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Abstract
We presenta novel approach for multilevel modellingand renderingof architectural scenesusinga small setof
photographs.Our approach is basedon interactiveprobingof intuitive measureslike lengths,widthsandheights
fromsingleview metrology. Thesemeasurescanthenbeaggregatedwith additional input if needbe, for de�ning
high-level primitivessuch asplanes,prismaticblocks,cuboids,spheres,andgeneral surfacesof translationand
revolution. Themodellingapproach is modularand incrementalwhich enableseaseand �exibility in building
large architectural scenes.Further, our approach allowsmultilevel modellingand rendering. That is, themodel
can be enhanced/reducedboth in termsof changingdetailsat the primitive level and at the modellevel. This
requiresinter-registrationof twoor more imageswith commoncontents.Our approach is computationallysimple,
fastandrobust.We demonstrateour resultsby building a modelof a magni�cent historical monumentin Delhi -
Humayun's tomb.

Categories and Subject Descriptors (according to ACM
CCS): I.3.7 [Computer Graphics]: Three-Dimensional
GraphicsandRealismI.3.5 [ComputerGraphics]:Compu-
tationalGeometryandObjectModeling

1. Intr oduction

Recentlytheproblemof interactive 3D modellingof archi-
tecturesfrom a sparsesetof photographshasattracteda lot
of attention.First Debevec et al.2 andthenothers9 � 8 � 4 have
shown thatsuchimagebasedmethodscanprovidehighqual-
ity reconstructionandphoto-realisticrenderingwithout go-
ing throughtediousandcumbersomeCAD or digitizing sys-
tems.

In this paperwe describea systemfor interactive mod-
ellingandrenderingof architecturalscenesfromoneormore
photographswith multiple levels of details.We presentan
incrementaltechniquethat is basedon probing of lengths
andwidths along parallel directions.Our methodcan also
dealwith spheres,conesandfrustums,surfacesof transla-
tion andsurfacesof revolution.

Most methodsfor recovery of 3D structurefrom images
rely oncalibratedstereoor uncalibratedimagesusingepipo-
lar or trilinear constraints5. In contrast,methodsbasedon
single-view analysis2� 9� 8� 4 exploit thestructuralconstraints
available in architecturalphotographsto directly estimate
the locationandthe intrinsic parametersof the cameraand
reconstruct3D modelsthroughuserinteractionsfrom oneor

submittedto EUROGRAPHICS2003.



2 Kushaletal. / Multilevel modellingandrenderingof architectural scenes

more images.3D reconstructionfrom a single imagemust
necessarilybethroughaninteractiveprocess,wheretheuser
providesinformationandconstraintsaboutthescenestruc-
ture.Suchinformationmaybe in termsof vanishingpoints
or lines 6� 1� 8� 9, co-planarity11, spatial inter-relationshipof
features2� 4 andcameraconstraints12.

TheFacadesystem2, oneof themostsuccessfulfor mod-
elling and renderingof architecturalscenes,consistsof a
hybrid imageandgeometrybasedapproachwhich requires
decomposingthe sceneinto prismaticblocks and cuboids
whicharethebasicprimitivesfor modelling.Eachprimitive
is de�ned in termsof six parametersdescribingits location
anda smallnumberof otherparametersdescribingits inter-
naldetails.Theuserneedsto interactively de�ne constraints
onplacementsof theprimitiveblocksandmarkcorrespond-
ing edgesegmentsin theimage.In generalanon-linearopti-
mizationmethodis requiredto solve for all the modeland
cameraparameters(external) simultaneously. The internal
parametersof the cameraneedto be calibratedapriori. In
somespecialcases,especiallyif theblocksarealignedwith
respectto eachother, or their rotationwith respectto each
otherareknown, linearmethodscanbe used.While model
�tting usingsimultaneousbundleadjustment5 appearsto be
an attractive approach,it may turn out to be problematicif
the model requiresa large numberof primitive blocksori-
entedwith respectto eachotherat unknown angles.In such
a casethe largenumberof unknown parametersin simulta-
neousbundleadjustmentusingnon-linearoptimizationmay
make the methodunsuitable.In addition,prismaticblocks
andcuboidsmay not be the mostconvenientprimitives to
usefor modellingin all situations(seefor exampleFigure1).

