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Figure1: A static2D explodedview diagramof a mastercylinder (left). We constructan interactive versionof the
diagramusingoursystem.Thesethreeframesshow theuserinteractively expandingaportionof theobjectto examine
it in moredetail(right).

Abstract
We presenta systemfor creating interactive exploded
view diagramsusing 2D imagesas input. This image-
basedapproachenablesus to directly supportarbitrary
renderingstyles, eliminatesthe need for building 3D
models,andallows us to leveragethe abundanceof ex-
istingstaticdiagramsof complex objects.Wehavedevel-
opeda setof semi-automaticauthoringtools for quickly
creatinglayereddiagramsthat allow the user to spec-
ify how the partsof an objectexpand,collapse,andoc-
cludeoneanother. We alsopresenta viewing systemthat
letsusersdynamically�lter the informationpresentedin
thediagramby directlyexpandingandcollapsingtheex-
plodedview andsearchingfor individual parts.Our re-
sultsdemonstratethat a simple2.5D diagramrepresen-
tation is powerful enoughto enablea usefulsetof inter-
actionsandthat,with the right authoringtools,effective
interactive diagramsin this format canbe createdfrom
existingstaticillustrationswith a smallamountof effort.
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ing, Explodedviews

1 Intr oduction

Diagramsareessentialfor communicatingthe structure
of complex 3D objectsthat arecomposedof many sub-
parts,suchasmechanicalassemblies,architecturalenvi-
ronmentsandbiologicalorganisms[5, 8, 15, 19, 25, 26].
To elucidatethe compositestructureof suchobjects,il-
lustratorscommonlyusediagrammatictechniquessuch
asexplodedviewsandcutawaysthatreduceor eliminate

occlusionandexposeinternalparts.In this work, we fo-
cus on explodedview diagrams,which simultaneously
convey theglobalstructureof thedepictedobject,thede-
tailsof individualcomponents,andthelocalrelationships
amongthem.

However, becauseexplodedviewsareusuallydesigned
asstaticillustrationsfor printpublications,they oftensuf-
fer from two importantdrawbacks:

� Ambiguousspatial relationships.A staticdiagram
canonly show a�x edsetof spatialrelationshipsbe-
tweenparts.For complex objects,it maynotbeclear
from a staticexplodedview how all theparts�t to-
gether, interactwith, andconstrainoneanother.

� Visual clutter. Staticdiagramsareusuallydesigned
to includeall theinformationtheviewermightneed
abouttheobject.As a result,they areoftenvisually
cluttered,making it dif�cult to extract speci�c in-
formationabouta particularpart or subsetof parts
without carefullyperusingtheentireillustration.

In contrast,explodedview diagramsviewed through
a computercan alleviate both of theseproblemsby al-
lowing viewersto interactively manipulatethepartsand
therebydynamically �lter the information presentedin
the diagram.For example,a viewer might interactively
expandand collapseonly the wheel assemblyof a car
diagramto betterunderstandhow thepartsof thatassem-
bly interactwith oneanother. On theotherhand,a static,
general-purposecar diagramwould have to show all of
thepartsin anexplodedstate,makingit dif�cult to focus
on thewheelassembly. In general,we believe that inter-



active diagramscanbe far moreclear, informative, and
compellingthantheir staticcounterparts.

In this paper, we presenta novel framework for cre-
atingandviewing interactive explodedview diagramsof
complex mechanicalassemblies.As anexample,Figure1
shows a dynamicillustration thatwasauthoredandren-
deredusingour system.Ratherthanusing3D modelsas
input, our approachis to constructdynamicillustrations
from 2D images,resultingin alayered2.5Ddiagramrep-
resentation.Althoughthelackof explicit 3D information
putssomelimits ontheviewing experience(e.g.,wecan-
not directly supportarbitrarychangesin viewpoint), this
image-basedstrategy hasseveralkey bene�ts: it makesit
easyto supportarbitrary renderingstyles(we just have
to �nd or createpicturesof eachpartof theobjectin the
desiredstyle); it obviatestheneedfor 3D models,which
arein generalmuchmoredif�cult to acquireor build than
images;and,�nally , using2D imagesallows usto lever-
agetheabundanceof existingstaticexplodedviewscom-
monlyfoundin textbooks,repairmanuals,andotheredu-
cationalmaterial.As aresult,webelieveourimage-based
approachmakesit possibleto createeffective interactive
diagramsfarmoreeasilythanwith a3D method.

