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Abstract

Mary traditional techniquedor “looking inside” volumetric data
involve removing portionsof the data,for example using various
cuttingtools, to revealtheinterior. This allows the userto seehid-
denpartsof the data,but hasthe disadwantageof removing poten-
tially importantsurroundingcontextual information. We explorean
alternatestratgy for browsing that usesdeformationswherethe
usercancutinto andopenup, spreadapart,or peelaway partsof the
volumein realtime, makingtheinterior visible while still retaining
surroundingcontet. We considervariousdeformationstrateies
andpresenta numberof interactiontechniquesasedon different
metaphorsOur designgayspecialattentionto the semantidayers
thatmightcomposeavolume(e.g.the skin, muscle bonein ascan
of ahuman).Userscanapply deformationgo only selectedayers,
or apply a given deformationto a differentdegreeto eachlayer,
makingbrowsing more e xible andfacilitating the visualizationof
relationshipsbetweenlayers. Our interactiontechniquesare con-
trolled with direct, “in place” manipulation,using pop-upmenus
and 3D widgets,to avoid the divided attentionand awkwardness
that would comewith panelsof traditional widgets. Initial user
feedbackindicatesthat our techniquesare valuable,especiallyfor
shawing portionsof the dataspatially situatedin context with sur
roundingdata.

CR Categories: 1.3.6 [ComputerGraphics]: Methodologyand
Techniques—interactiotechniquesH.5.2 [Information Interfaces
andPresentation]UserInterfaces—interactiostyles

Keywords: volumetricdata,volume data,deformationsjorows-
ing, layers,interactiontechniques3D widgets

1 Intro duction

Volumetricdatacancontainanenormousamountof denselypaclked
datapoints,or voxels Visualizingsuchdatais challenging.While
in therealworld, we typically only perceve thesurfacesof objects,
computationaVisualizationof volumetric datashouldideally not
have sucharestriction. Wherepossible we shouldbe ableto see
the datathroughoutthe volume simultaneously However, this is
especiallydif cult to achieve ona at 2D display surface,where
the useris, in somesense forcedto pick one point of view at a
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time, andwherethe numberof voxelsin the datacaneasilyexceed
thenumberof availablepixels.

At least3 generaktratgiesexist for “peeringinside” volumetric
data:

1. Making someor all of the volumesemi-transparengllowing
theuserto seeinsideor throughlayersof data

2. Cuttingaway or removing portionsof the data,to eliminate
occlusionof innerregions

3. Spatiallytransformingor deformingthe volume,to displace,
project,breakapartor separat@uterportionsandrevealinner
portions

Stratgies 1 and 2 have beenwidely usedin volume visualiza-
tion systems.The control over transparengin stratgy 1 is often
achieved by adjustinga transferfunctionwhich mapsvoxel values
to colour, opacity andotherpropertiesisedn rendering Stratey 2
includesall thecommonbooleammasksusedto “carve avay” parts
of avolume,suchascutting planes cuttingboxes,cuttingspheres,
etc.,andmoregenerallyincludesary techniquehatselectsanddis-
playsa subsebf the data,suchasshawving the voxels boundedby
anisosurfce.

As pointed out by Carpendaleet al. [1997], althoughtrans-
pareny andremoval of outerdataboth make innerdatamorevisi-
ble, they alsoresultin lossof context. Thiscanmale it dif cult for
usergto form anintegratedmentalpictureof the entirevolume.

Strateyy 3 is basedon deformingthe datain somemanner We
usethe term “deformation” somevhat loosely here, to refer not
only to smooth non-rigidtransformationshut alsopiece-wiseigid
transformationsdiscontinuougransformationsand combinations
of these. Thus, stratgy 3 includestechniquessuchas “exploded
views” (often usedin assemblymanualsfor mechanicaldevices)
that simply translatepartsaway from eachother aswell asmore
exotic transformationswhich, apart from somerecentresearch
[Carpendalestal. 1999;Carpendaletal. 1997;KurzionandYagel
1997;LaMaretal. 2001],have remainedargely unexploredfor the
purposeof browsingvolumetricdata.

Our goal in using deformationsis to increasethe visibility of
theinner portionsof the volume,without completelyremaving the
surroundingdatathatnormally occludegheinside. Thisis akin to
focus+contgt schemeghat allow a userto “zoom in” on dataof
interestwhile usingremainingscreerspaceto shav the surround-
ing context. Appropriatelychosendeformationscould, for exam-
ple, splitopenavolume,shaving displacedstructureside-by-side,
makingit easyfor the userto seehow they connect,andallowing
the userto mentally stitch themtogetherinto a whole. Deforma-
tions with familiar real-world analoguege.g. cutting and peeling
the skin off afruit, or thelayersoff anonion)arealsolikely to be
readilyunderstoody users.

In this paper we describea prototypesystemthat implements
differentmetaphorgor deformation-basetrowsing of volumetric
data. Sincestratgy 3 abore seemsto be the leastexplored, we
have focusedour researchmainly on it, without, for example,im-
plementingsupportfor transparenc However, thereis no reason
thatthetechniquesn this papercouldnotbe pro tably extendedo
work in conjunctionwith stratgies1 and?2.