Othersigni�cant approachesto architecturemodellingare
basedon estimationof vanishinglinesin images9 andmet-
ric recti�cation of planes8. In thePhotoBuildersystem9� 10 a
userneedsto markparallelandorthogonaledgesin at least
two images.Theseareusedto computethevanishingpoints
in theimagescorrespondingto thethreeorthogonalcoordi-
nateaxes in the world. In addition,the userneedsto mark
theprojectionof a cuboidof known sizein theimages.The
vanishingpointsandthe imagesof thecuboidaresuf�cient
to bothlocalizethecamerasin acommonworld frameandto
estimatetheir intrinsic parametersindependently. 3D recon-
structionof pointsin theworld is achievedby stereotriangu-
lation from imagecorrespondences.Sincethebasicmethod
of 3D reconstructionandmetrologyis basedon stereotri-
angulation,at leasttwo imagesare required.Leibowitz. et
al.8 proposea methodfor metric recti�cation of planesand
cameraestimationbasedon computationof circular points
in imagesfrom vanishingdirections.Boththesemethodsare
limited to blocksworld reconstructionof thescene.

We proposea methodbasedon singleview metrology1� 7

for incrementalmodelbuilding.Ourmethodisbasedonsim-
ple interactive probingof lengthratiosalongdirectionspar-
allel to the world coordinateframe.It is not necessarythat

thethreecoordinateaxesof theworld frameareorthogonal
andbespeci�ed by theuserin thesamescale.Often,accu-
ratelengthmeasurementsalongthe threeaxesdirectionsin
the world are not available,and, in sucha case,sinceour
probingtechniqueis basedon computingaf�ne ratiosalong
parallel directionsin the world, we can still carry out an
af�ne reconstructionof theworld model.In caseit is known
that the threeaxes directionsin the world are orthogonal,
theaf�ne reconstructioncanbeupdatedto Euclideanusing
roughknowledgeof theinternalparametersof thecameraor
experimentingwith the scalefactorsof the coordinateaxes
to obtainvisualalignment.In casetheplanesareorthogonal
andthescalesareknown, wecanrecover thecameraparam-
etersandthemodeldirectly in Euclideanterms.

Our primitivesaremoreatomicthantheprismaticblocks
and cuboidsused in Facade2. At the sametime the ba-
sic techniquecanbe usedto simultaneouslycomputeparts
or whole of the model in termsof higher level primitives
like planes,sequenceof planes,prismaticblocks,cuboids,
spheres,conesandfrustums,surfacesof translationandsur-
facesof revolution using simultaneousbundle adjustment
similar to that in Facade2. Consequently, a userhasmore
�e xibility to experimentandevolvearight strategy onacase
to casebasisanddecideon whetherto usethe basicprob-
ing techniqueor to solve for several primitive parameters
simultaneouslyin a tightly constrainedmanner. We deter-
mine both the camerainternal parametersand its location
apriori (unlike in Facade2), andhenceall subsequentmod-
elling stepsarelinearandcomputationallyef�cient. Further,
modellingerrorsin a portion of the scenecanbe corrected
withoutaffectingthemodellingof otherparts.

Thebasicprobingtechniquegivesusadded�e xibility for
incrementalmodelbuildingatmultiplelevelsof detail.Since
the atomic primitives are just length ratios and not more
complex blocks,our methodis moresuitablefor multilevel
analysisandmodelling.For example,aplanarfacemodelled
atacoarseresolutioncanbefurthersub-dividedinto asetof
primitiveswhosemodel parametersmay be independently
computedfrom metrologyusing a �ner resolutionimage.
Thesenew primitives can be planes,blocks and even sur-
faces.Theuserneedsto registerthecommonlyvisible parts
in thesetof imagesandreplacecoarserdetailswith �ner res-
olution geometryandtexture.Theregistrationrequiresonly
linearcomputations.

In the following sectionswe presentthe details of our
method.In Section2 we give an overview of our system.
In Section3 we presentour basicmethodfor single view
metrologyanddescribehow thebasicprobingtechniquecan
beusedeitherincrementallyor in aggregation.In Section4
we extendthe basicmethodto dealwith curved objects.In
Section5 we describeour strategy andprovide resultsfor
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modellingandrenderingof Humayun's tomb
�

, and �nally
in Section6 weconcludethepaper.