Thecontributionsof our work fall into two categories:

Semi-automaticauthoring tools.Theprimarychallenge
in turninga 2D imageinto an interactive explodedview
diagramis specifyinghow partsinteractwith oneanother.
We providea suiteof semi-automatictoolsfor constrain-
ing themotionof partsasthey expandandcollapse,and
for layeringpartsso that they properlyoccludeonean-
otherasthey move.Our toolsallow usersto quickly cre-
atecompellinginteractive diagramsvia simple,sketch-
basedinteractions.

Interactive viewing interface. To help viewers dynam-
ically �lter the information presentedin a diagram,we
providea viewing systemthatsupportsa numberof use-
ful interactions.Speci�cally, our interfaceallowstheuser
to directly expandandcollapsethe explodedview, and
searchfor individual parts.In our experience,thesein-
teractionshelptheviewerunderstandthespatialrelation-
shipsbetweenpartsandtheoverallstructureof theobject.

2 Relatedwork

Ourwork buildson two mainareasof computergraphics
research:automateddesignof technicalillustrations,and
2.5D layer-baseddiagramrepresentations.We consider
relatedwork in eachof theseareas.

Automateddesignof technical illustrations. A number
of researchershaveinvestigatedtheproblemof automati-
cally generatingexplanatorytechnicalillustrationsof 3D

objects.SeligmannandFeiner[23] and Rist et al. [21]
focus on generatinga set of imagesto show the loca-
tion or physicalpropertiesof a particularpart within a
3D object.Butz [7] extendsthesetechniquesto automati-
cally generateanillustrativeanimationratherthanasetof
images.Whereasthesesystemsareaimedat completely
automatingall designdecisionsandtherebyeliminating
theneedfor a humandesigner, our work providessemi-
automatichigh-level interactive designtools that enable
humandesignersto quickly producethedesiredillustra-
tion. In addition,theprevioussystemsdonotproducein-
teractive illustrationsthat allow usersto directly manip-
ulatethe partsof the diagram.Several groupshave also
explored techniquesfor generatingexplodedviews that
reveal thecompletestructureof complex mechanicalas-
semblies[1, 10, 16, 20], architecturalenvironments[18],
andanatomy[14, 22]. However, all of thesesystemsrely
oncomplete3D representationsof theobject,whereaswe
use2D imagesasinput.

2.5D layer-baseddiagram representations.One of the
mainfeaturesof our image-basedapproachis a2.5Drep-
resentationfor interactive diagramsthat consistsof lay-
ers of images.To facilitate the creationof diagramsin
this format,weprovideasetof 2.5Dauthoringtools.Al-
thoughlayer-basedrepresentationsarenot new in com-
puter graphics[11, 13, 24], mostof this previous work
on2.5Dauthoringhasfocusedprimarily oncreatinglay-
eredanimations.Recently, BarettandCheney introduced
tools for selecting,bending,andevendeletingentireob-
jectsratherthanpixelsin digital photographs[2]. In con-
trast to thesegeneral-purposesystems,we focuson the
speci�c authoringissuesinvolved in creatinginteractive
image-basedexplodedview diagrams.

3 Authoring

Several steps are involved in creating an interactive
image-baseddiagram(Figure2).As input,oursystemac-
ceptseitherasingleimageof anobjectwith all of its con-
stituentpiecesvisible (i.e., in a fully explodedstate),or a
setof images,oneperpiece.Weassumethattheobjectis
renderedusinganorthographicprojection,asis typical in
technicalillustrations1. In thecasewherea singleimage
is usedasinput, thestaticdiagramis �rst segmentedinto
parts correspondingto the constituentpiecesof the de-
pictedobject.Next, thesepartsareorganizedinto stacks
thatde�ne how partsmove relative to oneanotherasthe
objectis expandedandcollapsed.Thepartsarethenlay-
ered to producethe correctocclusionrelationshipsbe-
tweenthem.As we show later, this layering stepoften
involvesbreakingpartsinto smallerfragmentsbeforeas-

1With perspective projections,partsmay not �t togetherproperly
whentheexplodedview is collapsed.
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Figure2: The�o wchartfor convertingastatic2D explodedview diagraminto aninteractivediagram.Wesegmentthe
input diagraminto parts,organizethepartsinto stacks,breakthepartsinto fragments,layer thepartsandfragments
sothatthey properlyoccludeoneanother, and�nally , adddesiredannotations,suchaslabelsandguidelines.

