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Figure1: A static2D explodedview diagramof a mastercylinder (left). We constructan interactie versionof the
diagramusingour system.Thesehreeframesshav the userinteractizely expandinga portionof the objectto examine

it in moredetail(right).

Abstract
We presenta systemfor creatinginteractve exploded
view diagramsusing 2D imagesas input. This image-
basedapproachenablesus to directly supportarbitrary
renderingstyles, eliminatesthe need for building 3D
models,and allows us to leveragethe abundanceof ex-
isting staticdiagramsof complex objects We have devel-
opeda setof semi-automati@uthoringtools for quickly
creatinglayereddiagramsthat allow the userto spec-
ify how the partsof an objectexpand,collapse,andoc-
cludeoneanotherWe alsopresent viewing systenthat
letsusersdynamically Iter theinformationpresentedn
thediagramby directly expandingandcollapsingthe ex-
plodedview and searchingor individual parts.Our re-
sults demonstratehat a simple 2.5D diagramrepresen-
tationis powerful enoughto enablea usefulsetof inter
actionsandthat, with theright authoringtools, effective
interactve diagramsin this format can be createdfrom
existing staticillustrationswith a smallamountof effort.
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1 Intr oduction

Diagramsare essentiafor communicatinghhe structure
of complex 3D objectsthat are composedf mary sub-
parts,suchasmechanicahssembliesarchitecturakenvi-
ronmentsandbiologicalorganisms[5, 8, 15, 19, 25, 26].
To elucidatethe compositestructureof suchobjects,il-
lustratorscommonly use diagrammaticdechniquessuch
asexplodedviews andcutavaysthatreduceor eliminate

occlusionandexposeinternalparts.In this work, we fo-
cus on explodedview diagrams,which simultaneously
corvey theglobalstructureof thedepictedobject,the de-
tails of individualcomponentsandthelocalrelationships
amongthem.

However, becausexplodedviewsareusuallydesigned
asstaticillustrationsfor print publicationsthey oftensuf-
fer from two importantdravbacks:

Ambiguousspatial relationships.A staticdiagram
canonly shov a x edsetof spatialrelationshipse-
tweenparts.For comple objectsjt maynotbeclear
from a staticexplodedview how all theparts t to-
getherinteractwith, andconstrainoneanother

Visual clutter. Staticdiagramsare usuallydesigned
to includeall theinformationthe viewer mightneed
aboutthe object.As aresult,they areoftenvisually
cluttered,makingit dif cult to extract specic in-
formationabouta particularpart or subsetof parts
without carefully perusingthe entireillustration.

In contrast,explodedview diagramsviewed through
a computercan alleviate both of theseproblemsby al-
lowing viewersto interactvely manipulatethe partsand
therebydynamically Iter the information presentedn
the diagram.For example,a viewer might interactvely
expandand collapseonly the wheel assemblyof a car
diagramto betterunderstandhow the partsof thatassem-
bly interactwith oneanotherOn the otherhand,a static,
general-purposear diagramwould have to shav all of
thepartsin anexplodedstatemakingit dif cult to focus
on thewheelassemblyln generalwe believe thatinter



active diagramscan be far more cleat informative, and
compellingthantheir staticcounterparts.

In this paper we presenta novel frameawork for cre-
atingandviewing interactve explodedview diagramsof
complex mechanicahssembliesAs anexample Figurel
shavs a dynamicillustration thatwas authoredandren-
deredusingour systemRatherthanusing3D modelsas
input, our approachs to constructdynamicillustrations
from 2D imagesresultingin alayered?2.5Ddiagramrep-
resentationAlthoughthelack of explicit 3D information
putssomelimits ontheviewing experiencde.g.,we can-
not directly supportarbitrarychangesn viewpoint), this
image-basedtrateyy hasseveralkey bene ts:it malesit
easyto supportarbitrary renderingstyles (we just have
to nd or createpicturesof eachpartof the objectin the
desiredstyle);it obviatesthe needfor 3D models,which
arein generaimuchmoredif cult to acquireor build than
images;and, nally, using2D imagesallows usto lever
agetheahundanceof existing staticexplodedviews com-
monlyfoundin textbooks repairmanualsandotheredu-
cationalmaterial As aresult,we believe ourimage-based
approachmalesit possibleto createeffective interactve
diagramgar moreeasilythanwith a 3D method.