As will be seen,a key elementof our approachis to support
differentialtreatmentof the varioussemantidayers in a dataset.



By “semanticlayers”, we meansubsetof the datathat are useful
or meaningfulto the user Theselayerscould be de ned geomet-
rically, for example as sectionscreatedwith parallel planarcuts.
More typically, layerswould dependon the voxel datavalues,for
exampleboundarieghat arefound during segmentationor isosur
faceextraction. In the context of medicalvisualization,thereis at
leastanecdotakvidencethatanatomistsfor example,preferto re-
move tissuelayerby layer[Hohneet al. 1992], ratherthanmaking
arbitraryplanarcuts.

In the following sectionswe review relatedwork, identify de-
signissuesandtradeofs to considemwhenchoosinga deformation,
describeour prototypesystem,report someinitial userfeedback,
andoffer conclusionsandthoughtson futuredirections.

2 Background

Mary of our deformationtechniquesare inspired by sumgical
metaphorswherethe usercutsinto andopensup data. Therehave
beenattemptgo createhigh- delity simulationsof suigical proce-
dureg[P esseretal. 1995 for example]for educationtraining,and
rehearsalTheseofteninvolve theuseof virtual reality, hapticfeed-
back, andthe simulationof the physical properties suchaselas-
ticity and hardnessof the tissuesbeing operatecon. Bruynsand
Montgomery{2002] describevirtual toolsthatlook andbehae like
scalpelsscissorsandforceps.allowing a2- or 3-dimensionaimesh
to becutandpeeledpen.While thisapproacthastheadwantageof
easilyunderstoodyery literal, metaphorsit imposesaninteraction
stylelimited to whatis possiblen the physicalworld, withoutfully
exploiting theadditionalcapabilitiesof the computationamedium.
Our presentvork, in contrastallows the userto explore andvisu-
alize volumetricdatain waysthatwould be physically impossible.
For example,in our systemuserscanpeelaway bonejust aseasily
asskin, or changethe locationof anincisionafterthe cuthasbeen
madeby “swimming” the location of the cut throughthe volume.
Becausawve arenot concernedvith simulatinga physical process
suchassugery, the usercanbrowse datain a more light-weight
andfree-formstyle. We canalsobuild intelligenceinto our brows-
ing tools,sothatthey, for example automaticallydetectboundaries
betweenayersof dataanddo not cutacrosgheseboundaries.

Anotherdifferencebetweemmedicalapplicationsn generaland
our work, is that medical specialistsusually have a good idea of
theunderlyinganatomyof avolumeandthuscanestimatenvhereto
lookto nd featuresof interest.In contrastour techniquesarede-
signedto supportgeneralpurposesxploratorybrowsing,andcould
be usedwith volumetric dataof unknavn content. This males
focus+contet techniquesll the more appropriate sinceshaving
more of the dataon the screencan male it easierand fasterfor
userso nd interestingdata.

Looking beyond sumgical applications,the deformationof vol-
umetricdatafor generalvisualizationhasalsobeenexplored. For
example Laidlaw [1995]segmentedscanof abananandahuman
hand,and createdanimationsof their skin peelingoff. Our work,
however, usesdeformationdor real-time,interactve browsing.

KurzionandYagel[1997] describea “discontinuougray de ec-
tor” thatgivesthe appearancef cuttinginto a volumeandspread-
ing openthe voxels. This is similar to the “book” metaphomused
by Carpendalest al. [1999] wheredataare spreadopenlike pages
of a book. The samebook metaphorhasbeenusedin traditional
anatomicatiagramswhereorgansareshavn cutin half andspread
aparton consecutie pagesof a book[Agur andLee 1999, for ex-
amplepp.622—623,718,719]. In the next sectionwe describeour
own Hinge Spreadetool which alsousesthis metapharOurwork,
however, alsoextendsthe existing repertoireof deformationswith
othertools.

Focus+contet techniquedave alsobeenproposedor volumet-
ric data. Carpendalest al. [1997] describea visual accesglistor

tion techniquehatclearsa pathof visibility to apointof interestby
pushingoccludingdataaway from theline of sight. This “cleared
path”remainsontheline of sightasthescenes rotated giving the
appearancef a constantlyshifting deformation.Thus,therotation
anddeformationof the dataare coupled. In our systemhowever,
the userdeformsthe datain a desiredway, and canthenview the
deformeddatafrom ary angle;i.e. rotation and deformationare
separatections. Althoughthis introducesa risk thatthe usermay
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+contgt techniquethat
magni esaregioninsideavolume.Thismagni edregionis visible
totheuserif thesurroundinglatais semi-transparentr if acutting
planeis usedo revealtheinside.As will beseerin thenext section,
our own SphereExpandettool may seemsimilar in thatit expands
regionsof data.However, the SphereExpandepushevoxelsaway
from a centralpoint ratherthan magnifyingdata. Thus, it canbe
usednot only to enlage an existing cavity or holein the data,but
alsoto createa hole wherenonepreviously existed. Furthermore,
our SphereExpandeicanbe applieddifferentiallyto thelayersin a
dataset,yielding new interactionpossibilities.