(a) (b) (c)

(d) (e) (f)

Figure3: Theocclusionrelationshipbetweentheturbine
(on top) andthe bottomcover of the catalyticconverter
shown in Figure2. If the turbine andbottomcover are
eachgiven a single depthvalue, the turbine incorrectly
occludesthe outer lip of the cover (a–c). Insteadif we
split thecover into two fragmentsandthenlayer thetur-
binebetweenthemwe canproducetheproperocclusion
relationship(d–f).

signingdepthvaluesto eachpiecein thediagram.Finally,
thediagramcanbeannotatedwith labelsandguidelines.
The remainderof this sectionoutlinesthe stagesof this
pipelinein greaterdetail.

3.1 Diagram representation

A diagramin our systemconsistsof parts and stacks.
Eachpartincludesanimageof its correspondingcompo-
nent,aswell asan alphamaskthatde�nes its bounding
silhouette.To achieve the correctimpressionof relative
depthbetweenthe variousportionsof the object, parts
arealsoassigneddepthvaluesthat determinehow they
arelayered. Whentwo or morepartsinterlocksuchthat
they cannotbecorrectlyrenderedusingthe“painter'sal-

gorithm,” [12] it is insuf�cient to assigna single depth
valueto eachpart(Figure3). To solve thisproblem,parts
canbe divided into fragments. By specifyingthe appro-
priatedepthvaluefor eachfragment,we canachieve the
correctocclusionrelationshipbetweenpartsthatoverlap
in complex ways.

To enablepartsto expandand collapsedynamically,
they areorganizedinto stacksthat de�ne how the parts
are allowed to move in relation to one another. More
precisely, a stack is an orderedsequenceof parts that
sharethe sameexplosionaxis (as de�ned by Agrawala
etal. [1]). Theexplosionaxisis avectorthatspeci�esthe
line alongwhich stackpartscanmove. We refer to the
�rst partin astackasits root. In ourdiagramsweenforce
therestrictionthateachpartcanbeanon-rootmemberof
only onestack.However, thesamepartcanbetherootfor
any numberof stacks.Thus,acollectionof stacksalways
formsa tree,asshown in Figure4.

For eachof its constituentparts,a stackstoresthree
parameters.The initial positionspeci�es the positionof
apartin its fully collapsedstatewith respectto its prede-
cessor, thecurrentoffsetkeepstrackof thepart's current
displacementfrom its initial position,andthe maximum
offset indicateshow far a part canpossiblymove away
from the precedingpart in the stack.Given thesestack
parameters,thepositionof eachpartdependsonly on the
positionof its predecessor.

3.2 Creatingparts
To help the usersegmenta singlestatic illustration into
parts,the authoringsystemincludesan Intelligent Scis-
sors(I-Scissors)tool [17] that makes it easyto cut out
the individual componentsof the depictedobject. The
usersimply loadsthe input imageinto the interfaceand
thenoversketchesthe appropriatepart boundariesusing
I-scissors.In somecases,acomponentthatis partiallyoc-
cludedin theinput illustrationmight have holesin it that



Figure4: Thestackhierarchyfor themastercylinder. The
arrows indicatethe orderingof partswithin eachstack.
Thestackparametersconsistof theinitial positionof each
partwith respectto its predecessorandthemaximumoff-
set, which is the furthestdistancea part canmove with
respectto its predecessor(inset).

needto be �lled. This caneitherbe donemanuallyus-
ing AdobePhotoshop,or via automatichole-�lling tech-
niques[4, 9]2.

3.3 Creatingstacks
After thepartshave beencreated,they canbeorganized
into stacksvia a simple, sketch-basedinteraction(Fig-
ure5).To createanew stack,theuserconnectstheappro-
priatesetof partsby drawing a free-formstroke. These
componentsare then organizedinto a stack,preserving
thepartorderde�ned by thestroke.Thesystemassumes
that the speci�ed parts are currently in their fully ex-
plodedcon�guration and then infers an explosionaxis,
initial positions,andmaximumoffsetsfor thenew stack
thatareconsistentwith this layout.

