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Abstract

We proposeaninteractie framevork for reconstructingan arbitrary 3D sceneconsistenwith a setof im-
agesfor usein example-base@magesynthesis Previousresearcthasusedhumaninputto specifyfeature
matcheswhich arethenprocesseaff-line; however, it is very difficult to correctlymatchimageswithout
feedback.The centralideaof this paperis to performanddisplay 3D reconstructiorduring usermodifi-
cation. By allowing the userto interactvely manipulatethe image correspondencandthe resulting3D
reconstructionye canexploit boththe users intuitive imageunderstandingndthe computers processing
power.

1 Introduction and Related Work

The traditionalgoal of computervision researchis to computationallyunderstan®8D scenedrom sensor
data. This researctprimarily tamgetsreal-timeapplicationgsuchasrobotguidancelandunderstandinghe
humanvisualsystemhencethereis ideally no humaninterventionin theimageanalysigprocessAlthough
mary impressie system$ave beendemonstratedt is difficult to speculatéf andwhenwewill seeeffective
algorithmsfor reconstructingrbitrary scenegrom images.

A morerecentresearclyoalis the creationof 3D modelsfor visualizationandcomputeranimation.The
requirementgor this problemdiffer from the requirement®f real-timerobotvision. Humanassistancén
the 3D reconstructions often acceptablebecausenodelingis donein adwanceof renderingandviewing.
However, artifactsandreconstructiorerrorsareunacceptablehecausehe resultingmodelswill ultimately
beviewedby humansin situationssuchasin moviesor videogames.

Many of the existing example-basednagesynthesisystemshave usedhumaninput at somepointin
the correspondencefrienstrudion procesd3, 6, 7, 8, 9, 12, 14], particularlythosethat extrapolateviews



in additionto interpolating. User interaction,as reportedin the literature, hasbeenlimited to marking
featurecorrespondence$om which a 3D modelis thenautomaticallyextracted. (Many of the systems
citedrepresenthemodelimplicitly, with structuresuchasdensepointcorrespondencesdafundamental
matrix. Up to a projective transform,the implicit representationare equivalentto reconstructinga 3D

modelthatis consistent with the exampleimages.) Work that hasfocusedon specializeddomains,such
asarchitecturg3, 12] andhumanfaceg[7], hasbeenparticularlysuccessful However, it is exceptionally
difficult to correctlymarkimagecorrespondencdsr arbitrarysurfaces,or evento knowv which featurego

mark.Imagecorrespondencebatappeareasonableftenresultin grosslyincorrect3D models(Figure2),

requiringtheuserto repeathetediousproces®f matchingseveraltimesuntil anacceptablenodelhasbeen
created.

Our approachs to tightly coupleuserinteractionwith 3D reconstructionTheideais to alwaysdisplay
the 3D model during interaction. As the userselectsand modifiespoint and line matchesn the source
imagestheresulting3D modelis continuallyupdatedn anothemwindow. Theusercancorrecta matchto
subpiel accurag by dragginga correspondingpoint in the imageplane,or by directly modifying the 3D
geometry This methodgivesthe userimmediatefeedbackasto the quality of the correspondencandthe
reconstruction.

We believe that including the humanin the reconstructiodoop will producea quantumleapin our
ability to reconstructhe geometryof arbitraryscenes.This will be achiezed by properly combiningthe
usersintuitive imageunderstandingndqualitative reasoningvith the computers processingpower.

2 Cameraand Scene Model

We first describethe generaimathematicastructureof our system.Theinputis a setof images(e.g. pho-
tographspf a scenealongwith cameracalibrationinformation. Eachcamerecalibrationconsistof:

e A focalcenterc;.
e A projectionfunctionP; : IR* — IR? thatmapsworld pointsto imagepoints.

e An inverseprojectionfunctionQ, : IR?> — IR?® thatmapsimagepointsto unit-lengthworld vectors.

Thesequantitiesarerelatedby Q;(P;(x)) = ﬁ wherex is ary world spacepointvisible to camera

i. In our systemwe have assumea pair of pinholeprojectioncamerasn the parallelconfiguratiof (Figure
1).

A scengeconstructions representedsa scatteregetof world pointsx;. Thesepointsspecifya setof
sparsecorrespondence$(x;) in image0 matches; (x;) in imagel. We denotetheimagespacepoints
an;'- = P;(x;). A line correspondencis representedsa pair (¢, j) thatindicatesanedgebetweerx; and
X;.

In orderto renderthe surfacein our systemwe triangulatethe world pointsusingthe topologyof the
constrainedelaunaytriangulation[10] of the pointsz?, with line correspondencassedastriangulation
constraints. The trianglesarerenderedn 3D, andtexture-mappedvith a sourceimage,usingthe image
coordinatesstexture coordinate$2, 4]. Theseoperationsrefastenoughto performin real-time.

