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Abstract

Singleview sketdh-basednodeles like SKETCHand Teddycan be powerfultools, but sometimesheir inferences
are inadequatein Teddy for example if onedrawsan animal shape the centerlineof thetail will alwayslie in
a planeratherthanbeingcurvedin 3D. In thesecasesmultiple-viev sketching seemdike a reasonablesolution:
a single sketcth getsviewedfrom a new direction,in which further sketching modi es the shapein a way that's
consistentvith the original sketch. This paperdescribesa testbedmplementatiorof sud a multi-view sketching
approad, basedon epipolarlines, which is usedfor multi-view editing of the “backbone” lines for genealized
cylinders. Themethodworkswell on manyobjects—particularlythosewhele precisegeometryis notimportant,
but generl shapeand form mustbe richer than thosewith planar symmetry—but is dif cult to usein other
casessomedif culties mayberelatedto implementatiorchoices but we believe that the main problemsare tied
to the underlyingappmoac, which while mathematicallysoundprovesto be cognitively dif cult. We analyzethe
limitations,and suggestappmoacesfor future workin multi-vien sketch-basednodeling
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1. Intr oduction

The sketchingof 3D shapés becominga well-studiedarea,
asevidencedby the existenceof the presenworkshop.For
smoothshapessomeof themostpromisingwork startsfrom
a sketchof the silhouetteof a shapeandguesseshe 3D ge-
ometrythroughonealgorithmicprocessr anotherFor lin-
earforms— curvesin 3-space— onestartswith a projec-
tion of theform into someplaneandtriesto infer 3D shape.
All methodanustaddresshefundamentafactthatmultiple
shapesnay have identicalprojections sono singlesolution
will beright everytime. Because secondview of anobject
very oftenresohestheambiguitiesntroducedby projection,
it seemsasif asecondsketch,from a differentperspectie,
might be a usefultool.

We've built a simplemulti-view sketchingsystemto test
thisidea.Our systemis designedo supportthe construction
of curves (“backbones”)alongwhich generalizectylinders
areextruded.Theuserdraws thebackbondrom onepoint of
view, redravsit from anotherandthe constraint®f epipolar
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geometryareusedto nd the curve matchingboth sketches
ascloselyaspossible.

The methodworks well for certainsimple forms, but is
dif cult to usein more comple cases.The problemsare
partly algorithmic— our simplemethodfor matchingpoints
on the two sketchescannothandledif cult cases— but we
alsobelieve that the techniqueitself is fundamentallydif -
cult to work with, in partbecaus®f the unexpectedappear
anceof intermediateviews. We discussthe successeand
failuresof the method,andideasfor futurework.

2. Relatedwork

Epipolar geometry has been used to reconstructscenes
in which one can determine point correspondencebe-
tweenmultiple views (typically photographs)much of the
work in image-basedenderingstarts from this point of
view [MB95, Che94.

Marny authorshave discussedheissueof inferring shape
from 2D marks dravn by a user; approaches/ary from
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Figure1: GivenanobjectpointP, two pinholecameaswith
theoptical centes C; andC,, andtwoimage planeswecan
de ne anepipolarplane(Cy;Cy; P), two epipolesE; andE,
(thepointsof intersectionof theline (Cq; C,) with theimage
planes)andtwo epipolarlines(shownin orange).

gesture-basedystemslike Sketch [ZHH96], in which 3D
informationis part of the gestures interpretationo ad hoc
in ation algorithmslike the “elliptical cross-sectionsver
the chordalaxis” of Teddy[IMT99], to constraint-baseih-
ferenceenginesn which patternsn the marks(suchaspar
allel lines or perpendiculatines) areusedasconstraintoon
the 3D reconstructiorprocessto systemsn which external
informationlik e “shadavs” canbeusedto resole someam-
biguitiesin ashapgCMZ 99].

Describinggeneralizectylinders by a shapethat varies
along a backbonecurwe is by now a standardtopic in
computeraided design,well-coveredin ary textbook; the
only (slight) novelty in ourformulationis theuseof Bishop's
framingof acurve[Bis75.

3. Multi-view 3D curve sketching with epipolar
constraints

We now describeour simplemulti-view editingsystemand
the typical userinteractionwith the system,but we begin
with a quick review of therelevantepipolargeometry

3.1. Epipolar geometry

Consideitwo imagesof thesameobjecttakenby two differ-
ent pinhole cameraswith centersat C; andC, . For each
point P on the object, thereis an epipolar plane passing
throughthecenter<,, C, andP (see gure 1).