3 Approach

At the outsetof our researchwe imaginedthreemain actionsthat
mightbesupportedy avolumebrowsingsystem:(i) selectingare-
gionof thevolume,(ii) changingheappearancé.e. transferfunc-
tion, including opacity) of the selectedregion, and (iii) spatially
transformingor deforming the selectedregion. Together these
threeactionscould be composedo achieve the sameeffect of po-
tentially ary existing browsing technique. Although we have not
yetimplementedhefull vision of thesethreecomposablections,
we have exploredissuessurroundingegion selectioranddeforma-
tion of aregion.

Userscommonly selectregions of a volume using geometric
primitives, such as halfspaceqplanes),spheres,or boxes. The
deformationtools in our systemsimilarly have simple geomet-
ric shapesandare constrainedo actonly on voxels within these
shapesHowever, thefeaturef interestwithin avolumemayhave
irregularshapesHohneetal!s [1992] AnatomicalAtlas supported
“selective cutting” tools,thatweresensitve to thelayersin thedata,
and could be madeto only acton certainlayers. Thus, a cutting
planecouldbeusedto rst remove skin, thenbone,etc. Thetools
in our systemarealsosensitve to the layersin a dataset,andcan
act differentially on them. Userscantreateachlayer separately
makingselectiorof relatedvoxels simplerandmoreimplicit.

Unfortunately the subsetf a volume datasetare not aways
bestthoughtof aslayers — take for exampletheinternalorgansin
ahumanbody, or evenvasculastructuresFurthermoreyolumetric
datais oftennoisy anddif cult to cleanlysegmentinto distinctive
subsetsNeverthelessye choseto assumehe existenceof layers,
andfocuson how ausermightmanipulatesuchlayers,becausghis
inspireduniqueinteractiontechniques.

It is informative to comparethelayersin avolumetricdatasetto
astackof cardsor papersandto considethevariouswaysin which
thesecould be browsed. Manderet al. [1992] describedifferent
waysof browsing virtual piles of documentsemulatingthe effect
of rif ing or thumbingthrougha physicalpile of paper Beaudouin-
Lafon[2001] designedhovel interactiontechniquegor overlapping
windows. Oneof theseallowedauserto peelbackthecornerof one
or morewindows, to take a peekat occludedwindows. We identify
afew othermethodgor manipulatingayersin Figurel.

In keepingwith thelayers-as-a-stack-of-cardsalogythereare
threedifferentpointsof view onemightwantof agivenlayer: rst,
a dorsal view of the back/top/outeisurface of the layer; second,
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Figurel: Techniquedor browsingthelayersdepictedn A. B: leaf-
ing throughthe layerslike pagesof a book. C: pulling out anin-
dividual layer. D: compressingipperlayersto reveallower layers.
E: fanninglayersopenlike a handof cardsor like a Chinesefan.
F: peelinglayersback. G: ipping layersover — herethe useris
ipping the 3rd layer from the left, andthe otherlayersto the left
arepushedalonglike dominoesH: anexplodedview of thelayers.

aventrl view of the underneath/bottom/inneurfaceof the layer
(thisis visiblewhenthelayeris ipped orturnedoverin someway);

andthird, across-sectionatiew, shaving thethicknesof thelayer
from the side,in which caseit is often usefulto seeneighbouring
layersstacledabove andbelow thecurrentlayer.

Interactve browsingtechniqueshatenablethe variousmanipu-
lationsof Figurel, andthatalsosupportdorsal,ventral,andcross-
sectionalviews — possiblysimultaneously— of oneor morelay-
ers,aremorelikely to afford the userwith e xible andusefulvan-
tages.We have tried to incorporateheseelementsn our designs.

Figurel alreadyhints at someinterestingwaysin which layers
could be deformedfor visualization. Otherdeformationof inter
estcanbe inspiredby sumgical metaphorswherebydatamight be
cutinto andspreadopenin differentways. Two questiongo con-
siderwhenchoosinga deformationare: shouldthe deformationbe
rigid or non-rigid,andwhatkind of continuityconditionsshouldbe
satis ed by thedeformation?

Rigid deformationsi.e. rotatingand/ortranslatingout a pieceof
alayer, havetheadwantageof preservindengthsandvolume,which
couldbeimportantfor performingmeasurementsy simply for as-
surancethat the databeingvisualizedhasnot beendistorted. On
the otherhand,non-rigid deformationssuchascurvilinear“peel-
ing”, encompass much broaderrangeof possibilities,and may
be morerealisticin medicalcontexts for giving animpression,if
only approximateof how tissuewould deformif it werephysically
peeled.

Regardingcontinuity oneissueis how adeformedegion of data
shouldremain“‘connected”jf atall, with therestof thevolume.We
returnto this questionin section4.6.