1This configurationis alsoknown asthe sterecconfiguration.
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Figurel: Theparallelcameraconfiguration.

For the goal of example-basedmagesynthesisijt is sufficient to createa 3D modelthatis consistent
with thesourcadmages We couldalsousearepresentatioauchaspointcorrespondencesdafundamental
matrix thatwould male the calibrationambiguitiesexplicit. We find the 3D formulationto be simplerto
implementandunderstandandeasierto generalize This useof 3D is inspiredby [5].

3 Thelnteractive System

The3D reconstructiomeginswith aninitial pointmatching.We begin with anemptymatching(novertecies
or triangles);anautomatically-geneted disparitymapcouldalsobeused.

Giventhe initial model, the usermay add point matchesand modify point matches. To adda point
match, the usersimply clicks the point's initial locationz} in one of the images. The matchingpoint
in the otherimageis computedusing a default disparityd: z§ = zJ — [d,0]” or z8 = =z} + [d,0]".
Xo is computedas the intersectionof the rays from the cameracentersto the imagepoints(i.e. X, =
ray(co, Qo(z3)) Nray(ci, Q:(z})), whereray(P, V) denotesaray from point P in directionV). Thenew
meshis thenretriangulatecandrendered.

The majority of the usertime with our methodis spentmodifying point matches.Point matchesare
displayedon eachimageasgreencrossesywhenthe mouseis moved over a match,the correspondingpoint
in the otherimageis highlighted.Theuserfirstidentifiesa point matchthatdoesnotappearcorrect,usually
by lookingfor errorsin the 3D meshor by visually comparingheimagesunderthe match.Onceamatchis
selectedthe usersimply dragsthe matchin oneof theimagesto a new location. While the matchis being
modified, the 3D modelis continually updatedandrenderedallowing the userto interactiely refinethe
meshshape This “human-in-the-loop’teconstructiondeais simple,but very effective.

Thenew world pointlocationx; for thematchis computedy intersectingheraythroughthenew match
pointry = ray(coy, Qy(z?)) andtheray throughthe correspondingointr; = ray(c;, Q; (z})). If therays
do notintersectthenthe pointonr is choserthatis nearesto ry, andnew valuesfor theimagepointsare
computedby projection(:c;'- = P;(x;)). Thisis equivalentto constraininghe matchto lie on the epipolar



line of thecorrespondingoint. If theuserdragswith theright mousebuttoninsteadof theleft button,then
thepointonry nearesto r is chosenln this casetheusermaymove a pointfreely, andthecorresponding
pointis constrainedo lie onthenew epipolarline.

Theusercreatesaline correspondencsimply by specifyingtwo existing pointsasthe endpoints Line
constraintareusefulfor restrictingmeshtopology

In additionto the textured renderingmode,we displaya differenceimage (Figure4). The difference
imageis theabsolutevalueof differencebetweertheleft sourcamagerenderedntothemeshandtheright
imagerenderedntothemesh.Poorly-matchegixelsarelight andgoodmatchesredark. With thisimage,
the usercantry to manipulatematchingpointsin orderto “black out” the differenceimage. This method
is very usefulin textured areaswithout mary discontinuities. However, the differenceimageis often an
insuficient measuref amatch,especiallyin areaswith little texture; differencamageeditingmustbeused
in conjunctionwith the standarceditingmodes.

4 Discussion and Future Work

We have presentedin approacho reconstructingarbitrary 3D scenefrom models,by exploiting human

imageunderstandingogetherwith computationapowver. We believe that this framewvork canpotentially

malke 3D reconstructiortheapandeffective for awide variety of applications.
Thereareseveralimportantextensions.

e Supportmary exampleimagesto allow reconstructiorof large ervironments.

e Provide astandard8D modelinginterfacefor directmodificationof thegeometryandtopologyof the
3D model.For instancethe ability to markdiscontinuitiedn the meshis critical.

e Provideinteractve modificationof the cameracalibration.

¢ Includelocal stereccomputationgluringinteractve updatesFor example,surfacescould“stiffen” in
proportionto thelevel-setevolution termof [5].

For eachof theseextensionsthe underlyingmathematicsare straightforvard, but the userinterfaceis
not.
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Figure2: (a),(b) Hand-markd featurecorrespondencesyithout interactve reprojection(c) Reprojection
of featurematchesFeaturecorrespondencebatlook reasonablen theimageplaneoftenproducegrossly
incorrect3D models(d) Interactve adjustmentso the matchingcanvastlyimprove the 3D reconstruction.



Figure3: (a),(b)Fruit stereqgpair. (c),(d) Model generatedrom fruit stereopair.



Figure4: Differencebetweersourceimagestexturedon the samemesh.Most errorsappeameardisconti-
nuites,which arenotyethandledoy our system.