The lines formed by the intersectionof this planewith
two image planesare called epipolar lines Eachepipolar
line is a projectionof the ray connectingthe object point
with theothercamergositionontothe currentimageplane.
Intuitively, onecanthink of anepipolarline asaline along
whichwe canmove the projectionpointin thesecondmage
while preservingts projectiononthe rst image.

We candeterminethe 3D positionof a point P by sketch-

v
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Figure2: Sletchinga 3D curveusingepipolarconstaints: a
userdrawsa redline ontheleftimage planeto createa bladk
3D curve;thenshecan modifythe shapeof the bladk curve
by drawingits greenprojectionfroma differentpoint of view
(ontheright image plane).Thegreencurveis projectedonto
epipolarlines(thatare shownin orange andintersectat the
epipoleEy). Asaresult,a blue3D curveis created. Thepro-
jectionof this nal blue 3D curveontotheleft image plane
remainedunchanged becausef the epipolarconstaints.

ing it from two pointsof view. Only by makingthe restric-
tion thatthesecond'sketch” of the point P liesontheepipo-
lar line de ned by the rst cameraposition can we guar
anteethat the resulting3D positionof P will be consistent
with bothviews. Thisideaformsthebasisfor our multi-view
sketchingsystem.

3.2. Multi-view sketching: the user perspective

Thesesimple obsenationsaboutepipolargeometryabove

leadusto aninterfacefor 3D curwve sketching,wherea user
is given epipolarlines as a guide for modifying the curve

from a differentpoint of view (see gure 2). We addedthis

interfaceto our previous system KHRO02] for drawing free-

form animals,andfoundit to be particularlyusefulfor cre-

atingavariety of animaltails andotherobjectswhoseshape
canberepresentetly generalizedylinders.

A usertypically carriesout the following steps(see g-
ure3):

1. Theuserrotatesthe virtual camerawith the right mouse
buttonanddraws a curve (by draggingthe mouse)from
ary point of view. The userstroke is projectedon the
planepassingthroughthe world origin and perpendicu-
lar to thelook vectorof thevirtual camera.

2. Whenthe userstartsrotating the virtual camerato nd
anothewiew from whichto redrav thecurve, thesystem
displaysthe segmentsof epipolarlines — yellow seg-
mentspassingthrough eachpoint of the curve — that
sere asasketchingguide.

3. Astheuserredravs the curve from a new point of view,
thenew stroke getsprojectedon the epipolarlines.
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Figure 3: (a) A userdrawsa curveon the image plane (b)
Whenthe virtual camen is rotated,epipolar lines appear
asyellow sggmentsat eact point of the stroke. (c) Theuser
redrawsthe selecteccurvefrom a new point of view by in-
puting a new greenstroke. (d) A new stroke is projectedon
the epipolar lines and the coordinatesof the points of the
original curve are updatedto satisfy new constaints. (e)
Theresultingcurvefroma differentangle- noticethat new
epipolarlinesare calculatedfor eac pointofthenew curve

4. Oncethe redrav operationis completeandthe userro-
tatesthe virtual cameraaggin, the epipolarlines are up-
dated— they becomeprojectionsof the raysconnecting
thepreviouseye pointwith thestroke pointsontothecur
rentimageplane.We only keeptrack of the mostrecent
previouscamergosition,sothemodi cation of thecurve
in thecurrentview will only beconsistentvith thecurve
projectionin the view last usedfor sketching.The user
repeatsteps3 and4 till asatishctoryresultis achieved.

In additionto redraving, theusercanperformthefollow-
ing operations:

Selectand move individual points or sggmentsof the
curve alongthe epipolarlines.
Selecta stroke andtranslatdt alongthe epipolarlines.
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Placethe curvesin a hierarcly by attachingthemto one
another(useful if the userwantsto createa wireframe
chair, for example).

“Shear” the stroke by draggingjust one of the points. A
stroke with the end points A and B can be modi ed by
draggingary intermediatepoint C alongthe correspond-
ing epipolarine. TheendpointsA andB will remain x ed
and positionsof all the pointsin betweenwill be calcu-
latedastheintersection®f the planede ned by (A, B, C)
andthe correspondingpipolarlines.

In practice we foundthe“redrav” operationto be the most
usefulandintuitive.

