�cation
methoddoesnot interferewith thecompositionof thevoxels with
differentpropertiesbecauseof their segmentation.Figure5 shows
theresultsof applyingthemagni�er to show thebonefeaturesof a
segmentedfrog dataset.

Sincein thetransitionregion, theray samplingrateis relatively
low, aliasingcouldoccur. Althoughthis is notalwaysnoticeablein
practice,anti-aliasingtechniquescanbe appliedto generatebetter
results.A solutionis to usevolumetexturemip-mappingto adap-
tively choosetheappropriateresolutionof thevolumedatafor ren-
dering.A lower resolutionvolumeis chosenfor regionssampledat
a lower rate,in orderto eliminatealiasing.Onecandeterminethe
requiredmip-maplevel by calculatingthemagni�cation factormf
for pointPR,

mf =
jPR � PRIj
jF � LCj

(
lb
l r

� 1) + 1: (4)

wherePRI is the orthogonalprojectionof PR on the imageplane.
This factorwill determinethemip-maplevel thatneedsto beused.

3.2 Feature-basedlens

Feature-driven volumevisualizationprovidesusersa highlighting
andexpositionof the portionsof interestin volumeobjects. This
facilitatesan accurateanddifferentiatedunderstandingof the im-
portantfeatures.Besidesthe traditional �x ed-shapedlensusedto
magnify segmenteddatasets,our free-form magni�er canbe em-
ployedto alsoachievea feature-sensitiveandfeature-centricobject
enlargement. The differenceis that the shapeof the magni�er is
de�ned dynamicallyby the shapeof the features(representedby
the segmentationinformation) in the dataset,within an arbitrary
view port. This is illustratedin Figure6. Whetheran incidentray
changesdirectiondependson thedistribution of thefeatureandthe



currentview port. Thusthedirectionof eachray hasto be deter-
mineddynamically. Transitionregionsarealsousedhereto retain
thespacecontext of thefeatures.
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Figure 6: Feature-basedlens illustration.

For eachray orthogonallyincident upon the imageplane, the
new direction is computedas follows. Assumingall rays have
changeddirectionsto thefocalpointF,

� if a ray passesthroughthe feature,then its new directionis
pointingto F.

� if the ray doesnot passthroughthe featurebut is insidethe
transitionregion on theimageplane,thedistanced (seeFig-
ure 6) from its entry point to the boundaryof the feature-
projectedareais calculated.This distanceis usedto compute
thenew directionasin Equations1-3.

� otherwise,theraycontinuesalongits originaldirection.

(a) (b)

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

Ontheimageplane,thedistancefrom apixel to theboundaryof
thefeature-projectedareahasto becalculatedfor somerays. This
requiresknowledgeof the positionof suchan areaon the image
planein eachdifferentview port. Therefore,a two passcomputa-
tion hasto beused,wherethe�rst passde�nesthefeature-projected
region andthe secondpasscomputesthe distancefrom a pixel to
this region. Different distancecomputationmethodscanbe used
duringthesecondpass.To facilitatetheGPUaccelerationfor this
algorithm,it hastobeimplementedbasedonlocaloperationswhere
eachpixel only utilizes the knowledgeof its neighborhood.Our
implementationis to usea searchingcircle for eachpixel with the
transitionregionwidth lb asits maximalradius(seeFigure7 for an

illustration). Insidethiscircle,wecomputea neighborthatis a fea-
tureprojectedpointandhasthesmallestdistanceto thepixel. This
smallestdistanceis usedasthedistancevaluefor this pixel. This
methodis implementeddirectlyasafragmentprogramonGPU(see
Section4).

Our lens can be combinedwith any feature-basedray casting
volumerenderingmethod,for example,the two level volumeren-
deringtechnique[9] for segmentedvolumedata. Figure8 shows
somerenderingresultsfor a color volumedataset,in which a user
selectedfeatureis magni�ed andtheotherobjectsnearthatfeature
arecompressed.Figure8a shows theskin of thebrain. Figure8b
showsaninteriorstructureof thebrain,withoutrenderingotherfea-
tureswhich occludethis structure,while the magni�ed structures
areshown in Figure8c and8d.