To determinethe explosionaxis, the systemconnects
theboundingbox centersof the �rst andlaststackcom-
ponentswith a straightline. The initial positionfor each
part is setby default to be a small offset from its prede-
cessoralongtheexplosionaxis.Sincethepartsstartout
in their fully explodedlayout, thesystemsetsthe maxi-
mumoffsetfor eachpartto bethedistancefrom thepart's
initial positionto its current,fully explodedposition.

The user can manually tweak the stack parameters
once the new stack is createdvia a numberof simple
direct-manipulationoperations.To modify theexplosion
axis,theuserdragsoutaline anchoredat thestack's root,
andthenadjuststhis vectorto thedesireddirection.The

2Currently, oursystemdoesnot includeautomatichole-�lling tools.

Figure5: Usersdraw afree-formstroke to organizeaset
of partsinto a stack(left). The stroke directly indicates
theorderof thepartsin thestackaswell astheexplosion
axis(middle).Userscaninteractivelyadjusttheexplosion
axisif necessary(right).

stack'saxisupdatesinteractively duringthisoperationso
that the user can easily seehow the parts line up. To
changea part's initial positionandmaximumoffset, the
userswitchesto a “stack manipulation”mode,andthen
dragsthecomponentto its appropriatefully collapsedand
expandedpositions.

3.4 Layering

After all of thestackshave beencreated,partsarefrag-
mentedif necessaryand then layered to producethe
correctimpressionof relative depthbetweenthem.The
usercan manuallypartition a part into fragmentswith
I-Scissors,and then explicitly assigna depth value to
eachpart or fragmentin the diagram.However, for ob-
jectswith morethanafew components,this typeof man-
ual layer speci�cationcanbe tedious.To reducetheau-
thoringburden,oursystemprovidessemi-automaticfrag-
mentationanddepthassignmenttoolsthatcanbeusedfor
a largeclassof interlockingparts.

Semi-automaticfragmentation

Typically whentwo partsinterlock, onecomponent�ts
roughly insidetheother(e.g.,thetwo partsin Figure3).
In this case,thecorrectlayeringcanusuallybeachieved
by splitting theouterpart into front andbackfragments,
andthenlayeringtheinnerpartto passbetweenthem.To
fragmentthe outerpart, the useroversketches(with the
help of I-Scissors)the closedboundaryof the cavity or
openingthat enclosesthe inner piece.As shown in Fig-
ure 6, we refer to the 3D boundaryof the cavity asB .
Thecurve that theuserdraws,C, is B 's projectiononto
the imageplane.Given C, the systemcomputesthe oc-
cluding portion of this curve, CO , wherethe inner part
passesbehindtheouterpart,andthenusesit to dividethe
enclosingcomponentinto two fragments.
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Figure 6: A 3D point p that passesthroughthe open-
ing de�ned by B while traveling in theexplosiondirec-
tion r (left top).Sincethefragmentationassumptionsare
satis�ed,thesystemcomputesthecorrectfront andback
fragments(left bottom).In the samesceneviewed from
above, we canclearly seethat p passesin front of B at
C1 andbehindB at C2 (right).

The systemextractsCO by determining,for any 3D
point p that goesthroughthe opening,wherep passes
behindB (i.e., out of theviewer's sight).Sincepartsare
constrainedto movewithin theirstacks,weconsideronly
pointsthatgo throughtheopeningwhile traveling in the
explosiondirectionr (Figure6).Thesystemassumesthat
C doesnot self-intersect,andthatany line parallelto the
explosionaxisintersectsC nomorethantwice(Figure7).
Given theserestrictionson the shapeof C andignoring
thetangentcases,theprojectionof r ontotheimageplane
will intersectC exactly twice (at C1 andC2). Let C1 be
the�rst intersectionpoint aswe follow r away from the
viewer, asshown in Figure6. By default,we assumethat
p passesin front of B at C1 andbehindB at C2, which
correspondsto the commoncasein which p entersthe
openingde�ned by B asit movesawayfrom theviewer.