For eachsegmentof the newly redravn stroke we needto
decidewhich epipolarline to projectit to, becauseaormally
it wouldintersecimorethanoneepipolarline. Thealgorithm
we arecurrentlyusingis thefollowing:

1. Considerthe rst sggment of the stroke and check
whetherit intersectsthe epipolarline correspondingo
the rst pointof theold stroke. If it doesnot, checkinter
sectionwith theepipolarine correspondingo thesecond
point of theold stroke, thenthird, etc.

2. Assumethatthe sggmentwith theindexi 1 waspro-
jectedonto epipolarline with the index j. Then,for a
sggmentwith theindex i, searchor the rst epipolarline
it intersectstartingwith epipolarline indexed j + 1.

3. Skipthepointif the correspondingeggmentdoesnot in-
terseciary epipolarlinessatisfyingthe criteriaabove.

This simplealgorithmseemso work moderatelywell for
cuneswith relatively low curvature;its dravbacksaredis-
cussedelow.

After the desiredbackbonecurve is obtained,a usercan
selecttwo planesperpendiculato the curve anddraw cross-
sectionstrokes on them; theseare then interpolatedalong
theaxisto constructhegeneralizeaylinder. To dothat,the
userclicks nearsomepoint on the backbonecurve, and a
small gray semi-transparergquareshovs up at this point
perpendiculato the curve segment( gure 4). This is the
“plane” on which the usercandrawv a cross-sectiorstroke.
Thevirtual camergor thecurvwe) canberotatedto adjustthe
view in suchawaythatthe“plane” is approximatelyparallel
to the view plane.lt is the mostconvenientview to draw a
cross-sectiostroke asthereareno distortionsasthe stroke
getsprojectedontothe “plane” (asthe userdraws it).

Thesecondross-sectiostrokeis dravn in thesameman-
ner The systemalsoallows the userto draw just onecross-
section;in this caseits scaledor non-scaledtopy is propa-
gatedalongthe cune. In ary caseoncetwo cross-sections
arespeci ed, the systemneedgo interpolatethe intermedi-
atecross-sectiostrokesbetweerthem.

3.3. Inter polation betweenthe cross-sections

To interpolatebetweencross-sectionsywe needa continu-
ous framing of the curw, i.e., a basisfor the plane nor
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Figure 4: TheBishopframingalongthecurve Theblueand
greenlines are the two vectos of the Bishopframe;the red
linesare in the directionof the tangent vectos. Noticethat
theBishopframeis continuousevenat thein ection between
thetwo bends.

mal to the curve at eachpoint, but onewhich changeson-
tinuously The normal and binormal vectorsof the Frenet
frame [MP77] [DC76 almostwork, but at points where
the curvatureis zero, the normalis unde ned,andin prac-
tice often “ips” to its negative. The Bishop framing of a
cune [Bis75, however, works ne (see gure 4). It is de-
ned by rst picking a single unit vector B1(0) which is

orthogonalto the unit tangentvector T(0) there,andthen
extendingB; alongthe curve by therule that B‘f(t) isalin-

ear combinationof B;(t) and T(t). The secondvectorin

the frame of the tangentplaneis then simply de ned by

Bo(t) = T(t) Ba(t). For a polyhedralcurve, the vector
B;(t) changeonly at vertices;at verticesit is changedoy

applyingtherotationM thatrotatesthe previousedgedirec-
tion into the next edgedirectionby a rotationaboutan axis
determinedy their cross-productWhenthe anglebetween
the two directionvectorsis zero, the axis is unde ned, but

the rotationamountis zero,so one usesthe identity matrix
for M. The soleconstrainton this processs thatno two se-
quentialedge-ectorsof the polyhedralcurve bein exactly
oppositedirections.

With this Bishopframingof the curve, we caninterpolate
cross-sectioneasily:we take the startingandendingcross-
sectionsandrepreseneachin the coordinatesystemof the
Bishopframeatthecorrespondingoint; wetheninterpolate
betweenthe cross-sectiomravings, and placethe interpo-
latedcross-sectionatthe correspondingointsof thecurwe,

usingtheBishopframeasacoordinatesystemIn ourtestbed
system,the interiors of cross-sectiorcurves are restricted
to be starshapedwith respecto the origin: a ray from the

origin in direction g must intersectthe curve at a single
pointwhosedistancegrom theorigin is calledr(q). We then
interpolatethe curves by interpolatingbetweenthe associ-
atedr-functions.More sophisticatecapproacheshasedon

2D curve morphing ([AMZ99], [SG93), are possible,but

werenotgermaneo thetestingof theepipolarmanipulation
method sowe did notimplementthem.

