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Abstract

We proposeaninteractive framework for reconstructinganarbitrary3D sceneconsistentwith a setof im-
ages,for usein example-basedimagesynthesis.Previousresearchhasusedhumaninput to specifyfeature
matches,which arethenprocessedoff-line; however, it is very difficult to correctlymatchimageswithout
feedback.The centralideaof this paperis to performanddisplay3D reconstructionduring usermodifi-
cation. By allowing the userto interactively manipulatethe imagecorrespondenceandthe resulting3D
reconstruction,we canexploit boththeuser’s intuitive imageunderstandingandthecomputer’s processing
power.

1 Introduction and Related Work

The traditionalgoal of computervision researchis to computationallyunderstand3D scenesfrom sensor
data.This researchprimarily targetsreal-timeapplications(suchasrobotguidance)andunderstandingthe
humanvisualsystem;hence,thereis ideallynohumaninterventionin theimageanalysisprocess.Although
many impressivesystemshavebeendemonstrated,it is difficult to speculateif andwhenwewill seeeffective
algorithmsfor reconstructingarbitrary scenesfrom images.

A morerecentresearchgoalis thecreationof 3D modelsfor visualizationandcomputeranimation.The
requirementsfor this problemdiffer from therequirementsof real-timerobotvision. Humanassistancein
the3D reconstructionis oftenacceptable,becausemodelingis donein advanceof renderingandviewing.
However, artifactsandreconstructionerrorsareunacceptable,becausetheresultingmodelswill ultimately
beviewedby humans,in situationssuchasin moviesor videogames.

Many of theexisting example-basedimagesynthesissystemshave usedhumaninput at somepoint in
the correspondence/reconstruction process[3, 6, 7, 8, 9, 12, 14], particularlythosethat extrapolateviews

1



in addition to interpolating. User interaction,as reportedin the literature,hasbeenlimited to marking
featurecorrespondences,from which a 3D model is thenautomaticallyextracted. (Many of the systems
citedrepresentthemodelimplicitly, with structuressuchasdensepointcorrespondencesandafundamental
matrix. Up to a projective transform,the implicit representationsare equivalent to reconstructinga 3D
model that is consistent with the exampleimages.) Work that hasfocusedon specializeddomains,such
asarchitecture[3, 12] andhumanfaces[7], hasbeenparticularlysuccessful.However, it is exceptionally
difficult to correctlymarkimagecorrespondencesfor arbitrarysurfaces,or evento know which featuresto
mark.Imagecorrespondencesthatappearreasonableoftenresultin grosslyincorrect3D models(Figure2),
requiringtheuserto repeatthetediousprocessof matchingseveraltimesuntil anacceptablemodelhasbeen
created.

Our approachis to tightly coupleuserinteractionwith 3D reconstruction.Theideais to alwaysdisplay
the 3D modelduring interaction. As the userselectsandmodifiespoint and line matchesin the source
images,theresulting3D modelis continuallyupdatedin anotherwindow. Theusercancorrecta matchto
subpixel accuracy by dragginga correspondingpoint in the imageplane,or by directly modifying the3D
geometry. This methodgivestheuserimmediatefeedbackasto thequality of thecorrespondenceandthe
reconstruction.

We believe that including the humanin the reconstructionloop will producea quantumleap in our
ability to reconstructthe geometryof arbitraryscenes.This will be achieved by properlycombiningthe
user’s intuitive imageunderstandingandqualitative reasoningwith thecomputer’s processingpower.

2 Camera and Scene Model

We first describethegeneralmathematicalstructureof our system.Theinput is a setof images(e.g. pho-
tographs)of ascene,alongwith cameracalibrationinformation.Eachcameracalibrationconsistsof:

� A focalcenterc � .
� A projectionfunctionP ��� � ���	�
� ���

thatmapsworld pointsto imagepoints.

� An inverseprojectionfunctionQ � � � ���	�
� ���
thatmapsimagepointsto unit-lengthworld vectors.

Thesequantitiesarerelatedby Q ��� P � � x ����� x � c ����x � c � ��� , wherex is any world spacepointvisible to camera�
. In oursystem,wehaveassumedapairof pinholeprojectioncamerasin theparallelconfiguration1 (Figure

1).
A scenereconstructionis representedasascatteredsetof world pointsx� . Thesepointsspecifyasetof

sparsecorrespondences:P � � x��� in image0 matchesP � � x��� in image1. We denotetheimagespacepoints
as � �� � P � � x��� . A line correspondenceis representedasa pair � �! #" � that indicatesanedgebetweenx � and
x� .