The contributionsof our work fall into two categories:

Semi-automaticauthoring tools. The primary challenge
in turning a 2D imageinto aninteractive explodedview

diagramis specifyinghow partsinteractwith oneanother
We provide a suiteof semi-automatitoolsfor constrain-
ing the motion of partsasthey expandandcollapseand
for layering partsso that they properly occludeone an-

otherasthey move. Our toolsallow usersto quickly cre-

ate compellinginteractive diagramsvia simple, sketch-
basednteractions.

Interactive viewing interface. To help viewers dynam-
ically Iter the informationpresentedn a diagram,we
provide a viewing systemthatsupportsa numberof use-
ful interactionsSpeci cally, ourinterfaceallowstheuser
to directly expandand collapsethe explodedview, and
searchfor individual parts.In our experience thesein-
teractionshelptheviewer understandhe spatialrelation-
shipsbetweerpartsandtheoverallstructureof theobject.

2 Relatedwork

Ourwork builds ontwo mainareasof computergraphics
researchautomatediesignof technicalillustrations,and
2.5D layerbaseddiagramrepresentationse consider
relatedwork in eachof theseareas.

Automateddesignof technical illustrations. A number
of researchersave investigatedhe problemof automati-
cally generatingexplanatorytechnicalillustrationsof 3D

objects.Seligmannand Feiner[23] and Rist et al. [21]

focus on generatinga set of imagesto showv the loca-
tion or physicalpropertiesof a particular part within a
3D object.Butz [7] extendsthesetechniqueso automati-
cally generatanillustrative animationratherthanasetof

images.Whereaghesesystemsareaimedat completely
automatingall designdecisionsandtherebyeliminating
the needfor a humandesignerour work providessemi-
automatichigh-level interactive designtools that enable
humandesignerdo quickly producethe desiredillustra-

tion. In addition,the previoussystemslo not producein-

teractve illustrationsthatallow usersto directly manip-
ulate the partsof the diagram.Several groupshave also
exploredtechniquedor generatingexplodedviews that
revealthe completestructureof complex mechanicahs-
semblies[1, 10, 16, 20], architecturaknvironmentq18],

andanatomy[14, 22]. However, all of thesesystemgely

oncomplete3D representationsf theobject,whereasve

use2D imagesasinput.

2.5D layer-baseddiagram representationsOne of the
mainfeaturesof ourimage-basedpproachis a2.5Drep-
resentatiorfor interactve diagramsthat consistsof lay-

ers of images.To facilitate the creationof diagramsin

this format,we provide a setof 2.5D authoringtools. Al-

thoughlayerbasedrepresentationare not new in com-
puter graphics[11, 13, 24], mostof this previous work
on 2.5D authoringhasfocusedprimarily on creatinglay-

eredanimationsRecently BarettandCheng introduced
toolsfor selectingbending,andevendeletingentire ob-
jectsratherthanpixelsin digital photograph$2]. In con-
trastto thesegeneral-purpossystemswe focuson the
speci ¢ authoringissuesinvolvedin creatinginteractve
image-baseéxplodedview diagrams.

3 Authoring

Several steps are involved in creating an interactve
image-basediagram(Figure2). As input,our systenmac-
ceptseitherasingleimageof anobjectwith all of its con-
stituentpiecesvisible (i.e.,in afully explodedstate),ora
setof imagespneperpiece. We assumehattheobjectis
renderediusinganorthographigrojection asis typicalin
technicalillustrations.. In the casewherea singleimage
is usedasinput, the staticdiagramis rst sggmentednto
parts correspondingo the constituentpiecesof the de-
pictedobject.Next, thesepartsareorganizedinto staks
thatde ne how partsmove relative to oneanotherasthe
objectis expandedandcollapsedThe partsarethenlay-
eredto producethe correctocclusionrelationshipsbe-
tweenthem. As we show later, this layering step often
involvesbreakingpartsinto smallerfragmentsbeforeas-

lwith perspectie projections,partsmay not t togetherproperly
whenthe explodedview is collapsed.
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Figure2: The o wchartfor convertinga static2D explodedview diagraminto aninteractve diagram.We segmentthe
input diagraminto parts,organizethe partsinto stacksbreakthe partsinto fragmentsjayerthe partsandfragments
sothatthey properlyoccludeoneanotherand nally , adddesiredannotationssuchaslabelsandguidelines.