Giventhisassumption,Figure8 depictsthebasicsteps
for computingCO . The usermustspecifywhich endof
theexplosionaxispointsaway from theviewer. We con-

Figure7: Thecavity depictedon the left meetsour con-
straintson theshapeof C becausea vectorin theexplo-
siondirectionintersectstheredcurveat mosttwice.The
cavity on the right doesnot satisfyour assumptionsbe-
causethebottomvectorintersectsthe redcurve in more
thantwo places.

sider the pathof every point that passesthroughB , by
castinga ray from every pixel on C in theexplosiondi-
rection.If therayintersectsC again,weaddthepixelcor-
respondingto this secondintersectionpoint to CO . Once
wearedoneprocessingthecurve,weextrudeCO by ras-
terizinga line of pixels(usingBresenham'salgorithm)in
the explosiondirection,startingfrom eachpixel on the
boundary. Every pixel thatwe encounteris addedto the
part's front fragment,andall remainingpixelscomprise
thebackfragment.We stoptheextrusiononcewe reach
theboundaryof theimage.

Notethatour assumptionsproducecorrectfragmenta-
tions for a whole classof enclosingcavities of different
shapesandorientations.Speci�cally, theassumptionsdo
not restrictB to lie in aplanethatis orthogonalto theex-
plosiondirection.For example,thenotchedobjectshown
in Figure9 containsa cavity with a non-planaropening.
In this situation,the systemis able to computethe cor-
rect fragmentationbecauseall of the assumptionshold.
Of course,therearesituationsthat violate oneor more
of our assumptions.In Figure10,B is orientedsuchthat
p emergesfrom behindC1 andpassesin front of C2. In
this case,the usercantell the systemto invert the frag-
mentationalgorithmby reversingtheexplosiondirection.

(a) (b) (c) (d) (e) (f)

Figure8: Semi-automaticfragmentationof thebottomcover. Theusersketchestheboundaryof thecavity C (a).The
systemcastsa ray from eachpixel on thecurve in thedirectionof theexplosionaxispointingaway from theviewer
(b). For all raysthat intersectC twice, thesecondpoint of intersectionis addedto theoccludingportionof thecurve
CO (c). ThesystemextrudesCO alongtheexplosionaxis(d).All pixelslying within theextrudedregionareclassi�ed
asthefront fragmentandtheremainingpixelsareclassi�edasthebackfragment(e).Thesystemcannow setthedepth
valueof theturbineto lie betweenthedepthvaluesof thefront andbackfragmentsto producethecorrectocclusion
relationship(f).
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Figure9: A cavity with a non-planaropening.Theopen-
ing de�ned by B hasa notch in it that causesB to be
non-planar(left top). However, thesystemis still ableto
computethe correct layering shown here(left bottom).
As long as p always passesin front of B at C1 for all
pairsof intersectionpointsC1 andC2, thefragmentation
algorithmobtainsthecorrectresult.

This invertedcomputationobtainsthecorrectfragmenta-
tion result.In practice,however, we have found our de-
fault fragmentationassumptionsto be valid for a large
classof interlockingparts.

Semi-automaticdepth assignment
Onceall of the appropriatepartshave beenfragmented,
the usercanaskthe systemto infer part layers.We use
a simplesetof heuristicsto computea plausiblelayering
for a diagram.For non-interlockingpartswithin a stack,
we assumethat their depthvaluesareeitherstrictly in-
creasingor decreasingwhenwe considerthemin stack-
ing order. For interlockingparts,we assumethat the in-
ner part must be layeredbetweenthe outer part's front
andbackfragments.To computea layering,the system
�rst inferswhich partsinterlock andthendeterminesan
assignmentof depthvaluesthatsatis�estheserules.

To determinewhethertwo partsinterlock,we checkif
the cross-sectionof onepart (with respectto the explo-
sion direction) �ts within the cross-sectionof the curve
that de�nes the cavity opening(if there is one) in the
otherpart.If so,thenthesystemassumesthatthe�rst part
�ts inside the second.Otherwise,the partsareassumed
not to interlock. Although this heuristicworks in many
cases,therearesituationsin which it will fail, asshown
in Figure11. To handlethesecases,the usercanmanu-
ally fragmenta partsothat thecross-sectionassumption
holdsfor thefragmentthatactually�ts into theenclosing
component.

