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Abstract

Many traditional techniquesfor “looking inside” volumetric data
involve removing portionsof the data,for exampleusingvarious
cuttingtools,to reveal theinterior. This allows theuserto seehid-
denpartsof thedata,but hasthedisadvantageof removing poten-
tially importantsurroundingcontextual information.Weexplorean
alternatestrategy for browsing that usesdeformations,wherethe
usercancutinto andopenup,spreadapart,or peelawaypartsof the
volumein realtime,makingtheinteriorvisiblewhile still retaining
surroundingcontext. We considervariousdeformationstrategies
andpresenta numberof interactiontechniquesbasedon different
metaphors.Ourdesignspayspecialattentionto thesemanticlayers
thatmight composeavolume(e.g.theskin,muscle,bonein ascan
of a human).Userscanapplydeformationsto only selectedlayers,
or apply a given deformationto a different degreeto eachlayer,
makingbrowsingmore�e xible andfacilitatingthevisualizationof
relationshipsbetweenlayers. Our interactiontechniquesarecon-
trolled with direct, “in place” manipulation,usingpop-upmenus
and3D widgets,to avoid the divided attentionandawkwardness
that would comewith panelsof traditional widgets. Initial user
feedbackindicatesthat our techniquesarevaluable,especiallyfor
showing portionsof thedataspatiallysituatedin context with sur-
roundingdata.

CR Categories: I.3.6 [ComputerGraphics]: Methodologyand
Techniques—interactiontechniques;H.5.2[InformationInterfaces
andPresentation]:UserInterfaces—interactionstyles

Keywords: volumetricdata,volumedata,deformations,brows-
ing, layers,interactiontechniques,3D widgets

1 Intro duction

Volumetricdatacancontainanenormousamountof denselypacked
datapoints,or voxels. Visualizingsuchdatais challenging.While
in therealworld, wetypically only perceivethesurfacesof objects,
computationalvisualizationof volumetricdatashouldideally not
have sucha restriction. Wherepossible,we shouldbe ableto see
the datathroughoutthe volumesimultaneously. However, this is
especiallydif�cult to achieve on a �at 2D displaysurface,where
the useris, in somesense,forced to pick one point of view at a
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time,andwherethenumberof voxelsin thedatacaneasilyexceed
thenumberof availablepixels.

At least3 generalstrategiesexist for “peeringinside”volumetric
data:

1. Makingsomeor all of thevolumesemi-transparent,allowing
theuserto seeinsideor throughlayersof data
2. Cuttingawayor removing portionsof thedata,to eliminate
occlusionof innerregions
3. Spatiallytransformingor deformingthevolume,to displace,
project,breakapartor separateouterportionsandrevealinner
portions

Strategies1 and2 have beenwidely usedin volumevisualiza-
tion systems.The control over transparency in strategy 1 is often
achievedby adjustinga transferfunctionwhich mapsvoxel values
to colour, opacity, andotherpropertiesusedin rendering.Strategy 2
includesall thecommonbooleanmasksusedto “carveaway” parts
of a volume,suchascuttingplanes,cuttingboxes,cuttingspheres,
etc.,andmoregenerallyincludesany techniquethatselectsanddis-
playsa subsetof thedata,suchasshowing thevoxelsboundedby
anisosurface.

As pointed out by Carpendaleet al. [1997], although trans-
parency andremoval of outerdatabothmake innerdatamorevisi-
ble, they alsoresultin lossof context. Thiscanmake it dif�cult for
usersto form anintegratedmentalpictureof theentirevolume.

Strategy 3 is basedon deformingthedatain somemanner. We
use the term “deformation” somewhat loosely here, to refer not
only to smooth,non-rigidtransformations,but alsopiece-wiserigid
transformations,discontinuoustransformations,andcombinations
of these. Thus,strategy 3 includestechniquessuchas“exploded
views” (often usedin assemblymanualsfor mechanicaldevices)
that simply translatepartsaway from eachother, aswell asmore
exotic transformations,which, apart from somerecent research
[Carpendaleetal. 1999;Carpendaleetal. 1997;KurzionandYagel
1997;LaMaretal. 2001],haveremainedlargelyunexploredfor the
purposeof browsingvolumetricdata.

Our goal in using deformationsis to increasethe visibility of
theinnerportionsof thevolume,without completelyremoving the
surroundingdatathatnormallyoccludestheinside.This is akin to
focus+context schemesthat allow a userto “zoom in” on dataof
interest,while usingremainingscreenspaceto show thesurround-
ing context. Appropriatelychosendeformationscould, for exam-
ple,split openavolume,showing displacedstructuresside-by-side,
makingit easyfor theuserto seehow they connect,andallowing
the userto mentallystitch themtogetherinto a whole. Deforma-
tions with familiar real-world analogues(e.g.cutting andpeeling
theskin off a fruit, or the layersoff anonion)arealsolikely to be
readilyunderstoodby users.

In this paper, we describea prototypesystemthat implements
differentmetaphorsfor deformation-basedbrowsingof volumetric
data. Sincestrategy 3 above seemsto be the leastexplored, we
have focusedour researchmainly on it, without, for example,im-
plementingsupportfor transparency. However, thereis no reason
thatthetechniquesin thispapercouldnotbepro�tably extendedto
work in conjunctionwith strategies1 and2.