(a) (b)

(c) (d)

Figure 8: Feature-basedlens volume renderings for 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
appears too small to be seenclearly. From (c) to (d) the magni�ca-
tion factor increases.

3.3 Sampling-rate-basedlens

Weintroducedtwo magni�cationlensesthatmodify thecastedrays
usinggeometricoptics.They areimplementeddirectlyby changing
ray directionsfrom differentareasof theimageplane.Thedistrib-
utionof theareascanbeuser-de�ned or feature-based.In this sec-
tion, we de�ne a lensfrom anotherpoint of view. Therayscasted
towardsthe observed objectmay have varying densitiesin differ-
entportionsof theobject. This resultsin a varyingsamplingrate
for theobject. Therefore,this speciallensis calledsampling-rate-
basedlens. Varioussamplingfunctionscouldbeadoptedto de�ne
variousvolumetriclensesandtoachievedifferentvolumerendering
results. we canusetheselensesin conjunctionwith the mip-map
volumesdiscussedin Section3.1.



(a) (b) (c) (d)

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 this lensin 1D in Figure9,whereasam-
pling ratefunction is shown at the top andthecorrespondingrays
areshownatthebottom.In thesamplingratefunction,l r is thelens
radius,theverticalaxisis thesamplingrateandthehorizontalaxis
representsthedistanceto the lenscenter. The samplingrateclose
to thelenscenteris thehighest.It thendecreasesandbecomeseven
smallerthantheoriginal normalsamplingratetowardsthebound-
ary of thelens.At thebottomof Figure9, we canseethattherays
shotto theobjectaredensein thecenterregion of thelensandbe-
comecoarsertowardsthe boundary. Note that the distribution of
pixelson theimagescreenis uniform andthattheoriginal orthog-
onal raysarealsodistributeduniformly. To distribute the raysac-
cordingto thesamplingratefunction,thestartpointof a ray is not
from its originalstartingpixel but dependsonits distanceto thelens
centerandthesamplingrate.Thus,weneedto computethecorrect
start point for eachray. As usual,the transitionregion approach
is appliedto this lens. Here,themagni�cation region plus transi-

tion region mustbe exactly equalto the lensregion, which means
thedistancefrom thecuttingpoint (wheresamplingratereturnsto
normal)to the lenscentermustbe equalto the radiusof the lens,
l r . De�ne sr asthesamplingrateandsd asthesamplingdistance
function.Here,sr is inverselyproportionalto thedistancebetween
samplingrays. We �rst precomputea coef�cient C satisfyingthe
integral equation:

Z l r

0
C� sd(s)ds= lr; (5)

sd(s) =
1
sr

: (6)

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

distance( j) =
steps

å
i= 0

C� sd(i): (7)

Figure10showstheresultswith thesampling-rate-basedlenses,
comparingit with the resultsobtainedwith no lensand with the
magni�er. The toesof the foot are renderedwith different mag-
ni�cation effects. The differencebetweenFigure10b and 10c is
mainlycausedby thedifferentmagni�cationfactordistributionson
the lenses.For themagni�er, the factorsfor points,which project
into the magni�cation region andlocateon the sameplaneparal-
lel to the imageplane,are the same. Therefore,objectswith the
samedeptharemagni�ed uniformly. However, for the lens with
cubicsamplingfunction,thefactoris thehigheston thelenscenter
anddecreasesgraduallytowardsthe lensboundary. Objectswith
projectionscloserto thelenscenteraremagni�ed with highermag-
ni�cation factors. Along any ray, the factor remainsthesamefor
differentdepthes.