In general,non-adjacentpartsin thestackcanoverlap,
suchasin Figure12.As aresult,wecannotsimplypropa-
gatedepthvaluesoutwardsfrom theroot in asinglepass.
Instead,wecastdepthassignmentasaconstraintsatisfac-
tion problem.For any two non-interlockingpartsin the
samestack,weaddaconstraintthatthepartcloserto the
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Figure10: In this case,B is orientedsuchthat the frag-
mentationassumptionsdonothold(left top).Withoutany
userintervention,thesystemcomputesanincorrectfrag-
mentation(left bottom).This top-down view of thescene
clearly illustratesthatB is in front of r at C1(right). To
obtain the correctresult, the usercantell the systemto
invert thefragmentationcomputation.

nearendof thestackbelayeredin front of theother. For
two partsthat do interlock,we adda constraintthat the
inner part be layeredin front of the back fragmentand
behindthe front fragmentof the outerpart. If the inter-
locking relationshipsareconsistent,wesolve this system
of inequalityconstraintsusing local constraintpropaga-
tion techniques[6]. Otherwise,the constraintsolver in-
formstheuserof theinconsistency.

Onefeatureof ourauthoringframework is thatit grace-
fully handlescasesin which oneor moreof our assump-
tions are violated. Since the systemis organizedas a
collectionof semi-automatictools, it doesnot force the

Figure11: A failurecasefor thecross-sectionheuristic
that testswhetheror not two partsinterlock.The cross-
sectionof thepushrodshownin reddoesnot�t within the
cross-sectionof the hole in the dustboot shown in blue
(left). In generalthe heuristicfails when the inner part
containsa bulbousendthatdoesnot �t within the outer
part.We canresolve this caseby manuallyfragmenting
the pushrod (right). Now the cross-sectionof the thin
stemof therod �ts within thecross-sectionof theholein
thedustboot(inset).



Figure12: Multiple partsin a stackcaninterlock.Here
all threehighlightedparts interlock with the hole. Our
semi-automaticdepth assignmentalgorithm usescon-
straintpropagationto automaticallychoosedepthvalues
for all of thesepartssothatthey areproperlylayeredbe-
tweenthefront andbackfragmentsof thehole.

userto chooseeithera fully automaticprocessor a com-
pletely manualinteraction.Instead,the systemcan �u-
idly acceptmanualguidanceat any stagein the author-
ing process.For instance,if thesystemis unableto �nd
the properfragmentsbecauseone of the fragmentation
assumptionsis invalid, the usercan manuallydivide a
partinto front andbackpiecesandthenusetheautomatic
depthassignmenttool to infer a layering.Similarly, if the
systemguessesincorrectly whetheror not two parts�t
together, the usercan �rst explicitly specify the correct
interlockingrelationshipandthenusethe system's con-
straintsolver to assigndepthvalues.

3.5 Adding annotations

As anoptional�nal step,theusercanannotateindividual
partswith labelsandaddguidelinesthat indicateexplic-
itly how partsmove in relationto oneanother. For each
part that requiresa label,theuserspeci�estheappropri-
atelabeltext. To indicatewherea labelshouldbeplaced,
theuserclicks to setananchorpoint (typically onor near
thepartbeinglabelled),andthendragsthelabelto thede-
siredposition(Figure13).Whenthediagramis laid out,
thesystemkeepstheoffsetbetweenthe labelandits an-
chorconstantsothatthelabelmovesrigidly with its cor-
respondingpart.To make theassociationbetweena part
andits labelexplicit, we rendera line from thecenterof
thelabelto its anchorpoint.To createaguideline,theuser
selectstwo partsandthendragsout a line that connects
themin thedesiredfashion.Eachendpointof the line is
treatedasananchorthatsticksto its correspondingpart.
As aresult,theguidelineadaptsappropriatelyastheparts
move.By default,guidelinesarerenderedasdottedlines.

4 Viewing

To displaydynamicexplodedview illustrations,we have
developedsoftwarethat supportsa numberof useful in-
teractionsto help the humanviewer extract information
from thediagram.

X

Figure13:To positionalabel,theuserclicksto setanan-
chorpoint (left). By default, thesystemcentersthe label
on theanchor(middle).Theuserthendragsthe label to
thedesiredposition(right).