In orderto renderthesurfacein our system,we triangulatetheworld pointsusingthe topologyof the
constrainedDelaunaytriangulation[10] of the points � �� , with line correspondencesusedastriangulation
constraints.The trianglesarerenderedin 3D, andtexture-mappedwith a sourceimage,usingthe image
coordinatesastexturecoordinates[2, 4]. Theseoperationsarefastenoughto performin real-time.

1Thisconfigurationis alsoknown asthestereoconfiguration.
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Figure1: Theparallelcameraconfiguration.

For the goal of example-basedimagesynthesis,it is sufficient to createa 3D modelthat is consistent
with thesourceimages.Wecouldalsousearepresentationsuchaspointcorrespondencesandafundamental
matrix that would make the calibrationambiguitiesexplicit. We find the 3D formulationto besimplerto
implementandunderstand,andeasierto generalize.Thisuseof 3D is inspiredby [5].

3 The Interactive System

The3D reconstructionbeginswith aninitial pointmatching.Webegin with anemptymatching(novertecies
or triangles);anautomatically-generated disparitymapcouldalsobeused.

Given the initial model, the usermay addpoint matchesandmodify point matches.To adda point
match, the usersimply clicks the point’s initial location � � � in one of the images. The matchingpoint
in the other imageis computedusing a default disparity ' : � �� �(� ��*),+ '  �-�.0/ or � �� �(� ���12+ '  �-�.0/ .
x � is computedas the intersectionof the rays from the cameracentersto the imagepoints (i.e. x �3�
ray � c �  Q �4� � �� ����5 ray � c �  Q ��� � �� ��� , whereray �76  98 � denotesa ray from point 6 in direction

8
). Thenew

meshis thenretriangulatedandrendered.
The majority of the usertime with our methodis spentmodifying point matches.Point matchesare

displayedoneachimageasgreencrosses;whenthemouseis movedover a match,thecorrespondingpoint
in theotherimageis highlighted.Theuserfirst identifiesapointmatchthatdoesnotappearcorrect,usually
by lookingfor errorsin the3D meshor by visuallycomparingtheimagesunderthematch.Onceamatchis
selected,theusersimply dragsthematchin oneof theimagesto a new location.While thematchis being
modified,the 3D modelis continuallyupdatedandrendered,allowing the userto interactively refinethe
meshshape.This “human-in-the-loop”reconstructionideais simple,but veryeffective.

Thenew world pointlocationx � for thematchis computedby intersectingtheraythroughthenew match
point :��;� ray � c �  Q �<� � �� ��� andtheray throughthecorrespondingpoint :4�=� ray � c �  Q ��� � �� ��� . If therays
donot intersect,thenthepointon :4� is chosenthatis nearestto :�� , andnew valuesfor theimagepointsare
computedby projection( � �� � P � � x��� ). This is equivalentto constrainingthematchto lie on theepipolar
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line of thecorrespondingpoint. If theuserdragswith theright mousebuttoninsteadof theleft button,then
thepointon :�� nearestto :4� is chosen.In thiscase,theusermaymoveapoint freely, andthecorresponding
point is constrainedto lie on thenew epipolarline.

Theusercreatesa line correspondencesimply by specifyingtwo existing pointsastheendpoints.Line
constraintsareusefulfor restrictingmeshtopology.

In additionto the texturedrenderingmode,we displaya differenceimage(Figure4). The difference
imageis theabsolutevalueof differencebetweentheleft sourceimagerenderedontothemeshandtheright
imagerenderedontothemesh.Poorly-matchedpixelsarelight andgoodmatchesaredark.With this image,
theusercantry to manipulatematchingpointsin orderto “black out” thedifferenceimage. This method
is very useful in texturedareaswithout many discontinuities.However, the differenceimageis often an
insufficientmeasureof amatch,especiallyin areaswith little texture;differenceimageeditingmustbeused
in conjunctionwith thestandardeditingmodes.

4 Discussion and Future Work

We have presentedan approachto reconstructingarbitrary3D scenesfrom models,by exploiting human
imageunderstandingtogetherwith computationalpower. We believe that this framework canpotentially
make 3D reconstructioncheapandeffective for awidevarietyof applications.