As will be seen,a key elementof our approachis to support
differential treatmentof the varioussemanticlayers in a dataset.



By “semanticlayers”,we meansubsetsof the datathat areuseful
or meaningfulto the user. Theselayerscould be de�ned geomet-
rically, for exampleas sectionscreatedwith parallel planarcuts.
More typically, layerswould dependon the voxel datavalues,for
exampleboundariesthat arefoundduring segmentationor isosur-
faceextraction. In thecontext of medicalvisualization,thereis at
leastanecdotalevidencethatanatomists,for example,preferto re-
move tissuelayerby layer[Höhneet al. 1992],ratherthanmaking
arbitraryplanarcuts.

In the following sections,we review relatedwork, identify de-
signissuesandtradeoffs to considerwhenchoosingadeformation,
describeour prototypesystem,report someinitial userfeedback,
andoffer conclusionsandthoughtson futuredirections.

2 Background

Many of our deformation techniquesare inspired by surgical
metaphors,wheretheusercutsinto andopensup data.Therehave
beenattemptsto createhigh-�delity simulationsof surgical proce-
dures[P�esseretal. 1995,for example]for education,training,and
rehearsal.Theseofteninvolvetheuseof virtual reality, hapticfeed-
back,and the simulationof the physical properties,suchaselas-
ticity andhardness,of the tissuesbeingoperatedon. Bruynsand
Montgomery[2002]describevirtual toolsthatlook andbehavelike
scalpels,scissors,andforceps,allowing a2- or 3-dimensionalmesh
to becutandpeeledopen.While thisapproachhastheadvantageof
easilyunderstood,very literal, metaphors,it imposesaninteraction
stylelimited to whatis possiblein thephysicalworld, without fully
exploiting theadditionalcapabilitiesof thecomputationalmedium.
Our presentwork, in contrast,allows theuserto exploreandvisu-
alizevolumetricdatain waysthatwould bephysically impossible.
For example,in oursystem,userscanpeelawaybonejustaseasily
asskin,or changethelocationof anincisionafterthecut hasbeen
madeby “swimming” the locationof the cut throughthe volume.
Becausewe arenot concernedwith simulatinga physical process
suchassurgery, the usercanbrowsedatain a more light-weight
andfree-formstyle. We canalsobuild intelligenceinto our brows-
ing tools,sothatthey, for example,automaticallydetectboundaries
betweenlayersof dataanddonotcutacrosstheseboundaries.

Anotherdifferencebetweenmedicalapplicationsin general,and
our work, is that medicalspecialistsusuallyhave a good ideaof
theunderlyinganatomyof avolumeandthuscanestimatewhereto
look to �nd featuresof interest.In contrast,our techniquesarede-
signedto supportgeneralpurposeexploratorybrowsing,andcould
be usedwith volumetric data of unknown content. This makes
focus+context techniquesall the moreappropriate,sinceshowing
more of the dataon the screencan make it easierand fasterfor
usersto �nd interestingdata.

Looking beyond surgical applications,the deformationof vol-
umetricdatafor generalvisualizationhasalsobeenexplored. For
example,Laidlaw [1995]segmentedscansof abananaandahuman
hand,andcreatedanimationsof their skin peelingoff. Our work,
however, usesdeformationsfor real-time,interactivebrowsing.

KurzionandYagel[1997] describea “discontinuousray de�ec-
tor” thatgivestheappearanceof cuttinginto a volumeandspread-
ing openthe voxels. This is similar to the “book” metaphorused
by Carpendaleet al. [1999] wheredataarespreadopenlike pages
of a book. The samebook metaphorhasbeenusedin traditional
anatomicaldiagrams,whereorgansareshowncutin half andspread
aparton consecutive pagesof a book [Agur andLee1999,for ex-
amplepp.622–623,718,719]. In thenext section,wedescribeour
own HingeSpreadertool whichalsousesthismetaphor. Ourwork,
however, alsoextendstheexisting repertoireof deformationswith
othertools.

Focus+context techniqueshavealsobeenproposedfor volumet-
ric data. Carpendaleet al. [1997] describea visual accessdistor-

tion techniquethatclearsapathof visibility to apointof interestby
pushingoccludingdataaway from the line of sight. This “cleared
path” remainson theline of sightasthesceneis rotated,giving the
appearanceof a constantlyshiftingdeformation.Thus,therotation
anddeformationof the dataarecoupled. In our system,however,
the userdeformsthe datain a desiredway, andcanthenview the
deformeddatafrom any angle; i.e. rotation and deformationare
separateactions.Althoughthis introducesa risk that theusermay
have to rotatethe scenemore deliberatelyto gain a clear line of
sight, the useralso hasmore freedomand control to look at the
deformeddatain differentways.

LaMar et al. [2001] describea focus+context techniquethat
magni�esaregioninsideavolume.Thismagni�edregionis visible
to theuserif thesurroundingdatais semi-transparent,or if acutting
planeis usedto revealtheinside.As will beseenin thenext section,
our own SphereExpandertool mayseemsimilar in that it expands
regionsof data.However, theSphereExpanderpushesvoxelsaway
from a centralpoint ratherthanmagnifyingdata. Thus, it canbe
usednot only to enlargeanexisting cavity or hole in thedata,but
alsoto createa holewherenonepreviously existed. Furthermore,
ourSphereExpandercanbeapplieddifferentiallyto thelayersin a
dataset,yieldingnew interactionpossibilities.