(@) (b) ()

(d) (e) (f)

Figure3: The occlusionrelationshipbetweerthe turbine
(on top) andthe bottom cover of the catalytic corverter
shawvn in Figure 2. If the turbine and bottom cover are
eachgiven a single depthvalue, the turbine incorrectly
occludesthe outer lip of the cover (a—c). Insteadif we
split the cover into two fragmentsandthenlayerthe tur-

bine betweerthemwe canproducethe properocclusion
relationship(d—f).

signingdepthvaluesto eachpiecein thediagram Finally,

thediagramcanbe annotatedvith labelsandguidelines.
The remainderof this sectionoutlinesthe stagesof this

pipelinein greaterdetail.

3.1 Diagram representation

A diagramin our systemconsistsof parts and stacks.
Eachpartincludesanimageof its correspondingompo-
nent,aswell asan alphamaskthatde nesits bounding
silhouette.To achieve the correctimpressionof relative
depthbetweenthe various portions of the object, parts
are also assigneddepthvaluesthat determinehow they

arelayered. Whentwo or morepartsinterlocksuchthat
they cannotbe correctlyrenderedisingthe “painter's al-

gorithm} [12] it is insufcient to assigna single depth
valueto eachpart(Figure3). To solwve this problem,parts
canbe divided into fragments By specifyingthe appro-
priatedepthvaluefor eachfragmentwe canachieve the
correctocclusionrelationshipbetweerpartsthat overlap
in complex ways.

To enablepartsto expandand collapsedynamically
they are organizedinto stacksthat de ne how the parts
are allowed to move in relation to one another More
precisely a stackis an orderedsequenceof partsthat
sharethe sameexplosionaxis (asde ned by Agrawala
etal.[1]). Theexplosionaxisis avectorthatspeci esthe
line alongwhich stack partscanmove. We refer to the
rst partin astackasits root. In ourdiagramswve enforce
therestrictionthateachpartcanbe anon-rootmembetrof
only onestack.However, thesamepartcanbetherootfor
ary numberof stacks Thus,acollectionof stacksalways
formsatree,asshovn in Figure4.

For eachof its constituentparts,a stack storesthree
parametersThe initial positionspeci esthe position of
apartin its fully collapsedstatewith respecto its prede-
cessorthe currentoffsetkeepstrack of the part's current
displacemenfrom its initial position,andthe maximum
offsetindicateshow far a part can possiblymove away
from the precedingpartin the stack.Given thesestack
parameterghe positionof eachpartdepend®nly onthe
positionof its predecessor

3.2 Creatingparts

To help the usersggmenta single staticillustration into
parts,the authoringsystemincludesan Intelligent Scis-
sors(I-Scissors)tool [17] that makesit easyto cut out
the individual componentof the depictedobject. The
usersimply loadsthe input imageinto the interfaceand
thenoversletchesthe appropriatepart boundariesusing
I-scissorsIn somecasesacomponenthatis partially oc-
cludedin theinputillustrationmight have holesin it that



Figure4: Thestackhierarchyfor themastercylinder. The
arrows indicatethe ordering of partswithin eachstack.
Thestackparametersonsisiof theinitial positionof each
partwith respecto its predecessandthemaximumoff-
set which is the furthestdistancea part can move with
respecto its predecessdlinset).

needto be lled. This caneitherbe donemanuallyus-
ing AdobePhotoshopor via automatichole- lling tech-
niques[4, 9]°.

3.3 Creatingstacks

After the partshave beencreatedthey canbe organized
into stacksvia a simple, sketch-basednteraction(Fig-
ureb). To createanew stack theuserconnectsheappro-
priate setof partsby drawving a free-formstroke. These
componentsare then organizedinto a stack, preserving
the partorderde ned by the stroke. The systemassumes
that the speci ed parts are currently in their fully ex-
plodedcon guration and then infers an explosion axis,
initial positions,andmaximumoffsetsfor the new stack
thatareconsistentvith this layout.