Thereareseveralimportantextensions.

� Supportmany exampleimages,to allow reconstructionof largeenvironments.

� Provideastandard3D modelinginterfacefor directmodificationof thegeometryandtopologyof the
3D model.For instance,theability to markdiscontinuitiesin themeshis critical.

� Provide interactive modificationof thecameracalibration.

� Includelocalstereocomputationsduringinteractive updates.For example,surfacescould“stiffen” in
proportionto thelevel-setevolution termof [5].

For eachof theseextensions,theunderlyingmathematicsarestraightforward, but theuserinterfaceis
not.

Acknowledgments

Delaunaytriangulationswerecomputedusing [11]. The headimagepair wasobtainedfrom [13] andis
copyright c

>
INRIA-Syntim. (Wedid notmake useof thecalibrationdataprovidedfor thesourceimages.)

Theauthoris supportedby NSFgrantDGE-9454173.

References

[1] ShaiAvidan,AmnonShashua.Novel View Synthesisby CascadingTrilinear Tensors.IEEE Transac-
tions on Visualization and Computer Graphics. Vol. 4, No. 4, October/December1998

4



[2] LuciaDarsa,BrunoCosta,andAmitabhVarshney. NavigatingStaticEnvironmentsUsingImage-Space
SimplificationandMorphing. ACM Symposium on Interactive 3D Graphics, Providence,RI, 1997,pp.
25–34

[3] Paul E. Debevec,Camillo J. Taylor, JitendraMalik. ModelingandRenderingArchitecturefrom Pho-
tographs:A Hybrid Geometry-andImage-BasedApproach.SIGGRAPH96 ConferenceProceedings.
August1996.pp.11–20.

[4] KennethE. Hoff, UnderstandingProjective Textures:CorrectingtheDouble-Perspective Distortion.
http://www.cs.unc.edu?A@ hoff/techrep/index.html

[5] Olivier Faugeras,RenaudKeriven.CompleteDenseStereovisionusingLevel SetMethods.Proc. ECCV
’98.

[6] LeonardMcMillan, GaryBishop.Plenopticmodelling:animage-basedrenderingsystem.SIGGRAPH
95, (August95) pp.39–46.

[7] Fréd́eric Pighin,JamieHecker, Dani Lischinski,RichardSzeliskiandDavid H. Salesin.Synthesizing
RealisticFacial Expressionsfrom Photographs.SIGGRAPH98 ConferenceProceedings.July, 1998.
pp.75–84.

[8] Luc Robert, Stephane Laveau. Online 3-D Modeling with images.
http://www-sop.inria.fr/robotvis/projects/Realise/java

[9] Steve SeitzandCharlesDyer, View Morphing,in Proc.SIGGRAPH-96,pp.21-30,1996.

[10] JonathanShewchuk.Triangle:Engineeringa 2D Quality MeshGeneratorandDelaunayTriangulator.
First Workshop on Applied Computational Geometry. p 124-133,1996.

[11] JonathanShewchuk.Triangle:A Two-DimensionalQualityMeshGenerator.
http://www.cs.cmu.edu/B quake/triangle.html

[12] Heung-Yeung Shum, Mei Han, Richard Szeliski. Interactive Constructionof 3D Models from
PanoramicMosaics.IEEE CVPR, pages427-433,SantaBarbara,June1998.

[13] Jean-PhillippeTarel.Stereogramsof theSyntimproject.http://www-syntim.inria.fr/syntim/analyse/paires-eng.html

[14] RandallWarniers.EveryPictureTellsA Story. Computer Graphics World. October1998.

5



(a)

(c)

(b)

(d)

Figure2: (a),(b)Hand-marked featurecorrespondences,without interactive reprojection.(c) Reprojection
of featurematches.Featurecorrespondencesthatlook reasonableon theimageplaneoftenproducegrossly
incorrect3D models.(d) Interactive adjustmentsto thematchingcanvastlyimprove the3D reconstruction.
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Figure3: (a),(b)Fruit stereopair. (c),(d)Modelgeneratedfrom fruit stereopair.
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Figure4: Differencebetweensourceimagestexturedon thesamemesh.Most errorsappearneardisconti-
nuites,whicharenotyethandledby oursystem.
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