3 Approach

At theoutsetof our research,we imaginedthreemainactionsthat
mightbesupportedby avolumebrowsingsystem:(i) selectingare-
gionof thevolume,(ii) changingtheappearance(i.e. transferfunc-
tion, including opacity) of the selectedregion, and (iii) spatially
transformingor deforming the selectedregion. Together, these
threeactionscouldbecomposedto achieve thesameeffect of po-
tentially any existing browsing technique.Although we have not
yet implementedthefull vision of thesethreecomposableactions,
wehaveexploredissuessurroundingregionselectionanddeforma-
tion of a region.

Userscommonly selectregions of a volume using geometric
primitives, such as halfspaces(planes),spheres,or boxes. The
deformationtools in our systemsimilarly have simple geomet-
ric shapes,andareconstrainedto act only on voxels within these
shapes.However, thefeaturesof interestwithin avolumemayhave
irregularshapes.Höhneetal.'s [1992]AnatomicalAtlassupported
“selectivecutting” tools,thatweresensitiveto thelayersin thedata,
andcould be madeto only act on certainlayers. Thus,a cutting
planecouldbeusedto �rst remove skin, thenbone,etc. Thetools
in our systemarealsosensitive to the layersin a dataset,andcan
act differentially on them. Userscan treat eachlayer separately,
makingselectionof relatedvoxelssimplerandmoreimplicit.

Unfortunately, the subsetsof a volumedatasetarenot always
bestthoughtof aslayers — take for exampletheinternalorgansin
ahumanbody, or evenvascularstructures.Furthermore,volumetric
datais oftennoisyanddif�cult to cleanlysegmentinto distinctive
subsets.Nevertheless,we choseto assumetheexistenceof layers,
andfocusonhow ausermightmanipulatesuchlayers,becausethis
inspireduniqueinteractiontechniques.

It is informative to comparethelayersin avolumetricdatasetto
astackof cardsor papers,andto considerthevariouswaysin which
thesecould be browsed. Manderet al. [1992] describedifferent
waysof browsing virtual piles of documents,emulatingthe effect
of rif �ing or thumbingthroughaphysicalpile of paper. Beaudouin-
Lafon[2001]designednovel interactiontechniquesfor overlapping
windows. Oneof theseallowedauserto peelbackthecornerof one
or morewindows,to takeapeekatoccludedwindows. We identify
a few othermethodsfor manipulatinglayersin Figure1.

In keepingwith thelayers-as-a-stack-of-cardsanalogy, thereare
threedifferentpointsof view onemightwantof agivenlayer: �rst,
a dorsal view of the back/top/outersurfaceof the layer; second,



Figure1: Techniquesfor browsingthelayersdepictedin A. B: leaf-
ing throughthe layerslike pagesof a book. C: pulling out an in-
dividual layer. D: compressingupperlayersto reveal lower layers.
E: fanninglayersopenlike a handof cardsor like a Chinesefan.
F: peelinglayersback. G: �ipping layersover — herethe useris
�ipping the3rd layer from the left, andtheotherlayersto the left
arepushedalonglikedominoes.H: anexplodedview of thelayers.

a ventral view of theunderneath/bottom/innersurfaceof the layer
(thisis visiblewhenthelayeris �ipped or turnedoverin someway);
andthird, across-sectionalview, showing thethicknessof thelayer
from theside,in which caseit is oftenusefulto seeneighbouring
layersstackedaboveandbelow thecurrentlayer.

Interactive browsingtechniquesthatenablethevariousmanipu-
lationsof Figure1, andthatalsosupportdorsal,ventral,andcross-
sectionalviews — possiblysimultaneously— of oneor morelay-
ers,aremorelikely to afford theuserwith �e xible andusefulvan-
tages.Wehave tried to incorporatetheseelementsin ourdesigns.

Figure1 alreadyhintsat someinterestingwaysin which layers
could be deformedfor visualization.Otherdeformationsof inter-
estcanbe inspiredby surgical metaphors,wherebydatamight be
cut into andspreadopenin differentways. Two questionsto con-
siderwhenchoosinga deformationare:shouldthedeformationbe
rigid or non-rigid,andwhatkind of continuityconditionsshouldbe
satis�edby thedeformation?

Rigid deformations,i.e. rotatingand/ortranslatingoutapieceof
alayer, havetheadvantageof preservinglengthsandvolume,which
couldbeimportantfor performingmeasurements,or simply for as-
surancethat the databeingvisualizedhasnot beendistorted. On
the otherhand,non-rigid deformations,suchascurvilinear“peel-
ing”, encompassa much broaderrangeof possibilities,and may
be morerealistic in medicalcontexts for giving an impression,if
only approximate,of how tissuewoulddeformif it werephysically
peeled.

Regardingcontinuity, oneissueis how adeformedregionof data
shouldremain“connected”,if atall, with therestof thevolume.We
returnto thisquestionin section4.6.