Finally, thereis arisk thatdeformationsnight sometimesender
dataunrecognizableor changethe spatialarrangemenof voxels
in waysthat are unfamiliar or dif cult to understand.To counter
this, we usesmoothanimationsto shav changesor transitionsin
the shapeof the data. For example,if the userinvokesa tool that
peelsbacka layer, ratherthansuddenly‘snapping”thelayerinto a
fully peeledstate,the layeris continuouslypeeledin realtime, to
shav the userwhatis happening.The bene ts of usinganimation
for smoothtransitionshave beendocumentedy others[Bartram
1997;Grossmaret al. 2001; Robertsoret al. 1991; Woods1984].
Essentiallyusersmore easilymaintaina mentalmodelof the data
acrosdransitions spendindesstime assimilatingnew states.

4 Protot ype Implementation

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

The individual voxels of the data are renderedas points (i.e.
GL_POINTS)whosesizein screenspaceis chosen(via glPoint-
Size())to give the appearancéhat adjacentvoxels are just touch-
ing. Although mary techniquesxist for high quality volumeren-
dering,for exampleusinghardwaretexturing andtrilinearly inter-
polatingvoxel valueswe choseto renderindividual pointsto keep
our prototypesimpleandmaximally e xible. Any deformatiorthat
remapsthe voxel locationscanbe supportechy our system since
eachvoxel is renderedn its own. This givesusthe freedomto fo-
cusonexploringinteractiontechniquestatherthanoptimized,high
quality rendering.

Thereis currentlyno supportin our systemnfor transpareng Al-
thoughwe suspecburtechniquegouldbeenhancedvith gooduse
of transpareng we wantedto rst isolateandidentify the qualities
andissueghatareuniqueto deformations.

Onal.7GHzlaptopwith ann\Mdia GeForce4Go graphicscard,
32 MB of videomemory and512 megabytesof RAM, our system
canrenderover 500000voxelsat 13 full screerframespersecond,
or over 4000000voxels at 2 full screenframesper second.Since
realtime interactionis critical, our systemdowvnsamplesarge data
setsandrenderghemat a lower resolutionduringinteraction.Full
resolutionrenderings performedafterthe systemhasbeenidle for
a giventimeout(e.g.onesecond)or wheneer the userexplicitly
requestst. An even betterimplementatiormight renderdifferent
partsof the volumeat differentresolutions.For example,only the
portion of the volume currentlyin the users focus could be ren-
deredatfull resolutionwithout precludingreal-timeinteraction.

To supportarbitrary transformation®f voxel positions,we ex-
plicitly storethe position of eachvoxel, ratherthan storinga 3D
bitmap. Thisis alsomoreefcient for sparsedatasets. Voxel po-
sitionsarestoredin anoctree whereeachnodeof the octreehasa
boundingboxandacolour(black,white, or both). A dividing plane
canbeappliedto the octree,andvoxels canbe quickly cateyorized
by colouringthemblackor white, accordingo thesideof theplane
they lie on. Intersectionsr unionsof halfspacexanbe coloured
by applyingmultiple planes.Operationon the octree suchasren-
dering voxels, deformingvoxel positions,or copying voxels into
a secondoctree,can be appliedto the whole octree,or to only a
subsebf agivencolour

As a minor optimization, eachvoxel positionis 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 equvalent subtreewith one voxel per leaf. Ratherthan
storinga colour ag for eachvoxel, we saste memoryby storing
black voxelsin the rst n elementsf the array andwhite voxels
in theremainingelementsChangingthe colourof avoxel requires
swappingasinglepair of elementsandadjustingthe valueof n.

To supportoperationsthat treat eachlayer of datadifferently,
eachlayer of voxelsis storedin a separatectree. Thus,having N
layersrequiresN octrees.This doesnot, however, imply usingN
times more memorythan a single octreefor all the layerswould.
Eachlayer typically exhibits somespatialcoherenceand can be
storedefciently in anoctree.

Eachvoxel hasanassociateshormal,andis renderedvith light-
ing to provide the userwith shadingcues.Voxels neara surfaceof
the datasethave a normalcomputedrom their neighbourhood—
this computations slow, but needonly be doneonce,atloadtime.
Voxels in the interior of the volume are initially not visible, and
have a zeronormal. However, deformationscancut or split open
the volume andreveal theseinterior voxels. Thus,the normalsof
interior voxels are dynamicallyrecomputedin a fastbut approxi-
mateway, basedon the currentdeformation andbasedon a guess



of theorientationof theclosestsurface.Althoughtheresultis only
approximatethe depthcuesresultingfrom lighting the scenewere
foundto be preferableover having nolighting.