To determinethe explosionaxis, the systemconnects
theboundingbox centersof the rst andlaststackcom-
ponentswith a straightline. Theinitial positionfor each
partis setby default to be a small offsetfrom its prede-
cessoralongthe explosionaxis. Sincethe partsstartout
in their fully explodedlayout, the systemsetsthe maxi-
mumoffsetfor eachpartto bethedistancdrom thepart's
initial positionto its current,fully explodedposition.

The user can manually tweak the stack parameters
oncethe new stackis createdvia a numberof simple
direct-manipulatioroperationsTo modify the explosion
axis,theuserdragsoutaline anchoredatthestacksroot,
andthenadjuststhis vectorto the desireddirection.The

2Currently our systermdoesnotincludeautomatichole- lling tools.

Figure5: Usersdraw afree-formstroke to organizea set
of partsinto a stack(left). The stroke directly indicates
the orderof the partsin the stackaswell asthe explosion
axis(middle).Userscaninteractively adjusttheexplosion
axisif necessaryright).

stacks axisupdatesnteractiely duringthis operationso
that the user can easily seehow the partsline up. To
changea part's initial positionand maximumoffset,the
userswitchesto a “stack manipulation’mode,andthen
dragsthecomponentoits appropriatdully collapsedand
expandedositions.

3.4 Layering

After all of the stackshave beencreated partsare frag-
mentedif necessaryand then layeredto producethe
correctimpressionof relative depthbetweenthem. The
user can manually partition a part into fragmentswith
I-Scissors,and then explicitly assigna depth value to
eachpart or fragmentin the diagram.However, for ob-
jectswith morethanafew componentshistypeof man-
ual layer speci cation canbetedious.To reducethe au-
thoringburden,our systenmprovidessemi-automatifrag-
mentatioranddepthassignmentoolsthatcanbeusedfor
alargeclassof interlockingparts.

Semi-automaticfragmentation

Typically whentwo partsinterlock, one componentts
roughlyinsidethe other(e.qg.,the two partsin Figure3).
In this casethe correctlayeringcanusuallybe achieved
by splitting the outerpartinto front andbackfragments,
andthenlayeringtheinnerpartto passetweerthem.To
fragmentthe outer part, the useroversketches(with the
help of I-Scissors)the closedboundaryof the cavity or
openingthat encloseghe inner piece.As shown in Fig-
ure 6, we refer to the 3D boundaryof the cavity asB.
The curve thatthe userdraws, C, is B's projectiononto
the imageplane.Given C, the systemcomputeghe oc-
cluding portion of this curve, Co, wherethe inner part
passesehindtheouterpart,andthenusest to divide the
enclosingcomponentnto two fragments.



Figure6: A 3D point p that passeghroughthe open-
ing de ned by B while traveling in the explosiondirec-
tionr (left top). Sincethe fragmentatiorassumptionsire
satis ed, the systemcomputeghe correctfront andback
fragmentg(left bottom). In the samesceneviewed from
abore, we canclearly seethatp passesn front of B at
C, andbehindB atC, (right).

The systemextractsCo by determining,for any 3D
point p that goesthroughthe opening,wherep passes
behindB (i.e., outof theviewer's sight). Sincepartsare
constrainedo movewithin their stackswe consideronly
pointsthatgo throughthe openingwhile travelingin the
explosiondirectionr (Figure6). Thesystemassumethat
C doesnot self-intersectandthatary line parallelto the
explosionaxisintersectsC nomorethantwice (Figure7).
Giventheserestrictionson the shapeof C andignoring
thetangentasestheprojectionof r ontotheimageplane
will intersectC exactly twice (at C; andC,). Let C; be
the rst intersectionpoint aswe follow r away from the
viewer, asshavn in Figure6. By default, we assumehat
p passesn front of B at C; andbehindB at C,, which
correspondgo the commoncasein which p entersthe
openingde ned by B asit movesaway from theviewer.