Finally, thereis arisk thatdeformationsmightsometimesrender
dataunrecognizable,or changethe spatialarrangementof voxels
in waysthat areunfamiliar or dif�cult to understand.To counter
this, we usesmoothanimationsto show changesor transitionsin
the shapeof the data. For example,if the userinvokesa tool that
peelsbacka layer, ratherthansuddenly“snapping”thelayerinto a
fully peeledstate,the layer is continuouslypeeledin real time, to
show theuserwhat is happening.Thebene�ts of usinganimation
for smoothtransitionshave beendocumentedby others[Bartram
1997;Grossmanet al. 2001;Robertsonet al. 1991;Woods1984].
Essentially, usersmoreeasilymaintaina mentalmodelof thedata
acrosstransitions,spendinglesstimeassimilatingnew states.

4 Protot ype Implementation

Our prototypevolume browser was implementedin C++ using
OpenGLandGLUT, andrunsunderLinux andMicrosoftWindows.

The individual voxels of the data are renderedas points (i.e.
GL POINTS) whosesize in screenspaceis chosen(via glPoint-
Size()) to give the appearancethat adjacentvoxels arejust touch-
ing. Althoughmany techniquesexist for high quality volumeren-
dering,for exampleusinghardwaretexturing andtrilinearly inter-
polatingvoxel values,we choseto renderindividual pointsto keep
ourprototypesimpleandmaximally�e xible. Any deformationthat
remapsthe voxel locationscanbe supportedby our system,since
eachvoxel is renderedon its own. This givesusthefreedomto fo-
cusonexploringinteractiontechniques,ratherthanoptimized,high
quality rendering.

Thereis currentlynosupportin oursystemfor transparency. Al-
thoughwesuspectour techniquescouldbeenhancedwith gooduse
of transparency, wewantedto �rst isolateandidentify thequalities
andissuesthatareuniqueto deformations.

Ona1.7GHzlaptopwith annVidia GeForce4Gographicscard,
32 MB of videomemory, and512megabytesof RAM, our system
canrenderover 500000voxelsat 13 full screenframespersecond,
or over 4000000voxels at 2 full screenframesper second.Since
realtime interactionis critical, our systemdownsampleslargedata
setsandrendersthemat a lower resolutionduringinteraction.Full
resolutionrenderingis performedafterthesystemhasbeenidle for
a given timeout(e.g.onesecond),or whenever the userexplicitly
requestsit. An even betterimplementationmight renderdifferent
partsof thevolumeat differentresolutions.For example,only the
portion of the volumecurrently in the user's focuscould be ren-
deredat full resolution,withoutprecludingreal-timeinteraction.

To supportarbitrarytransformationsof voxel positions,we ex-
plicitly storethe positionof eachvoxel, ratherthanstoringa 3D
bitmap. This is alsomoreef�cient for sparsedatasets.Voxel po-
sitionsarestoredin anoctree,whereeachnodeof theoctreehasa
boundingboxandacolour(black,white,or both).A dividing plane
canbeappliedto theoctree,andvoxelscanbequickly categorized
by colouringthemblackor white,accordingto thesideof theplane
they lie on. Intersectionsor unionsof halfspacescanbe coloured
by applyingmultipleplanes.Operationson theoctree,suchasren-
dering voxels, deformingvoxel positions,or copying voxels into
a secondoctree,canbe appliedto the whole octree,or to only a
subsetof agivencolour.

As a minor optimization,eachvoxel position is not storedin
its own leaf node. Instead,eachleaf nodestoresa small number
(e.g. 8) of voxels in an array that can be traversedmore quickly
than an equivalent subtreewith one voxel per leaf. Ratherthan
storinga colour �ag for eachvoxel, we save memoryby storing
black voxels in the �rst n elementsof the array, andwhite voxels
in theremainingelements.Changingthecolourof avoxel requires
swappingasinglepairof elementsandadjustingthevalueof n.

To supportoperationsthat treat eachlayer of datadifferently,
eachlayerof voxels is storedin a separateoctree.Thus,having N
layersrequiresN octrees.This doesnot, however, imply usingN
timesmorememorythana singleoctreefor all the layerswould.
Eachlayer typically exhibits somespatialcoherence,and can be
storedef�ciently in anoctree.

Eachvoxel hasanassociatednormal,andis renderedwith light-
ing to provide theuserwith shadingcues.Voxelsneara surfaceof
thedatasethave a normalcomputedfrom their neighbourhood—
this computationis slow, but needonly bedoneonce,at loadtime.
Voxels in the interior of the volume are initially not visible, and
have a zeronormal. However, deformationscancut or split open
the volumeandreveal theseinterior voxels. Thus,the normalsof
interior voxels aredynamicallyrecomputed,in a fastbut approxi-
mateway, basedon thecurrentdeformation,andbasedon a guess



of theorientationof theclosestsurface.Althoughtheresultis only
approximate,thedepthcuesresultingfrom lighting thescenewere
foundto bepreferableoverhaving no lighting.

The browsing tools in our systemarepositioned,oriented,and
resizedusing3D widgets[Conneret al. 1992], i.e. objectsembed-
dedin the 3D scenethat canbe clicked anddragged.3D widgets
are also usedto control the parametersof the different deforma-
tions. Eachdraggablecomponentof our 3D widgetsis highlighted
whenthemousecursorpassesover them,to hint to theuserwhich
elementscanbe dragged.The shapeof the widgetsalsosuggests
how to usethem:arrow widgetsarefor translationor adjustmentof
a linearquantitysuchastheradiusof a sphere;circle andarcwid-
getsarefor rotationor adjustingangles.In anearlyversionof our
prototype,we noticedperceptualproblemswith the visual design
of our 3D widgets.We thusimprovedthemby addingmoredepth
cues(Figure2).