3.4 Angular lens

A commonwidely usedlensis the �sheye lens[2], andour GPU
acceleratedgeneralvolumetric lens framework supportsthis type
of lensaswell. The�sheye lensis a speciallydesignedlenswhich
achieveswider viewing angles. The original �sheye lenseswere
photometriclensesdesignedto takephotosof theentiresky. There
aretwo main idealized�sheye projections,the hemisphericaland



Normal

sampling

rate


Maximal

sampling

rate


Sampling rate


Disance


to LC


Minimal

sampling rate


lr


Figure 11: Another sampling rate function.

theangular�sheye,which arecommonin computergraphicsren-
dering[2]. The hemispherical�sheye is lessuseddueto the dis-
tortion introduced.An angular�sheye projectioncanbe usedfor
anglesup to 360degreesandis de�ned suchthatthedistancefrom
thepixel P to thecenterof theimageis proportionalto theanglea
of theviewing direction(seeFigure12a). Theray directioncorre-
spondingto any pixel on the imagecanbe calculatedby a special
transformfrom pixel coordinatesto 3D polarcoordinates[2]. Fig-
ure12bshowsanimageof a 180degreesview on a bonsaiwith an
angularlens.
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Figure 12: Angular lens. (a) Angular �sheye lens with 180 degrees
illustration, (b) 180 degreesview of a bonsai with an angular �sheye
lens.

Our framework is basedon a ray casting volume rendering
scheme.This allows us to walk into the interior of the object to
seethe augmentedvolumerenderingresults. By using an angu-
lar lens,largerview port anglescanbeachievedandmoreobjects
canbe accommodatedin the �nal image. This is helpful in many
interior volume renderingscenarios. A good example is virtual
colonoscopy[10]. Whennavigating insidethe colon, moreareas
canbe viewed to achieve a moreef�cient observation. Figure13
shows theresultof viewing a colon from a point on thecenterline
of thecolon. Comparingthis with a normalperspective view with
120 degrees,moreinformationcanbe obtainedwhenusinga 180
degreesangularlens.

(a) (b)

Figure 13: Virtual tour of the colon. (a) Perspective view with angle
120 degrees,(b) 180 degreesview with an angular �sheye lens.

4 HARDWARE ACCEL ERATI ON

To achieve interactive focus+context volume rendering,we have
implementedall of our volumetriclenseson contemporarygraphic
hardware.In GPU-acceleratedray castingvolumerendering[14],
front facesandbackfacesof thevolumeboundingbox aredrawn
usingOpenGLin two fragmentpassesto getthestartandendpoints
for all therays.However, thisapproachcannotbeusedfor ourvol-
umetriclens. Becauseray directionsarenot alwaysorthogonalor
perspective,wehavetocalculatethestartandendpointsof eachray
for thevariouslensalgorithmsdescribedearlier. Hence,we imple-
mentedour own ray castingrenderingalgorithmswith lenseffects
on theGPU.At �rst, we calculatethe ray directionsusingtheap-
propriatelensrules. Then,theintersectionpointsof eachray with
theboundingbox of thevolumetricobjectarecomputed.Finally,
a ray traversalalgorithmis implementedfor a givenstepsize,with
thevolumedata(density, gradientor color) storedin 3D textures.
All thesealgorithmsaretranslatedinto Cgfragmentprograms.The
currentGPUs(e.g.,NVIDIA GeForce6800)havetherequiredfea-
tures,suchasloop,early terminationandbranches,makingit pos-
sibleto implementour ray traversalmethodef�ciently .

For our magni�er andangularlenses,we usefour passesfrag-
mentprogramsasfollows:

� Pass1: RayDirection Calculatethe ray direction for each
fragmentbasedon the view port and lensparameters.Also
theinformationaboutwhethera ray goesthroughthelensor
hits the featureof interest,or the distanceto the lenscenter
canbeobtainedto achievedifferentrenderingeffects.

� Pass2: RayTfrontback Computethe intersectionsof each
ray with the volumeboundingbox, and storethe distances
from the front and back intersectionpoints to the ray start
point,denotedast front andt back, whichwill beusedalong
with the ray directionandview port parametersto de�ne the
intersectionpointsin thenext pass.

� Pass3: RayCasting Castthe ray into thevolumeandcom-
positethecolor basedon the volumedataandtransferfunc-
tion. Differenttraditionalvolumerenderingmodescanbeeas-
ily addedinto thispass.