Giventhis assumptionfigure8 depictsthebasicsteps
for computingCo . The usermustspecifywhich end of
the explosionaxis pointsaway from the viewer. We con-

(@) (b) ()

)
(

Figure7: The cavity depictedon the left meetsour con-
straintson the shapeof C because vectorin the explo-
siondirectionintersectghe red curve at mosttwice. The
cavity on the right doesnot satisfy our assumptionde-
causethe bottomvectorintersectghe red curve in more
thantwo places.

siderthe path of every point that passeshroughB, by

castinga ray from every pixel on C in the explosiondi-

rection.If therayintersect<C againwe addthepixel cor

respondingdo this secondntersectiorpointto Co. Once
we aredoneprocessinghe curve, we extrudeCo by ras-
terizingaline of pixels(usingBresenhans algorithm)in

the explosiondirection, startingfrom eachpixel on the
boundary Every pixel thatwe encounteiis addedto the
part's front fragment,andall remainingpixels comprise
the backfragment.We stopthe extrusiononcewe reach
theboundaryof theimage.

Note thatour assumptionproducecorrectfragmenta-
tionsfor a whole classof enclosingcavities of different
shapesandorientationsSpeci cally, theassumptionslo
notrestrictB to lie in aplanethatis orthogonato the ex-
plosiondirection.For example the notchedobjectshavn
in Figure9 containsa cavity with a non-planarmopening.
In this situation,the systemis ableto computethe cor-
rect fragmentatiorbecausell of the assumptionsold.
Of course thereare situationsthat violate one or more
of ourassumptiondn Figurel10, B is orientedsuchthat
p emegesfrom behindC; andpassesn front of C,. In
this case the usercantell the systemto invert the frag-
mentatioralgorithmby reversingthe explosiondirection.

(d) (e) ®

Figure8: Semi-automatiéragmentatiorof the bottomcover. The usersketcheshe boundaryof the cavity C (a). The
systemcastsa ray from eachpixel on the curve in the directionof the explosionaxis pointing avay from the viewer
(b). For all raysthatintersectC twice, the secongboint of intersections addedto the occludingportion of the curve
Co (c). ThesystemextrudesCo alongtheexplosionaxis(d). All pixelslying within theextrudedregion areclassi ed
asthefront fragmentandtheremainingpixelsareclassi edasthebackfragmente). Thesystencannow setthedepth
valueof theturbineto lie betweerthe depthvaluesof the front andbackfragmentso producethe correctocclusion
relationshig(f).
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Figure9: A cavity with a non-planaiopening.The open-
ing de ned by B hasa notchin it that causeB to be

non-planar(left top). However, the systemis still ableto

computethe correctlayering shavn here (left bottom).

As long asp always passesn front of B at C, for all

pairsof intersectiorpointsC, andC,, the fragmentation
algorithmobtainsthe correctresult.

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

Semi-automaticdepth assignment

Onceall of the appropriatepartshave beenfragmented,
the usercanaskthe systemto infer partlayers.We use
asimplesetof heuristicsto computea plausiblelayering
for a diagram.For non-interlockingpartswithin a stack,
we assumehat their depthvaluesare either strictly in-
creasingor decreasingvhenwe considerthemin stack-
ing order For interlocking parts,we assumehatthe in-
ner part must be layeredbetweenthe outer part's front
andback fragments.To computea layering, the system
rst inferswhich partsinterlock andthendeterminesan
assignmenof depthvaluesthatsatis estheserules.

To determinewhethertwo partsinterlock,we checkif
the cross-sectiorf one part (with respectto the explo-
sion direction) ts within the cross-sectiorof the curve
that de nes the cavity opening(if thereis one)in the
otherpart.If so,thenthesystemassumethatthe rst part
ts insidethe second.Otherwise the partsareassumed
not to interlock. Although this heuristicworks in mary
casestherearesituationsin which it will fail, asshavn
in Figure11. To handlethesecasesthe usercanmanu-
ally fragmenta partsothatthe cross-sectiomssumption
holdsfor thefragmentthatactually ts into theenclosing
component.