Figure2: Example3D widgetsbeforeandafterdesignchangesthat
enhanceddepthcues.On theright, shadingandvariationin thick-
nessareused,andintentionallyexaggerated,to suggestdepth. A
thin haloof blackpixelsis alsodrawn to ensurecontrastwith what-
ever datamay be in the background.The arrow widgetsareused
for translationalongan axis, the circle widgetsareusedfor rota-
tion aroundanaxis,andthe`L'-shapedwidgetsarefor translation
within aplane.

Anotherchallengeencounteredwasthatsomedeformationshave
many adjustableparameters,andif eachof theseis controlledwith a
separate3D widgetthatis alwaysvisible, thescreenbecomesclut-
teredwith widgets. We thereforeidenti�ed situationswherecer-
tain widgetswerenot likely to beused,andchangedour prototype
to only displaya given 3D widget if the currentstatewarrantsit.
For example,Figure10 shows a setof layersthatarefannedopen.
Only after they arefannedopendo additional3D widgetsappear,
attachedto eachlayer.

Figures3 through14 show our systembrowsing a scanof a
humanheadthat was pre-segmentedinto 5 layers. At any given
time, only one browsing tool is active, which the user chooses
from a popupradialmenu[Callahanet al. 1988]or Marking Menu
[KurtenbachandBuxton 1993] (our menuis only onelevel deep,
and so could be describedas either a radial menu or Marking
Menu). The active tool only affects the currentlyselectedlayers
of the data, leaving unselectedlayersunchanged.When a layer
is selectedor unselected,ananimationshows thelayer's transition
from onestateto theother, for example,from a deformedstateto
anundeformedstate.

Two mechanismswere implementedfor selecting/unselecting
layers. First, theselectionstateof eachlayercanbe toggledindi-
vidually throughasetof hotkeysassignedto eachlayer— but these
couldjustaseasilybevirtual checkboxesin amenu.Second,there
aretwo specialitemsin the popupradial menu,the right andleft
items,thatalsocontrollayerselection.Theseitemscanbeinvoked
with quick �ick gesturesto theright or left, andhave theeffect of
(a) selectingtheoutermostunselectedlayer, or (b) unselectingthe
outermostselectedlayer, respectively. Thus,the usercan,for ex-
ample,make 5 �ick gesturesto theright, causingeachlayer, from
theoutermostto the innermost,to besuccessively selected.If the
currentlyselectedtool peelslayersaway, thiswouldhave theeffect
of successively peelingeachlayerin thenaturalordering.

To support this behaviour, the systemneedssomenotion of
which layersare insideor outsideother layers. We manuallyas-
signedaglobal,�x edordering,from outsideto inside,of thelayers
in our headdataset. This orderingis importantnot just for selec-
tion, but alsofor deformationsthatautomaticallydeformlayersto
differentdegrees,suchasthefanningout in Figure10,whereinner
layersarerotatedby a largeranglethanouterlayers.Althoughthe
�x ed orderingis acceptablefor our headdataset, in generalthis
wouldnotbeaviablesolution.It is possiblefor thesemanticlayers
in a datasetto not have any singleorderingfrom outsideto inside.
An improvedprototypewould computea locally acceptableorder-
ing of layersonthe�y , giventhecurrentlocationandorientationof
thedeformationtool. Suchanorderingmightbecomputedby sam-
pling therelevantdataalongparallelrays,and�nding the“average
ordering”of layersencounteredalongtherays.

No collision detectionis performedbetweenlayers.Hence,lay-
erscaninterpenetrateasthey aremanipulatedor animated.How-
ever, aslong astheuseris manipulatinga region of datawherethe
the inside-to-outsideorderingof layersis reasonablyaccurate,the
interpenetrationof layersis minimal.

Thedeformationtoolsin oursystemwill bedescribedin thefol-
lowing subsections.We alsoimplementedmoretraditionalcutting
tools, speci�cally: a cutting plane,cutting hinge, cutting sphere,
and cutting box. Figure 3 shows two of thesein action. Justas
in Höhneet al.'s Atlas [Höhneet al. 1992], our cutting tools are
sensitive to thelayersin thedata,andonly remove voxelsfrom the
currentlyselectedlayers.Thus,they canbethoughtof asintelligent
scalpelsthatcutnodeeperthantheinnermostselectedlayer. An al-
ternative way of thinking of thesetools,especiallythecuttingbox,
is thatthey behave like 3D magiclenses[Viega et al. 1996],in that
they make thecurrentlyselectedlayersfully transparent.

Figure 3: Examplesof cutting tools. A: a cutting sphere. B: a
cuttinghinge.Eachcuttingtool canbemadeto cut away all layers
(asin A) or only asubsetof layers(asin B).

4.1 Hinge Spreader Tool

TheHingeSpreader(Figure4) tool is a dihedralshapedobjectthat
pushesall thevoxelsbetweenthehingetoeitherside.Asmentioned
in the Backgroundsection,this deformationcanbe usedto create
viewsof datathatresembleanatomicaldissectionsspreadopenlike
a “book” [Agur andLee1999].