The browsing toolsin our systemare positioned,oriented,and
resizedusing3D widgets[Conneretal. 1992],i.e. objectsembed-
dedin the 3D scenethat canbe clicked anddragged.3D widgets
are also usedto control the parameterof the differentdeforma-
tions. Eachdraggblecomponenbf our 3D widgetsis highlighted
whenthe mousecursorpasse®ver them,to hint to the userwhich
elementscanbe dragged. The shapeof the widgetsalsosuggests
how to usethem: arrowv widgetsarefor translationor adjustmenof
alinearquantitysuchastheradiusof a spheregircle andarcwid-
getsarefor rotationor adjustingangles.In anearly versionof our
prototype,we noticedperceptuaproblemswith the visual design
of our 3D widgets. We thusimprovedthemby addingmoredepth
cues(Figure2).
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Figure2: Example3D widgetsbeforeandafterdesignchangeshat
enhancedlepthcues.On theright, shadingandvariationin thick-

nessare used,andintentionally exaggeratedt{o suggesdepth. A

thin haloof blackpixelsis alsodrawvn to ensurecontrastith what-
ever datamay be in the background.The arronv widgetsare used
for translationalong an axis, the circle widgetsare usedfor rota-
tion aroundan axis, andthe "L'-shapedwidgetsarefor translation
within a plane.

Anotherchallengeencountere@vasthatsomedeformationdave
mary adjustablgarametersndif eachof thesds controlledwith a
separat&D widgetthatis alwaysvisible, the screerbecomeglut-
teredwith widgets. We thereforeidenti ed situationswherecer
tain widgetswerenotlikely to be used,andchangedur prototype
to only displaya given 3D widgetif the currentstatewarrantsit.
For example,Figure 10 shows a setof layersthatarefannedopen.
Only afterthey arefannedopendo additional3D widgetsappear
attachedo eachlayer.

Figures3 through 14 shov our systembrowsing a scanof a
humanheadthat was pre-sgmentedinto 5 layers. At ary given
time, only one browsing tool is active, which the user chooses
from a popupradialmenu[Callahanet al. 1988]or Marking Menu
[Kurtenbachand Buxton 1993] (our menuis only onelevel deep,
and so could be describedas either a radial menu or Marking
Menu). The active tool only affectsthe currently selectedayers
of the data, leasing unselectedayersunchanged.When a layer
is selectedr unselectedan animationshavs the layer's transition
from one stateto the other for example,from a deformedstateto
anundeformedstate.

Two mechanismsawvere implementedfor selecting/unselecting
layers. First, the selectionstateof eachlayer canbe toggledindi-
vidually througha setof hotkeys assignedo eachlayer— but these
couldjustaseasilybevirtual checkboxesin amenu.Secondthere
aretwo specialitemsin the popupradial menu,the right andleft
items,thatalsocontrollayerselection.Thesetemscanbeinvoked
with quick ick gesturego theright or left, andhave the effect of
(a) selectingthe outermostunselectedayer, or (b) unselectinghe
outermostselectedayer, respectiely. Thus,the usercan,for ex-
ample,make 5 ick gesturego theright, causingeachlayer, from
the outermosto the innermost.to be successiely selected.If the
currentlyselectedool peelslayersaway, this would have the effect
of successiely peelingeachlayerin thenaturalordering.

To supportthis behaiour, the systemneedssome notion of
which layersareinside or outsideotherlayers. We manuallyas-
signedaglobal, x edordering,from outsideto inside,of thelayers
in our headdataset. This orderingis importantnot just for selec-
tion, but alsofor deformationghatautomaticallydeformlayersto
differentdegrees suchasthefanningoutin Figure10, whereinner
layersarerotatedby a largeranglethanouterlayers. Althoughthe
x ed orderingis acceptabldor our headdataset,in generalthis
would notbeaviablesolution. It is possiblefor the semantidayers
in adatasetto nothave ary singleorderingfrom outsideto inside.
An improved prototypewould computealocally acceptabl®erder
ing of layersonthe y , giventhe currentlocationandorientationof
thedeformatiortool. Suchanorderingmightbecomputedoy sam-
pling therelevantdataalongparallelrays,and nding the“average
ordering”of layersencountere@longtherays.

No collision detectionis performedbetweerlayers.Hence Jay-
erscaninterpenetrateasthey are manipulatecor animated. How-
ever, aslong asthe useris manipulatinga region of datawherethe
theinside-to-outsiderderingof layersis reasonablaccuratethe
interpenetratiorf layersis minimal.

Thedeformatiortoolsin our systemwill bedescribedn thefol-
lowing subsectionsWe alsoimplementedmoretraditionalcutting
tools, speci cally: a cutting plane, cutting hinge, cutting sphere,
and cutting box. Figure 3 shaws two of thesein action. Justas
in Hohneet al!s Atlas [Hohneet al. 1992], our cutting tools are
sensitve to the layersin the data,andonly remove voxelsfrom the
currentlyselectedayers.Thus,they canbethoughtof asintelligent
scalpelghatcutno deepethantheinnermostselectedayer An al-
ternatize way of thinking of thesetools, especiallythe cutting box,
is thatthey behave like 3D magiclensedViegaetal. 1996],in that
they male the currentlyselectedayersfully transparent.

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

4.1 Hinge Spreader Tool

TheHinge Spreade(Figure4) tool is adihedralshapedbjectthat
pushesll thevoxelsbetweerthehingeto eitherside. As mentioned
in the Backgroundsection,this deformationcanbe usedto create
views of datathatresembleanatomicatlissectionspreacpenlike
a“book” [Agur andLee 1999].