In generalnon-adjacenpartsin thestackcanoverlap,
suchasin Figurel2.As aresult,we cannotsimply propa-
gatedepthvaluesoutwardsfrom therootin asinglepass.
Insteadwe castdepthassignmendisa constrainsatisfc-
tion problem.For ary two non-interlockingpartsin the
samestack,we adda constrainthatthe partcloserto the

Figure 10: In this caseB is orientedsuchthatthe frag-
mentatiorassumptiondonothold (left top). Withoutary
userintervention,the systemcomputesanincorrectfrag-
mentation(left bottom). This top-dawvn view of thescene
clearly illustratesthatB is in front of r atCy (right). To
obtainthe correctresult, the usercantell the systemto
invertthe fragmentatiorcomputation.

nearendof the stackbe layeredin front of the other For
two partsthat do interlock, we add a constraintthat the
inner part be layeredin front of the back fragmentand
behindthe front fragmentof the outerpart. If the inter-
locking relationshipsareconsistentye solve this system
of inequality constraintsusing local constraintpropaga-
tion techniqueg6]. Otherwise the constraintsolver in-
formstheuserof theinconsisteng.

Onefeatureof ourauthoringframeworkis thatit grace-
fully handlescasesn which oneor moreof ourassump-
tions are violated. Since the systemis organizedas a
collection of semi-automatitools, it doesnot force the

Figure11: A failure casefor the cross-sectiomeuristic
that testswhetheror not two partsinterlock. The cross-
sectionof thepushrodshavnin reddoesnot t within the
cross-sectiorf the hole in the dustboot shavn in blue
(left). In generalthe heuristicfails when the inner part
containsa bulbousendthat doesnot t within the outer
part. We canresohe this caseby manuallyfragmenting
the pushrod (right). Now the cross-sectiorof the thin

stemof therod ts within the cross-sectiowf the holein

the dustboot(inset).



Figure12: Multiple partsin a stackcaninterlock. Here
all three highlighted partsinterlock with the hole. Our
semi-automaticdepth assignmenialgorithm usescon-
Straintpropagatiorto automaticallychoosedepthvalues
for all of thesepartssothatthey areproperlylayeredbe-
tweenthefront andbackfragmentsf the hole.

userto chooseeithera fully automaticprocessor acom-
pletely manualinteraction.Instead,the systemcan u-
idly acceptmanualguidanceat ary stagein the author
ing processFor instancejf the systemis unableto nd
the properfragmentsbecauseone of the fragmentation
assumptiongs invalid, the usercan manually divide a
partinto front andbackpiecesandthenusetheautomatic
depthassignmentool to infer alayering.Similarly, if the
systemguessesncorrectly whetheror not two parts t
together the usercan rst explicitly specifythe correct
interlockingrelationshipandthen usethe systems con-
straintsolver to assigndepthvalues.

3.5 Adding annotations

As anoptional nal step,theusercanannotatendividual
partswith labelsandaddguidelinesthatindicateexplic-
itly how partsmove in relationto one another For each
partthatrequiresa label,the userspeci esthe appropri-
atelabeltext. To indicatewherealabelshouldbeplaced,
theuserclicks to setananchorpoint (typically onor near
thepartbeinglabelled) andthendragsthelabelto thede-
siredposition(Figure 13). Whenthe diagramis laid out,
the systemkeepsthe offsetbetweernthe label andits an-
chorconstansothatthelabelmovesrigidly with its cor
respondingpart. To make the associatiorbetweera part
andits label explicit, we rendera line from the centerof
thelabelto its anchompoint. To createaguideline theuser
selectstwo partsandthendragsout a line that connects
themin the desiredfashion.Eachendpointof theline is
treatedasan anchorthatsticksto its correspondingpart.
As aresult,theguidelineadaptsappropriatelyastheparts
move.By default, guidelinesarerenderedasdottedlines.

4 Viewing

To displaydynamicexplodedview illustrations,we have
developedsoftwarethat supportsa numberof usefulin-
teractionsto help the humanviewer extractinformation
from thediagram.

Figure13: To positionalabel,the userclicks to setanan-
chorpoint (left). By default, the systemcenterghe label
on the anchor(middle). The userthendragsthe labelto
the desiredposition(right).