3D widgetsenablepositioningandorientationof the tool, and
alsoallow theangleof thehingeto beadjusted.Notethat thecut-
ting hingein Figure3 B hasthesamedihedralshapeastheHinge
Spreader, but removesthevoxelswithin thehinge,ratherthandis-
placingthem.

As with all our tools,theHingeSpreaderonly deformsvoxelsof
selectedlayers.Whenlayersareselectedor unselected,ananima-
tion shows thevoxelsof thatlayertransitionfrom a deformedstate
to a restingstate,or vice versa. Interestingly, the Hinge Spreader
canbeusedto createviews that look like explodeddiagrams(Fig-
ure5) whenappliedto only asubsetof thelayers.



Figure4: TheHingeSpreader. Left: a sketchof thevoxelsbefore
andafterdeformation.Solidblacklinesshow thehingeseenby the
user. Dashedlinesdelimit thevoxelsaffectedby thedeformation.
Voxelsarepushedawayfrom thebisectorof thehinge,compressing
surroundingvoxels thatarewithin twice thehinge's angle. Right:
a faceis split down a line throughthenose.Note thatbothhalves
of thenosearestill present– no voxelshave beenremovedor cut
away, they havesimplybeenpushedaside.

Figure 5: The Hinge Spreader, acting only on layersoutsidethe
skull, hasbeenpushedall theway throughthehead,andtherefore
spreadsbothhalvesof theskin off theskull. This providesa kind
of “explodedview”.

Thehingeform factorof this tool, andof thecuttinghinge,have
interestingpropertieswith respectto interfacedesign. First, the
positioning,orientation,andangleof a hingecouldbeeasilycon-
trolled with a hand-heldprop, much like Hinckley et al.'s [1998]
useof a cutting planeprop in their “doll' s head”interface. Users
have a strongmentalmodelof the shapeandfunction of a hinge,
andwould probablybeableto usea hingepropassuccessfullyas
Hinckley et al.'s cuttingplane. In addition,theuseof a hingehas
certainadvantagesover a plane.A hingeopenedup to 180degrees
reducesto a planeasa specialcase,andso is moregeneralthan
a plane. Acute hinge anglesallow for more context to be main-
tainedcloseto a focal point. Finally, two-handedtechniquesare
possiblewherea userholdstwo hingeprops,andcouldmake fast,
compoundcutsor spreadsof thedata.

4.2 Sphere Expander Tool

The SphereExpandertool (Figure6) pushesvoxels away from a
centralpoint. The centreand radiusof the spherearecontrolled
with 3D arrow widgets.Placingthis tool outsideandnearthesur-

faceof a volumecreatesa dentin thevolume,which in itself may
not be useful for browsing. However, when placedinside a vol-
ume,theSphereExpandercanbeusedto in�ate thevoxelsof the
volumeoutward. Sincewe rendereachvoxel asa point, suf�cient
in�ation eventuallymakesthevoxelssparseenoughto seethrough
— a kind of cheaptransparency. TheSphereExpandercanalsobe
usedto createa holein a layer, by selectingonly that layer, andby
placingthe centreof the sphereon the layer (Figure6, right hand
side). Interestingly, we did not initially know whetherthe Sphere
Expandertool would turn out to beuseful. After implementingit,
however, we discoveredthat our layer-basedarchitectureallowed
for situationslike thatin Figure6.

Figure6: TheSphereExpander. Left: voxelsbeforeandafterdefor-
mation.All voxelscontainedin thesolidspherearepushedoutside,
compressingsurroundingvoxels thatarewithin twice thesphere's
radius. Right: theSphereExpander, actingonly on layersoutside
the skull, is centredon a point on the faceabove the nose. This
opensup a holein thefaceandlifts muchof theskin off theskull,
creatinga kind of “window” throughwhich we canseethe skull
andsurroundingskin.

4.3 Box Spreader Tool

In the samespirit asthe previous two deformationtools, the Box
Spreader(Figure7) pushesall voxelsoutsidetheshapeof thetool,
in this casea box. This tool wasinspiredby rib spreaders, instru-
mentsusedin chestcavity surgery. TheBox Spreadercouldbeused
to cut in to thevirtual chestof a humandataset,andspreadopen
the outer layersof the chest,revealinginternalorgans. Whenthe
box is madewideenough,however, thedeformationcaneventually
lift outerlayersoff adataset,asin Figure7.

Figure7: The Box Spreader. Left: voxels beforeandafter defor-
mation.All voxelscontainedin theboxarepushedsideways,com-
pressingsurroundingvoxels thatarewithin twice thebox's width.
Right: the Box Spreader, actingonly on layersoutsidethe skull,
cutstheupperfacein half andpusheseachhalf off theskull.



4.4 Leafer Tool

TheLeaferis shapedlike a tray (Figure8). Thevoxelsabove each
half of thetray canbehingedopenusing3D widgets.Selectingor
unselectinglayerscausesthemto smoothlyrotateout or backin to
place.A rapidsuccessionof selectionsinitiatesananimationwith
layerstemporarilyspacedout,or “leaved” (Figure9), affording the
usera brief glimpseof theshapeof individual layers.This styleof
browsing inspiredthenameof theLeafertool. Note thatoncethe
animationis complete,however, all selectedlayersarerotatedopen
with thesameangle.