3.4. Typical results

Figure 5 shavs how our systemcan be usedto model a
shapéike that of the wire thattrails behindthe Luxo lamp
in “Luxo, Jr". The curve hasa wavy shapein the xy-plane
and a bump in the xz-plane; constructingsucha curve in
Teddy or similar systemswould be cumbersomeFigure 6
demonstratethevarioustails (with differentbackbonesand
cross-sectionghatcanbecreatedThemouseandthemon-
key weregeneratedisingour previously presentedree-form
sketchingsystem{KHRO02]. Thenew interfacefor sketching
with epipolarconstraintsts well in the existing framevork.
By default, a "blob” (a nodein the scengraphcontaining
a blob-shapedbiject) is createdwheneer a userdravs a
stroke, but theusercanpressakey to activate“curve sketch-
ing with epipolarconstraints’mode.After the editing of the
curve is completeand cross-sectionsire inputted, the re-
sulting generalizeccylinder becomesa “blob” and canbe
selectedfransformedinsertedinto a hierarcly andmeged
with theotherblobsasdescribedn thepapefKHRO02]. The
systemis interactve andthe interfaceallows simpleshapes
to becreatedn a coupleof minutes.

3.5. Problems/limitations

Figure 7 demonstrateshe caseon which “redranv” opera-
tion fails. Assumethata at spiral curve wasdravn in the
xz-planeanda userwantsto addtorsionto this at curvein
y, to createa three-dimensionapiral curve. Whenavirtual
camerds rotatedto ary intuitive view for the“redrav” oper
ation, the epipolarlines obstructthe view of eachotherand
confusethe userratherthan help. Whenthe userattempts
the“redrawv” operationthe systemdoesnot projecta newly
drawn stroke on epipolarlines correctly becauset is not
clearwhichpointmatchesvhichepipoladine. A betteralgo-
rithm for matchingtwo sketchegdravn from differentpoints
of view might make the modelingof curveswith high curva-
tureeasier

3.6. Simple geometryediting

Supposehat a userwantsto drav a simple shapelike the
backandseatf achair;boththebackandseatarerectangu-
lar, andthey areat90 degreeso oneanotherFigure8 shavs
the procesghe useremplgys in the epipolarediting system.
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Figure5: Ageneanlizedcylinderin a shapdikethatof Luxo,
Jr's power cord; the small vertical bumpis in a different
planefromthemaincurvatue of thecord.

Firstthe userdravs the backandseat,but assherotatesthe
view, it becomeglearthatthe seat,ratherthansticking out
towardstheuser is actuallya parallelograntying in the rst
view-plane.It provesto bedif cult to gettheseatto be per
pendicularto the backby re-sletchingthe sidesof the seat.
Theonly view in which this would be easyis onethatlooks
alongthe edgejoining the seatandback. . . but in thatview,
onecannotproperlysketchthe new positionof theseat!The
usertriesto doit by usingthe “shear” operation:ithe stroke
correspondingo the seatof the chairis selectecandoneof
the cornersis draggedalongthe epipolarline in anew view
to shearthe seatand malke it perpendicularto the back of
the chair Unfortunately shearings not very intuitive andit
is hardto adjustthe seatandthe backof the chairfrom just
oneattempt.

From situationslike this, it becomeslearthat although
a pair of views may completelydeterminethe shapeof an
object,that determinatiordependsritically on the relative
view directionsandtheorientationof the objectitself; auser
with acasuakamera-positioningpol maynotbeableto de-
terminehow thesearerelatedandwhatthe eventualconse-
quence®f heractionswill be.

4, Discussionand futur e work

Epipolarbasedmulti-view sketchingmightprove,in its cur-

rentform, to be a usefultool in a larger collectionof meth-
ods, but one would probably not want to build a system
basedon this ideaalone.On the other hand,theremay be
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Figure 6: Examplef the geneatedgenealizedcylinders.
(a)-(b) Thelizard's tail is genemtedfromtwo cross-sections
that are a morph betweena circle and a triangle. (c)-(d)
Themousetail is createdfrom two circular cross-sections.
(e)-(f) Thisgenearlizedcylinder showsoff theinterpolation
betweenower-shapedand circular cross-sectiongg) The
monley's tail hasa simplecircular cross-section.

waysto improve the methodby makingclevererguessesf
themeaningof thesketchin the rst view - theresSno partic-
ularreasorto infer thatthis sketchis planar for instanceln
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Figure 7: (a) Assumehatthefollowing at spiral curvewas
drawn in the bottomplane (xz-plane)and a userwantsto
addtorsionto this at curveiny. (b) Whenthevirtual cam-
era is rotatedto the mostintuitive view for “r edraw” op-
eration, the systencannotprojecta newly drawn stroke on
theepipolarlinesbecauset is unclearwhich point matdhes
which epipolarline.

this section,we discussthe limitations and possibilitiesfor
futurework on thistopic.