4.1 Layout

To lay out the partsin a diagram,we againusea local
propagationalgorithm [6] that works by traversingthe
stackhierarchyin topological order successiely com-
puting and updatingthe position of eachpart basedon
its predecessaandcurrentoffset. Althoughlocal propa-
gationcannothandlecycles,this is not anissuebecause
our stackhierarchiesform a tree,as mentionedin Sec-
tion 3.1.Onceall partpositionshave beencalculatedthe
systemrenderseachpartandits fragmentsat their speci-
ed depthsTheusercanalsoenablelabelandguideline
renderingn theviewing interfaceto displayannotations.
To preventvisual clutter, the systemonly renderdabels
and guidelineswhoseanchorpoints are unoccludedby
otherparts.

4.2 Animated expand/collapse

The viewing programsupportsa simplebut usefulinter-
action that allows the viewer to expandor collapsethe
entirediagramwith the click of a button. To producethe
desiredanimation,the systemsmoothlyinterpolateshe
currentoffsetof eachparteitherto its fully expandedor
fully collapsedstate,dependingon which animationthe
userselects.

4.3 Directmanipulation

To enablethe humanviewer to focus on the interac-
tions and spatialrelationshipshetweena speci ¢ set of
partswithout seeingall of anobject's componentsn ex-
plodedform, our systemallows the userto selectvely
expand and collapseportions of the diagramvia con-
straineddirect manipulation.After selectinga compo-
nent,theviewercaninteractively modify its currentoffset
by draggingthe partoutwardsor inwardswithin its stack.
The manipulationis constrainedecause partcanonly
move alongits explosionaxis, no matterwherethe user
drags.
Whentheuserinitiatesthisinteractionthesystemrst

recordswherethe selectedpartis grabbedasshowvn in
Figure14. As the userdrags,we computethe projection
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Figurel14: The userclicks anddragsto directly expand
the stack.The systemprojectstheinitial click point onto
the explosionaxis (left). As the userdrags,thetip of the
cursoris projectedonto the explosionaxis, andthe cur
rent offset of the part is adjustedso that it lies on the
projectedpoint (right).

of thecurrentmousedocationontotheexplosionaxis.The
systemthen setsthe currentoffset of the selectedpart
suchthatthe grabbedpoint slidestowardsthis projected
point. If the userdragsa partbeyondits fully collapsed
or expandedstate the systemtries to modify the current
offsetsof the predecessopartsto accommodaté¢he in-

teractionWe considereachpredecessan orderuntil we

getto the root, sothata partwill only move if all of its

descendantgup to the manipulatedcomponent)are ei-

therfully collapsedrexpandedThus,theusercaneffec-

tively pusha setof partstogetheror pull themapartone
by one. Threeframesof interactive draggingare shovn

in Figurel.

4.4 Part search

In somecasesthe viewer may wantto locatea partthat
is hiddenfrom view whenthe objectis in its fully col-

lapsedstate.Insteadof expandingthe entirediagramand
then searchingvisually for the componentin question,
our systemallows theuserto searchor apartby looking

up its nameor picturein a list of all the object’s com-
ponents(Figure 15). The viewing software expandsthe
objectto revealtherequesteghartaswell asthe partsim-

mediatelysurroundingt in the stackin orderto provide
theappropriatecontext.

5 Results

We have alreadypresente@xamplediagramsf a master
cylinder (Figure 1), a corverter (Figure 2), anda phone
(Figure 15) thatwerecreatedusingour system.Another
exampledepictinga car (Figure 16) demonstratesiow
our image-basedrameavork caneasily supportarbitrary
renderingstyles.In this case,the car is renderedusing
markers.

Not surprisingly we found that the time requiredto
authora diagramdependson the numberof partsin the
object. The car and corverterobjectscontainjust a few
parts,andasaresult,eachof thoseexamplesook approx-

Figurel15: Visually searchindor aparticularpartcanbe
dif cult if the objectcontaindots of parts(left). Herethe
viewer nally nds andselectsghe spealer for closerex-
amination.In its fully collapsedstate thediagramis less
cluttered,but it is impossibleto seeinternal parts(right
top). We provide an alternatye searchdialog that allows
viewers to searchfor ary part by nameor by picture.
Here, the viewing software expandsthe phoneto reveal
the spealer aswell asthe partsimmediatelysurrounding
it (right bottom).