The threeviews of layersmentionedin Section3 areall made
available,simultaneously, with theLeafer. Figures8 shows thear-
easwherelayersareseenfrom a dorsal,ventral,or cross-sectional
view. Selectionor unselectionof a singlelayercausesthat layerto
transitionfrom oneview to theother.

After hingingopenthehalvesof theLeafer's tray, thelayersthat
make up eachhalf can be fannedopen(Figure 10). Fannedout
layerscanthenbepulledoutand/or�ipped over, showing thecom-
ponentsof the“dissected”voxelsin context with therestof thedata
set.

Figure8: The Leafer. Left: voxels beforeandafter deformation.
Voxelsabove eachhalf of a “tray” are(rigidly) rotatedaway from
the centreof the tray. The top edgesof the tray are the axes of
rotation. Right: the Leafer is usedto hingeopenpartsof a head.
Here, the depthof the tray hasbeenset to zero, i.e. the axes of
rotationcoincidewith thebottomedgesof thetray, whereasin the
�gure on the left, the depthof the tray is non-zero. Threeareas
arelabelledA, B, andC, to show how the Leaferprovidescross-
sectional,ventral,anddorsalviewsof layers,simultaneously.

4.5 Peeler Tool

ThePeeler, like theLeafer, consistsof a tray thatcanbepositioned
andorientedto encompassaregionof interest,andallowseachhalf
of thetray to beopenedup. Unlike theLeafer, however, thePeeler
usesanon-rigid,curvilineardeformationto openupthelayers(Fig-
ures11and12).

As with the Leafer, selectinglayerswhen the Peeleris active
initiatesan animatedtransition,during which the usercanseein
betweenthemoving layers.However, unlike theLeafer, thePeeler
also affords control over the degreeof peelingfor eachlayer in-
dependently, througharrow widgetsattachedto eachlayer. This
givestheuseranextra level of control,allowing theuserto create
spacesbetweenthe layers(Figure13) andkeepthemin this state
for furtherbrowsing.

WealsocreatedavariationonthePeelercalledtheRadialPeeler
(Figure14). Eachvoxel is peeledradiallyawayfrom theaxisof the
tool, asif thetool werepokingaholein thevolumeandturningthe
layersinsideout,somewhatlikea �o weropeningup.

Figure9: Whenthe userselects/unselectsa layer, the Leaferani-
matesthe rotationof the layeropenor backin to place. Here,the
userhasselectedeachlayer in rapid succession,andthe leafer is
midway throughan animationopeningthemup. In this way, the
usercan“leaf” throughthelayers,asif they werepagesof abook.

Figure10: A: Theleft half of the leaferhingesopenthetop of the
head.B: Thelayersthatmakeupthehinged-openregionarefanned
open.New widgetsappearattachedto eachlayer. C: A translation
widget is usedto pull out an individual layer. D: Rotationwidgets
areusedto �ip over layers.

Figure12 sketchesthe deformationfor the left half of the reg-
ular Peeler, wherevoxels are peeledto the left. If this sketch is
revolved aroundthe vertical axis x = r , wherer is the radiusof
theRadialPeeler, theresultingform correspondsto how theRadial
Peelerdeformsvoxels: they arepeeledaway from theaxisx = r .

4.6 Observations

Similarities can be seenbetweenour set of tools and the layer
browsingtechniquesof Figure1. TheHingeSpreader, SphereEx-
pander, andBox Spreaderall non-rigidly compressandpushlay-
ers to reveal data,just like Figure1 D. The Leafercombinesthe
techniquesof Figure1 B, E, C andG. And the Peeler, of course,
correspondsto Figure1 F. Our toolsarenot theonly possiblecom-
binationsof techniques,and extensionsare possible(suchas the
explodedview of Figure1 H), but wehavedemonstratedtheappli-
cability of layer-basedtechniquesfor browsingvolumetricdata.

An interestingtradeoff to consideris how muchcontrol to give
theuser. TheLeaferallowsusersto “leaf” throughlayers(Figure9)



Figure11: ThePeeler. Left: voxelsbeforeandafterdeformation.
Voxelsin eachhalf of a “tray” arepeeledoff thebottomof thetray.
Right: the left half of thePeeler's tray is positionedto encompass
thebrow of thehead,andthis is peeledoff. Noticethat,above the
Peeler, a thin sectionof thetop of theheadhasbeenautomatically
translatedupwardandoutof theway.

Figure 12: The deformationon the left half of the Peeler's tray.
Eachpoint (x;y) 2 A is mappedto a new point (x0;y0) 2 B. Let
R be the radiusat which length is preserved by the deformation.
Pointswherex < Rp aremappedto thecurvedregionvia (x0;y0) =
(� ysin(x=R);ycos(x=R)) . Otherpointsareshiftedandrotatedwith
(x0;y0) = (� (x� Rp); � y).

usinganimation.This shows how animationis usefulnot only for
helpingthe usermaintaintheir mentalmodelof the dataasit de-
forms, but canbe a browsing techniquein itself. In contrast,the
Peeleralsoallows the userto individually peeleachlayer by dif-
ferentamounts(Figure13), giving the usermorecontrol, but this
comesatthecostof more3D widgetsthatclutterthescreen.In gen-
eral,wereducedclutterfromwidgetsbyonlydisplayingthemwhen
thestateof thedeformationwarrantstheirpresence.However, addi-
tional techniquesfor reducingthenumberof widgetsshown at any
time, without limiting the user's power, would be valuable. One
possibility is to developa kind of popup3D widget, that is shown
only whenrequestedby theuser.