� Pass4: Rendering Outputtherenderingresultsto theframe
buffer.

For the feature-basedlens, one more passcalled Pass 1+:
RayLensBorder, is addedbeforePass2, to calculatethe distance
�eld for the lens transitionregion and changethe ray directions
basedon thedistance.

For sampling-rate-basedlenses, ray directions are never
changed,but therealraystartpointsneedto becomputed.We also
usethefour-passfragmentprograms,but the�rst passis changedto
Pass1*: RayStartPoints, which computesthe ray startpointsused
in laterpasses.



Table 1: GPU performance for di�erent volume datasets.

Volumelensmethod Simpleraycasting
Data Datasize Renderingspeed(ms) Frames/second Renderingspeed(ms) 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

(a) (b)

(c) (d)

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 256MBmemory. In Table1, we reportthedatasizeand
theperformanceof ourmethodwith GPU-acceleratedcomputation.
For comparison,we alsoincludethe performanceof a simpleray
castingvolumerenderer(utilizing the front facesandbackfaces)
with thesamedatasetsonthesameGPU.All theperformancesare
testedwith 512� 512imagesandwith a1.0stepsize.Notethatour
methodhasnot beenoptimizedfor the GPU, therefore,we com-
pareit with the simpleray castingimplementation,which is also
unoptimized.Our volumelensmethodsonly slightly increasethe
renderingtime comparingto thegeneralraycastingmethod.In the
future,we will implementthestandardoptimizationmethods,such

(a) (b)

Figure 15: Feature-basedlens results. (a)-(b) Feature frog heart 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 theperformance.For example,
the speedfor aneurismdatacanbe dramaticallyacceleratedwith
spaceskipping.

As a ray castingbasedaugmentationfor volumerendering,our
volumetric lensescanbe combinedwith many volumerendering
modes,for example,directvolumerendering(DVR), MIP andDVR
with no shading,DVR with gradientmagnitudemodulation,XRay
andthetwo level volumerenderingmethodfor segmenteddata.We
show resultswith severalrenderingmethodsin Figure14,Figure15
andFigure16.

Our lensescanbe usedto interactively chooseandmagnify re-
gionsor featuresof interestto seesmalldetailsmoreclearlywhile
thecontext region remains.The sizeandshapeof the lenses,and
themagni�cationfactoralsocanbechangedinteractively, whichal-
lows theuserto adjustthelensesfor desiredresults.Demovideos
thatshow theinteractive volumelensrenderingscanbeobtainedat
http://www.cs.sunysb.edu/� lujin/paper/vis05.

6 CONCL USI ONS

We have describeda universalandgeneralvolumetriclensframe-
work thathasapplicationsin many domains.It allows usersto ap-
ply any well known lenses,suchas a �sheye lens in the context
of volumetric distortion,as well as designfree-styleand feature-
adaptive lensesfor arbitrarymagni�ed focus+context viewing. For
example,coupledwith a GPU-basedinteractive segmentational-
gorithmit canbe usedto magnify thesegmentationresultat great
detail andaid in its re�nement. The supportfor free-stylelenses,
createdwith our lensdesigninterface,canhelp illustratorsto de-
signedmorehelpful and informative visualizationsof volumetric
objects,emphasizinganarbitraryshapedregion of interestwithout
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Figure 16: Feature magni�cation results with magni�cation factor
increasing from (a) to (d).

losingthecontext of its surround.Finally, theGPUaccelerationof
our magicvolumelensallows all of theseto bedoneat interactive
speeds,fosteringbothcreative designandexploration.

In futurework, we would like to extendthis free-stylezooming
capabilitiesto multi-resolutiondataandto semanticzooms,where
thedataappearingundermagni�cationcomesfrom adifferentdata
source,or eventexturesynthesis.It mayalsoproofhelpful to users
to provide an option for superimposinga lens-distortedlattice on
topof thelensarea,to aid in theassessment of thenon-linearmag-
ni�cation effects.
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