3D widgetsenablepositioningand orientationof the tool, and
alsoallow the angleof the hingeto be adjusted.Note thatthe cut-
ting hingein Figure3 B hasthe samedihedralshapeasthe Hinge
Spreaderbut remoesthe voxels within the hinge, ratherthandis-
placingthem.

As with all ourtools,theHinge Spreadeonly deformsvoxelsof
selectedayers. Whenlayersareselectecr unselectedan anima-
tion shavs thevoxels of thatlayertransitionfrom a deformedstate
to arestingstate,or vice versa. Interestingly the Hinge Spreader
canbe usedto createviews thatlook like explodeddiagramgFig-
ure5) whenappliedto only a subsebf thelayers.



Figure4: TheHinge SpreaderLeft: a sketchof the voxels before
andafterdeformation.Solid blacklinesshav thehingeseenby the
user Dashedines delimit the voxels affectedby the deformation.
Voxelsarepushedawayfrom thebisectorof thehinge,compressing
surroundingvoxels that arewithin twice the hinge's angle. Right:
afaceis split down aline throughthe nose. Note thatboth halves
of the nosearestill present- no voxels have beenremoved or cut
away, they have simply beenpushedaside.

Figure5: The Hinge Spreaderacting only on layersoutsidethe
skull, hasbeenpushedall the way throughthe head,andtherefore
spreadsoth halvesof the skin off the skull. This providesakind

of “explodedview”.

Thehingeform factorof this tool, andof the cuttinghinge,have
interestingpropertieswith respectto interface design. First, the
positioning,orientation,andangleof a hinge could be easilycon-
trolled with a hand-heldprop, muchlike Hinckley et al's [1998]
useof a cutting planeprop in their “doll' s head”interface. Users
have a strongmentalmodelof the shapeand function of a hinge,
andwould probablybe ableto usea hinge prop assuccessfullyas
Hinckley etal's cutting plane. In addition,the useof a hingehas
certainadwantage®ver aplane.A hingeopenedip to 180degrees
reduceso a planeasa specialcase,and so is more generalthan
a plane. Acute hinge anglesallow for more context to be main-
tainedcloseto a focal point. Finally, two-handedechniquesare
possiblewherea userholdstwo hinge props,andcould make fast,
compounccutsor spreadof thedata.

4.2 Sphere Expander Tool

The SphereExpandertool (Figure 6) pushesvoxels avay from a
centralpoint. The centreandradiusof the sphereare controlled
with 3D arrow widgets. Placingthis tool outsideandnearthe sur

faceof avolumecreatesa dentin thevolume,whichin itself may
not be useful for browsing. However, when placedinside a vol-
ume, the SphereExpandercanbe usedto in ate the voxels of the
volumeoutward. Sincewe rendereachvoxel asa point, sufcient
in ation eventuallymakesthe voxels sparseenoughto seethrough
— akind of cheaptranspareng The SphereExpandercanalsobe
usedto createa holein alayer, by selectingonly thatlayer, andby
placingthe centreof the sphereon the layer (Figure 6, right hand
side). Interestingly we did not initially know whetherthe Sphere
Expandettool would turn out to be useful. After implementingit,
however, we discoveredthat our layerbasedarchitectureallowed
for situationdik e thatin Figure6.

Figure6: TheSphereExpanderLeft: voxelsbeforeandafterdefor
mation.All voxelscontainedn thesolid spherearepushedutside,
compressingurroundingvoxels that arewithin twice the spheres
radius. Right: the SphereExpanderactingonly on layersoutside
the skull, is centredon a point on the faceabore the nose. This
opensup a holein the faceandlifts muchof the skin off the skull,
creatinga kind of “window” throughwhich we can seethe skull
andsurroundingskin.

4.3 Box Spreader Tool

In the samespirit asthe previous two deformationtools, the Box
Spreade(Figure7) pushesll voxels outsidethe shapeof thetool,
in this casea box. This tool wasinspiredby rib spreades, instru-
mentsusedn chestcavity suigery. TheBox Spreadecouldbeused
to cutin to thevirtual chestof a humandataset,andspreadopen
the outerlayersof the chest,revealinginternalorgans. Whenthe
boxis madewide enoughhowever, thedeformationcaneventually
lift outerlayersoff adataset,asin Figure7.

Figure7: The Box Spreader Left: voxels beforeandafter defor
mation.All voxelscontainedn thebox arepushedsidevays,com-
pressingsurroundingvoxels that arewithin twice the box's width.
Right: the Box Spreaderactingonly on layersoutsidethe skull,
cutstheupperfacein half andpushesachhalf off the skull.



4.4 Leafer Tool

TheLeaferis shapedike atray (Figure8). Thevoxelsabove each
half of thetray canbe hingedopenusing3D widgets. Selectingor
unselectindayerscauseshemto smoothlyrotateout or backin to
place. A rapid successiomf selectionsnitiatesananimationwith
layerstemporarilyspacedut, or “leaved” (Figure9), affording the
usera brief glimpseof the shapeof individual layers. This style of
browsinginspiredthe nameof the Leafertool. Note thatoncethe
animationis complete hawever, all selectedayersarerotatedopen
with thesameangle.