The LeaferandPeeleralsoshedsomelight on the questionof
how to connecta deformedsetof voxels to therestof thevolume.
The Leaferrigidly deformsvoxels, creatinga sharp“seam” at the
axis of rotation. By hinging openthe Leaferfar enough,the user
caneasilyseethis seamwherethevoxelsconnect.However, such
rigid rotationcan lead to interpenetrationof the deformedvoxels
andtherestof thevolume. ThePeeler, on theotherhand,is more
continuousin thesensethatthedeformedvoxelsconnectsmoothly
with therestof thevolume.Interpenetrationof voxelsis lesslikely,
andreducedin severity if it doesoccur. However, in the caseof
the Peeler, the seamalongwhich peeledregionsconnectwith the
volumeis muchharderto see,sinceit is usuallyoccludedby the
peeledlayers. It may or may not be importantfor the userto be
ableto seetheseseamsor contactedges,however, it is a tradeoff to
considerwhenchoosingadeformation.

Figure 13: A closeup of the peelerin action. Here, eachlayer
hasbeenpeeledto a differentdegree(usingthe small arrow wid-
getsattachedto eachlayer).Thespacingbetweenlayersmakesthe
interfacesbetweenthemvisible.

Figure14: TheRadialPeeler. Ratherthanpeelingaway two halves
of a tray as in Figure11, this tool peelsaway all the voxels in a
cylinder. Two circles (only oneof which is visible here)delimit
thecylinder. Voxelsarepulled throughthetop of thecylinder and
thenstretchedaway from the cylinder's centre. A hole alongthe
cylinder's axisis thusopenedup,allowing theuserto peerinside.

5 Initial User Feedback

Informal trials with membersof our lab led to someimprovements
in thevisualdesignof the toolsand3D widgets. Furthermore,an
earlierprototypeof our systemdidn't employ animations,i.e. de-
formationswould causethevolumeto suddenly“snap” to a trans-
formedstate.Duringdemonstrationsof thisprototype,peopleoften
had trouble understandinghow exactly the tools were deforming
voxels.Henceour incorporationof smoothlyanimatedtransitions.

More recently, wehadaprofessionalanatomist,having little ex-
perienceusing3D software,try out our systemduringaninformal,
onehoursession.Thesessionconsistedof amix of designer-driven
demonstrationanduser-drivenexplorationof thetools.

Theanatomistfoundthatthedirectmanipulation3D widgetsaf-
forded�e xible controlandwereeasyto understand.Deformingor
pulling out portionsof the volumein context, with the restof the
volumestill displayed,wasfoundto bevery valuable,for keeping
trackof “whereyou arein thewhole”. Animatedtransitionswere
alsofoundto bevaluable.Theanatomistsuggestedthatthey would



bevery appropriatein educationalsettings,e.g.to show layersac-
tually peelingback,ratherthanshowing asuddenchangeof state.

The anatomistalso suggestedthat, in somesituations,after a
layer hasbeenpeeledaway, it may not be importantto continue
displayingthelayer, sincetheuser's goalmaybeto simply seethe
tissuesrevealedunderneath.However, therewereothersituations
weretheanatomistfound it importantto keepall datapresent,for
examplewhenshowing thetwo halvesof theHingeSpreader.

6 Conclusion and Future Directions

We have extendedthe rangeof deformationsusedfor exploratory
browsingof volumetricdata.Our prototypedemonstratesoneway
of integratingthesedeformationswith differentialtreatmentof the
layersin adataset,aswell aswith 3D widgetsanduseof animation.
We have identi�ed varioustradeoffs anddesignissuesbroughtto
light by ourwork. Initial userfeedbacksuggeststhatourtechniques
areusefulfor helpingauserunderstandandmaintaincontext while
exploringdifferentregionsof adataset.

Oneaspectnot exploredin our prototypeis enhancingtool be-
haviour with transparency. For example,ahinge-shapedtool might
make voxels enclosedby the hingegraduallymoretransparentas
the hinge is openedup to a wider angle. The Leafer and Peeler
tools could alsomake affectedlayerspartially transparent,reduc-
ing occlusionof theimmediateneighbourhoodof theselayers.

Our Leafer tool combinedmany techniquesof Figure1 in one
particularorder, but many otherorderingsor combinationsarepos-
sible. More �e xible toolscouldbedesigned,perhapsallowing the
userto “construct” their own customdeformationsby combining
moreprimitiveoperationsor widgets.

Sophisticateddeformationswith many parameterscanclutterthe
screenwith 3D widgets. Ideally, a widget shouldonly be visible
whentheuserwantsto interactwith it. Popup3D widgets,or use
of gesturesinsteadof widgets,couldeliminatethisproblem.

Finally, the implementationof true volumerendering,possibly
usinggraphicshardware[Rezk-Salamaet al. 2001],couldimprove
visualqualityandframerates.
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8 Supporting Material
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