imately veminutegto createForthemasteicylinderand
phone,we spentroughly fteen minutessegmentingthe
original diagramsinto parts.Although both of theseob-
jectscontainmary partsthatinterlockin complex ways,
we manually fragmentedonly two partsfor the master
cylinder andeightpartsfor the phone six of which were
scravs. In both caseswe usedsemi-automatiédragmen-
tationto resol\e therestof theinterlockingrelationships.
Once we obtainedthe correctfragmentationdepthas-
signmentwascompletelyautomaticfor the mastercylin-
der. For the phonewe hadto manually assigna depth
value for one of the fragments Fragmentatiorand lay-
eringtook roughlythirty minutesfor the mastercylinder
andforty minutesfor the phone.Most of this time was
spentsketchingcavity curvesandproviding manualguid-
ancewhennecessary

Whenviewing the objectswe foundthe directmanip-
ulationinterfaceto be extremelyeffective for corveying
the spatialrelationshipshetweencomponentsThis was
especiallytruefor themastercylinderandphonebecause
they containmary parts.While the layering contritutes



Figure 16: Interactie car diagramin its fully expanded
(left) andfully collapsedton gurations(right).

to theillusion of depth theactof manipulationitself pro-
ducesa sensatiorof physically pushingcomponentgo-
getheror pulling themapartoneby one.This directinter
actionclari es andreinforcesthe relationshipshetween
parts.Furthermorewe foundtheability to pull apartspe-
ci ¢ sectionf eachillustrationveryusefulfor browsing
alocalizedsetof componentsin additionto reducingthe
amountof visual clutter, the ability to expandselectvely
makesit possibleto view a diagramin a small window.
For instancethe static phoneillustration doesnot t on
a1024x768aptopscreerwhenviewedat full resolution
becauséhe vertical stackis too tall in its fully exploded
state.However, in our interactve phonediagramwe can
easilyview the phoneon this displayby expandingonly
asubsef the object's parts.

6 Futurework and conclusion

Thereare mary opportunitiesfor future work in the do-
mainof interactve diagramsHere , we mentionafew that
seemparticularlyinteresting:

Arbitrary explosion paths. To achieze a more com-
pactexplodedview layout,illustratorssometimesrrange
partsusingnon-linearexplosionpathsthatareoftenindi-
catedwith guidelinesWith our systems constraint-based
layoutframework, it would be a relatively simple exten-
sionto supportarbitrary userspeci ed explosionpaths.

Dynamic annotations. Although our systemcurrently
supportslabelsand guidelines,the way in which these
annotationgrelaid out(i.e.,asconstanoffsetsfrom spe-
ci ¢ parts)is notvery sophisticatedThe mainchallenge
hereis determininghow to arrangehis meta-information
dynamicallyto take into accountthe changinglayout of
aninteractve diagram.

Emphasis. It might be useful to provide diagram au-
thors with image-basedools for emphasizingand de-
emphasizingarticularpartsof thedepictedbject. These
tools might be somethindik e intelligent Iters thattake
into accountthe perceptuakffect of performingpartic-
ular imagetransformationsEmphasisoperationscould
alsobeusedat displaytime to highlightimportantparts.

Semanticzooming[3]. For extremely complicatedob-
jects, it could be useful to introduce multiple levels of
detailthatwould allow theviewerto interactiely control
how muchinformationis presentedor particularportions
of thesubjectmatter

Depth cues.We have noticedthat interactve diagrams
createdrom 2D imagescansometimehavea* attened”
appearanceherelayersoverlap.lt might be possibleto
automaticallyrendersimple depthcues(e.g.,drop shad-
ows) whenviewing the diagramto clarify the spatialre-
lationshipsbetweerthesdayers.

Explodedviews arecrucial for explainingthe internal
structureof complicatedobjects.Interactve digital dia-
gramsare especiallyimportantbecausehey allow the
viewer to extract speci ¢ information from an illustra-
tion by dynamically modifying the way in which the
subjectmatteris presentedln this paper we have de-
scribeda novel framework for creatingand viewing in-
teractive explodedview diagramsusing staticimagesas
input. Speci cally, we presented setof authoringtools
thatfacilitatesthetaskof creatingsuchdiagramsandwe
describeda viewing programthat enablesusersto bet-
terunderstandpatialrelationshipdbetweerpartsandthe
overall structureof the object.
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