Despitethe “obviousness’of multi-view sketching,it is
surprisinglyhardto usein practice.Why is this? The prob-
lem, in caseslike the spiral above, is partly due to the
simplicity of our matching-and-reconstructialgorithm. If
it were easierto indicate which pointsin the new sketch
matchedwhich onesin the old sketch,someof theseprob-
lemswould beresohed.Butit is partof thenatureof sketch-
ing that we want to make informal drawings, not spend
time preciselyindicatingcorrespondenceBurthermorefor
views that are nearly parallel, the sensitvity of the recon-
structionto smallchangesn theinput canbe enormous—
multi-view sketchingworksbestfor nearlyorthogonalpairs
of views.

As the “chair” example demonstratestheres a further
problem:asthe usersketcheghe backandseatof the chair,
shehasa clear 3-dimensionaideaof what shehasdrawn.
But asthe view is rotated,this notion becomesuntenable,
andthe world mustbe readjustedo make the notion valid
again. This cognitive dissonance— betweenwhat the user
“knew” thatshed dravn andwhatsheseesasthe result—
makesthe users taskoneof “ xing theworld” ratherthan

(@) (b)
() (d)
©) )

Figure 8: (a) The user hasdrawn the bad of a chair (as
a rectangle)and its seat(as a parallelogram). (b) When
the userviews it from a new direction, it is clear that the
bad andseatare actuallycoplanar (c)-(d) Theusertriesto
modifythe seatin this new view by usinga shearopemation
to male themactually perpendicularbut (e)-(f) the results,
seerfromanotherview, showthat, althoughthe seatandthe
bad of thechair are notcoplanaranymoe, they are still not
at 90 dgyreesto oneanother

“saying what sheknows’ We suspecthat it is this aspect
of the experiencethatmostmalesour multi-view sketching
awkward. Of course the problemmentionedin describing
the chair constructionis relevantaswell: the particularsof
the relationshipbetweentwo views may have a large effect
on the resultof a multi-view drawing, but theseparticulars
aredif cult for auserto determineandtheireffectsmaynot
beatall obvious.

The depth-inferencausedin our systemis the simplest
possible:all strokes are assumedo be in the view plane
until they're redravn from a new view. If we usedsome
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more sophisticatednferencelike Lipson's geometriccon-
straints[LS97)], the rotatedview might be lessjarring, asit
would be only slightly unexpectedratherthantotally unex-
pected Of coursejf the userintendedto draw a squareand
diamondin the sameplane therotatedview would be more
jarringin thelattercase This naturallyleadsoneto consider
the question"Which is morelikely?” It maybethata prob-
abilistic formulationof the problemcould form the basisfor
afruitful approachFor 3D curve sketching,for instancejt
is concevable that one could createa reasonablerior on
curvesandthenaskfor a maximumlik elihood estimateof
the curve drawn, given that its projectionmust matchthe
drawing.

Thesensitvity of thecurvereconstructionvhentheviews
arenearparallelhints at a moregeneralproblem:sinceit is
dif cult to drawv the sameobjectfrom two differentviews
andhave the two drawings be consistentjs therea way to
treatthetwo drawvingsaseachproviding evidenceaboutthe
shapeatherthanabsoluteconstraints?

Whenwe considera relatedproblem— how to perform
multi-view sketchingof blobbymodelslik e thosesupported
by Teddy — we seethe issueariseagain: if we draw the
shapeviewed alongthe z- and x-axes, the y-extentin both
views mustbe the same.And yet a humanhasno problem
in resolvingtwo apparentlyinconsistentiravingsto infer a
3D form, evenif theheightsof thedravingsareslightly dif-
ferent.Onceagnin, a probabilisticformulationmay provide
asolution:if onetreatsthedravingsasnoisyevidenceabout
the shapesomesortof maximumlikelihoodestimateof the
shape(with respectto a prior distribution) may be a good
way to infer the shape.Of course,the correctprior is un-
known, anddepend®n the classof shapedeingsketched:
the shapeof man-madeand naturalobjectsevidently have
quitedifferentdistributions!
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