The threeviews of layersmentionedin Section3 areall made
available,simultaneouslywith the Leafer Figures8 shows the ar-
easwherelayersareseenfrom a dorsal,ventral,or cross-sectional
view. Selectionor unselectiorof a singlelayercauseghatlayerto
transitionfrom oneview to the other

After hingingopenthe halvesof the Leaferstray, thelayersthat
male up eachhalf can be fannedopen (Figure 10). Fannedout
layerscanthenbe pulledoutand/or ipped over, shaving thecom-
ponentf the“dissected’voxelsin contet with therestof thedata
set.

Figure8: The Leafer Left: voxels beforeandafter deformation.
Voxels abore eachhalf of a “tray” are(rigidly) rotatedaway from

the centreof the tray. The top edgesof the tray are the axes of

rotation. Right: the Leaferis usedto hinge openpartsof a head.
Here, the depthof the tray hasbeensetto zero, i.e. the axes of

rotationcoincidewith the bottomedgesof thetray, whereasn the
gure on the left, the depthof the tray is non-zero. Threeareas
arelabelledA, B, andC, to shov how the Leaferprovidescross-
sectionalyentral,anddorsalviews of layers,simultaneously

4.5 Peeler Tool

ThePeelerlike the Leafer consistof atray thatcanbe positioned
andorientedto encompasaregion of interestandallows eachhalf
of thetray to be openedup. Unlike the Leafer however, the Peeler
usesanon-rigid,curvilineardeformatiorto openupthelayers(Fig-
ureslland12).

As with the Leafer selectinglayerswhenthe Peeleris active
initiates an animatedtransition, during which the usercan seein
betweerthemoving layers.However, unlike the Leafer the Peeler
also affords control over the degree of peelingfor eachlayerin-
dependentlythrougharrov widgetsattachedio eachlayer This
givesthe useranextra level of control, allowing the userto create
spacedetweenthe layers(Figure 13) andkeepthemin this state
for furtherbrowsing.

We alsocreatedavariationonthePeelercalledthe RadialPeeler
(Figurel14). Eachvoxel is peeledradially away from the axisof the
tool, asif thetool werepokingaholein thevolumeandturningthe
layersinsideout, somavhatlike a o wer openingup.

Figure9: Whenthe userselects/unselectlayer, the Leaferani-
matesthe rotationof the layer openor backin to place. Here,the
userhasselectedeachlayerin rapid successionandthe leaferis
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: Thelayersthatmake upthehinged-opemegionarefanned
open.New widgetsappeamttachedo eachlayer C: A translation
widgetis usedto pull outanindividual layer D: Rotationwidgets
areusedto ip overlayers.

Figure 12 sketchesthe deformationfor the left half of the reg-
ular Peeler wherevoxels are peeledto the left. If this sketchis
revolved aroundthe vertical axisx = r, wherer is the radiusof
theRadialPeelertheresultingform corresponds$o how the Radial
Peelerdeformsvoxels: they arepeeledaway from theaxisx = r.

4.6 Observations

Similarities can be seenbetweenour set of tools and the layer
browsingtechnique®f Figurel. The Hinge SpreaderSphereEx-
pander and Box Spreadesll non-rigidly compressand pushlay-
ersto reveal data,just like Figure 1 D. The Leafercombinesthe
techniqueof Figurel B, E, C andG. And the Peeler of course,
correspondso Figurel F. Ourtoolsarenottheonly possiblecom-
binationsof techniquesand extensionsare possible(suchasthe
explodedview of Figurel H), but we have demonstratethe appli-
cability of layerbasedechniquedor browsingvolumetricdata.
An interestingtradeof to consideris how muchcontrolto give
theuser ThelLeaferallowsusergo “leaf” throughlayers(Figure9)



Figure1l: The Peeler Left: voxels beforeandafter deformation.
Voxelsin eachhalf of a“tray” arepeeledoff thebottomof thetray.
Right: the left half of the Peelers tray is positionedto encompass
thebrow of the head,andthis is peeledoff. Noticethat,above the
Peelerathin sectionof thetop of the headhasbeenautomatically
translatecupward andout of theway.

Figure 12: The deformationon the left half of the Peelers tray.
Eachpoint (x;y) 2 A is mappedto a nev point (x%y9 2 B. Let
R be the radiusat which lengthis presered by the deformation.
Pointswherex < Rp aremappedo thecurvedregionvia (x%y9 =
( ysin(x=R);ycogx=R)). Otherpointsareshiftedandrotatedwith

%Y= ( (x Rp); ).

usinganimation. This shavs how animationis usefulnot only for
helpingthe usermaintaintheir mentalmodel of the dataasit de-
forms, but canbe a browsing techniquein itself. In contrast,the
Peeleralsoallows the userto individually peeleachlayer by dif-
ferentamounts(Figure 13), giving the usermore control, but this
comesatthecostof more3D widgetsthatclutterthescreenln gen-
eral,wereducectlutterfrom widgetsby only displayingthemwhen
thestateof thedeformationwarrantgheir presenceHowever, addi-
tional techniquedor reducingthe numberof widgetsshavn atary
time, without limiting the users power, would be valuable. One
possibilityis to develop a kind of popup3D widget, thatis shavn
only whenrequestedby theuser