4.1 Layout
To lay out the partsin a diagram,we againusea local
propagationalgorithm [6] that works by traversingthe
stackhierarchyin topologicalorder, successively com-
puting and updatingthe position of eachpart basedon
its predecessorandcurrentoffset.Although local propa-
gationcannothandlecycles,this is not an issuebecause
our stackhierarchiesform a tree,asmentionedin Sec-
tion 3.1.Onceall partpositionshavebeencalculated,the
systemrenderseachpartandits fragmentsat their speci-
�ed depths.Theusercanalsoenablelabelandguideline
renderingin theviewing interfaceto displayannotations.
To preventvisual clutter, the systemonly renderslabels
and guidelineswhoseanchorpoints are unoccludedby
otherparts.

4.2 Animated expand/collapse
Theviewing programsupportsa simplebut usefulinter-
action that allows the viewer to expandor collapsethe
entirediagramwith theclick of a button.To producethe
desiredanimation,the systemsmoothlyinterpolatesthe
currentoffsetof eachparteitherto its fully expandedor
fully collapsedstate,dependingon which animationthe
userselects.

4.3 Dir ectmanipulation
To enablethe humanviewer to focus on the interac-
tions andspatialrelationshipsbetweena speci�c setof
partswithout seeingall of anobject's componentsin ex-
ploded form, our systemallows the user to selectively
expand and collapseportions of the diagramvia con-
straineddirect manipulation.After selectinga compo-
nent,theviewercaninteractivelymodify its currentoffset
by draggingthepartoutwardsor inwardswithin its stack.
Themanipulationis constrainedbecausea partcanonly
move alongits explosionaxis,no matterwheretheuser
drags.

Whentheuserinitiatesthis interaction,thesystem�rst
recordswherethe selectedpart is grabbed,asshown in
Figure14. As theuserdrags,we computetheprojection



Figure14: Theuserclicks anddragsto directly expand
thestack.Thesystemprojectstheinitial click point onto
theexplosionaxis(left). As theuserdrags,thetip of the
cursoris projectedonto the explosionaxis,andthe cur-
rent offset of the part is adjustedso that it lies on the
projectedpoint (right).

of thecurrentmouselocationontotheexplosionaxis.The
systemthen setsthe currentoffset of the selectedpart
suchthat thegrabbedpoint slidestowardsthis projected
point. If the userdragsa part beyond its fully collapsed
or expandedstate,thesystemtries to modify thecurrent
offsetsof the predecessorpartsto accommodatethe in-
teraction.Weconsidereachpredecessorin orderuntil we
get to the root, so that a part will only move if all of its
descendants(up to the manipulatedcomponent)are ei-
therfully collapsedor expanded.Thus,theusercaneffec-
tively pusha setof partstogetheror pull themapartone
by one.Threeframesof interactive draggingareshown
in Figure1.

4.4 Part search
In somecases,theviewer maywant to locatea part that
is hiddenfrom view whenthe object is in its fully col-
lapsedstate.Insteadof expandingtheentirediagramand
then searchingvisually for the componentin question,
oursystemallows theuserto searchfor apartby looking
up its nameor picture in a list of all the object's com-
ponents(Figure15). The viewing softwareexpandsthe
objectto revealtherequestedpartaswell asthepartsim-
mediatelysurroundingit in thestackin orderto provide
theappropriatecontext.

5 Results

Wehavealreadypresentedexamplediagramsof amaster
cylinder (Figure1), a converter(Figure2), anda phone
(Figure15) thatwerecreatedusingour system.Another
exampledepictinga car (Figure 16) demonstrateshow
our image-basedframework caneasilysupportarbitrary
renderingstyles.In this case,the car is renderedusing
markers.

Not surprisingly, we found that the time requiredto
authora diagramdependson thenumberof partsin the
object.The car andconverterobjectscontainjust a few
parts,andasaresult,eachof thoseexamplestookapprox-

Figure15: Visuallysearchingfor aparticularpartcanbe
dif�cult if theobjectcontainslotsof parts(left). Herethe
viewer �nally �nds andselectsthespeaker for closerex-
amination.In its fully collapsedstate,thediagramis less
cluttered,but it is impossibleto seeinternalparts(right
top). We provide analternative searchdialogthatallows
viewers to searchfor any part by nameor by picture.
Here,the viewing softwareexpandsthe phoneto reveal
thespeakeraswell asthepartsimmediatelysurrounding
it (right bottom).

imately� veminutesto create.For themastercylinderand
phone,we spentroughly �fteen minutessegmentingthe
original diagramsinto parts.Although bothof theseob-
jectscontainmany partsthat interlock in complex ways,
we manuallyfragmentedonly two partsfor the master
cylinder andeightpartsfor thephone,six of which were
screws. In bothcases,we usedsemi-automaticfragmen-
tationto resolvetherestof theinterlockingrelationships.
Oncewe obtainedthe correct fragmentation,depthas-
signmentwascompletelyautomaticfor themastercylin-
der. For the phonewe had to manuallyassigna depth
value for oneof the fragments.Fragmentationand lay-
eringtook roughlythirty minutesfor themastercylinder
and forty minutesfor the phone.Most of this time was
spentsketchingcavity curvesandprovidingmanualguid-
ancewhennecessary.

Whenviewing theobjects,we foundthedirectmanip-
ulation interfaceto beextremelyeffective for conveying
the spatialrelationshipsbetweencomponents.This was
especiallytruefor themastercylinderandphonebecause
they containmany parts.While the layeringcontributes



Figure16: Interactive car diagramin its fully expanded
(left) andfully collapsedcon�gurations(right).

to theillusion of depth,theactof manipulationitself pro-
ducesa sensationof physicallypushingcomponentsto-
getheror pulling themapartoneby one.Thisdirectinter-
actionclari�es andreinforcesthe relationshipsbetween
parts.Furthermore,wefoundtheability to pull apartspe-
ci�c sectionsof eachillustrationveryusefulfor browsing
a localizedsetof components.In additionto reducingthe
amountof visualclutter, theability to expandselectively
makesit possibleto view a diagramin a small window.
For instance,the staticphoneillustration doesnot �t on
a 1024x768laptopscreenwhenviewedat full resolution
becausetheverticalstackis too tall in its fully exploded
state.However, in our interactivephonediagram,we can
easilyview thephoneon this displayby expandingonly
asubsetof theobject'sparts.

6 Futur ework and conclusion

Therearemany opportunitiesfor futurework in the do-
mainof interactivediagrams.Here,wementionafew that
seemparticularlyinteresting:

Arbitrary explosion paths. To achieve a more com-
pactexplodedview layout,illustratorssometimesarrange
partsusingnon-linearexplosionpathsthatareoftenindi-
catedwith guidelines.With oursystem'sconstraint-based
layout framework, it would bea relatively simpleexten-
sionto supportarbitrary, user-speci�edexplosionpaths.

Dynamic annotations. Although our systemcurrently
supportslabelsand guidelines,the way in which these
annotationsarelaid out(i.e.,asconstantoffsetsfrom spe-
ci�c parts)is not very sophisticated.Themainchallenge
hereis determininghow to arrangethismeta-information
dynamicallyto take into accountthechanginglayoutof
aninteractivediagram.

Emphasis. It might be useful to provide diagramau-
thors with image-basedtools for emphasizingand de-
emphasizingparticularpartsof thedepictedobject.These
toolsmight be somethinglike intelligent �lters that take
into accountthe perceptualeffect of performingpartic-
ular imagetransformations.Emphasisoperationscould
alsobeusedat displaytime to highlight importantparts.

Semanticzooming [3]. For extremely complicatedob-
jects, it could be useful to introducemultiple levels of
detailthatwouldallow theviewer to interactively control
how muchinformationispresentedfor particularportions
of thesubjectmatter.

Depth cues.We have noticedthat interactive diagrams
createdfrom2D imagescansometimeshavea“�attened”
appearancewherelayersoverlap.It might bepossibleto
automaticallyrendersimpledepthcues(e.g.,dropshad-
ows) whenviewing thediagramto clarify thespatialre-
lationshipsbetweentheselayers.

Explodedviews arecrucial for explainingthe internal
structureof complicatedobjects.Interactive digital dia-
gramsare especiallyimportantbecausethey allow the
viewer to extract speci�c information from an illustra-
tion by dynamically modifying the way in which the
subjectmatter is presented.In this paper, we have de-
scribeda novel framework for creatingandviewing in-
teractive explodedview diagramsusingstaticimagesas
input. Speci�cally, we presenteda setof authoringtools
thatfacilitatesthetaskof creatingsuchdiagrams,andwe
describeda viewing programthat enablesusersto bet-
terunderstandspatialrelationshipsbetweenpartsandthe
overall structureof theobject.
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