The Leaferand Peeleralso shedsomelight on the questionof
how to connecta deformedsetof voxelsto the restof the volume.
The Leaferrigidly deformsvoxels, creatinga sharp“seam”at the
axis of rotation. By hinging openthe Leaferfar enough,the user
caneasilyseethis seamwherethe voxels connect.However, such
rigid rotation canleadto interpenetratiorof the deformedvoxels
andtherestof the volume. The Peeleyon the otherhand,is more
continuousn the sensehatthe deformedvoxels connectsmoothly
with therestof thevolume.Interpenetratiomf voxelsis lesslik ely,
andreducedin severity if it doesoccur However, in the caseof
the Peeler the seamalongwhich peeledregions connectwith the
volumeis muchharderto see,sinceit is usually occludedby the
peeledlayers. It may or may not be importantfor the userto be
ableto seetheseseamr contactedgeshowever, it is atradeof to
considemwhenchoosinga deformation.

Figure 13: A closeup of the peelerin action. Here, eachlayer
hasbeenpeeledto a differentdegree(usingthe small arrav wid-
getsattachedo eachlayer). The spacingbetweeriayersmakesthe
interfacesbetweerthemvisible.

Figurel4: TheRadialPeeler Ratherthanpeelingaway two halves
of atray asin Figure 11, this tool peelsaway all the voxelsin a
cylinder. Two circles (only one of which is visible here)delimit
the cylinder. Voxels arepulledthroughthe top of the cylinder and
thenstretchedaway from the cylinder's centre. A hole alongthe
cylinder's axisis thusopenedup, allowing the userto peerinside.

5 Initial User Feedback
Informal trials with memberf our lab led to someimprovements
in the visual designof the tools and 3D widgets. Furthermorean
earlierprototypeof our systemdidn't emplg/ animations,.e. de-
formationswould causethe volumeto suddenly‘snap” to a trans-
formedstate.During demonstrationef this prototype peopleoften
had trouble understandindiow exactly the tools were deforming
voxels. Henceour incorporationof smoothlyanimatedransitions.
More recently we hada professionalinatomisthaving little ex-
perienceausing3D software,try out our systemduringaninformal,
onehoursessionThesessiorconsistedf amix of designerdriven
demonstratiomnduserdrivenexplorationof thetools.
Theanatomisfoundthatthe directmanipulation3D widgetsaf-
forded e xible controlandwereeasyto understandDeformingor
pulling out portionsof the volumein contet, with the restof the
volumestill displayedwasfoundto be very valuable for keeping
track of “whereyou arein thewhole”. Animatedtransitionswere
alsofoundto bevaluable.Theanatomissuggestethatthey would



be very appropriatén educationakettings,e.g.to shav layersac-
tually peelingback,ratherthanshaving a sudderchangeof state.
The anatomistalso suggestedhat, in somesituations,after a
layer hasbeenpeeledaway, it may not be importantto continue
displayingthelayer, sincethe users goalmaybeto simply seethe
tissuesrevealedunderneath However, therewere other situations
werethe anatomisfoundit importantto keepall datapresentfor
examplewhenshaving thetwo halvesof the Hinge Spreader

6 Conclusion and Future Directions

We have extendedthe rangeof deformationausedfor exploratory
browsing of volumetricdata. Our prototypedemonstratesneway
of integratingthesedeformationswith differentialtreatmenif the
layersin adataset,aswell aswith 3D widgetsanduseof animation.
We have identi ed varioustradeofs and designissuesbroughtto
light by ourwork. Initial userfeedbaclsuggestshatourtechniques
areusefulfor helpinga userunderstan@ndmaintaincontet while
exploring differentregionsof a dataset.

Oneaspectnot exploredin our prototypeis enhancingool be-
haviour with transpareng For example,a hinge-shapetbol might
male voxels enclosedby the hinge graduallymoretransparents
the hinge is openedup to a wider angle. The Leaferand Peeler
tools could also male affectedlayerspartially transparentreduc-
ing occlusionof theimmediateneighbourhooaf theseayers.

Our Leafertool combinedmary techniquesf Figurel in one
particularorder but mary otherorderingsor combinationsrepos-
sible. More e xible tools could be designedperhapsallowing the
userto “construct” their own customdeformationsby combining
moreprimitive operationor widgets.

Sophisticatedieformationsvith mary parametersanclutterthe
screenwith 3D widgets. Ideally, a widget shouldonly be visible
whenthe userwantsto interactwith it. Popup3D widgets,or use
of gesturesnsteadof widgets,couldeliminatethis problem.

Finally, the implementatiorof true volume rendering,possibly
usinggraphicshardware[Rezk-Salamatal. 2001],couldimprove
visualquality andframerates.
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8 Supporting Material

Videosandadditionalscreenshotsof our prototypecanbe down-
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