2. Overview

In whatfollowswegive abrief overview of oursystem.The
methodinvolvesthefollowing mainsteps:

Cameraestimation: We �rst registertwo planesindepen-
dently by identifying a rectangle(or parallelogram)on
eachin a coarseresolutionphotograph.The planesneed
not be orthogonal,thoughwe refer to them as vertical
andhorizontalfor convenience.SeeFigure1(a) (alsoFig-
ure 6). This setsup an af�ne coordinatesystemin the
world andenablestherecovery of correspondingcamera
parameters7. We obtain the vanishingpointsof the axes
directionsin the imagesdirectly asa by-product.In case
theplanesareorthogonalandthesizeof eachrectangleis
known accurately, thenwe canrecover thecamerain Eu-
clideantermsandcomputetheinternalparametersof the
camera.

Probing heightsand widths: Oncethe cameraprojection
matrix is known we can computethe height (width) of
any arbitrary3D pointby identifying thepoint (head)and
its projection(foot) on the horizontal(vertical) planein
the imagealong the coordinateaxis direction (SeeFig-
ure 1(a)). In casethe foot of the point is not visible on
oneof the referenceplanebut is clearly identi�able in a
planeparallelto thereferenceplane,thentheoffsetof the
parallelplanefrom thereferenceplanemustbecomputed
apriori usinga similar technique.

Modelling facesand blocks: The basicprobingtechnique
canbeuseddirectly to computesizesof facesandblocks.
Alternatively, several facesandblockscanbesimultane-
ouslymodelledin atightly constrainedmanner. For exam-
ple,in thephotographof Figure1(b), theusermaychoose
to enforcethe constraintsthat i) the entire front of the
mainmonumentconsistsof asequenceof planarfacesad-
jacentto eachotherii) severalof themareparallelto each
other iii) all the planarfacesareorthogonalto the plane
of thecourtyard,hencetheline joining theheadandfoot,
sampledanywhere,mustpassthroughthevanishingpoint
of the Y direction iv) the top and bottom edgesof sev-
eralof thefacesmustpassthroughthevanishingpoint of
theX directionv) thecommonheightof thefrontal faces
canbeestimatedby consideringa pencilof raysoriginat-
ing from theY directionvanishingpoint andcomputing
their intersectionswith the line throughthe top andbot-
tom edgesof the facesto mark of the head's andfoot's.
All theabove constraintscanbeexpressedasa singlelin-
earsystemwhich canbesolvedusingSVD. Notethatthe
entiremodelbuilt asabove is dependenton theheightof
thecourtyard,andthisdependencecanevenbeexpressed

�

http://depts.washington.edu/uwch/silkroad/cities/india/delhi/
humayun/humayun.html

symbolically. This heightcaneitherbesupplied,or com-
putedseparatelyby independentprobing,or evenbecom-
putedsimultaneouslyusingadditionalconstraints.Thus,
theuserhasthe�e xibility of modellingpartsof thescene
eitherincrementallyor asanaggregate.

Modelling surfaces: Theknowledgeof thecameraprojec-
tion matrix andthe axis is suf�cient to computean arbi-
trary surfaceof revolution from its silhouetteedges.For
the varioussurfacesof revolutions in the photographof
Figure2(a) - theaxisdirectionsareknown to bevertical,
theheadis directlyvisible in theimage,andthefoot posi-
tionsareknown from symmetry. In Section4 we give the
detailsof modellingarbitrarysurfacesof revolutions.

Registeringmultiple levelsof details: For faithful render-
ing of walk-throughsatclose-upsweneedto sub-divide a
primitivemodelledatacoarserresolutioninto �ner primi-
tives.For example,from thephotographin Figure2(a)the
big vertical faceof theentranceto themainmonumentis
modelledasa plane.However, at close-up,as in Figure
2(b), we needto carry out an independentmetrologyto
model the insidein termsof several planesandsurfaces
of translation.For this we setup an independentcoordi-
natesystemasdepictedin Figure 2(b). The userneeds
to register the two independentmetrologiesby identify-
ing correspondencesas shown in Figure 2. The model
with the internaldetail of the faceshown in wire-frames
is depictedin Figure11.

Rendering: For subsequentrenderingof walk-throughswe
employ a techniquesimilar to view dependenttexture
mapping2� 3. Themodelis projectedontotheoriginal im-
age(s)from whichit is built. Thisestablishesacorrespon-
denceof themodelparameterswith the imagesandpro-
videsthetexturecoordinatesof theassociatedprimitives.
Often a single photographwill cover only a part of the
model.This requiresus to use,in mostsituations,mul-
tiple imagesat varying resolutionsto be able to render
the entire model.Compositingwith a-channelblending
is employedto decidethe�nal pixel value.During theen-
hancementof themodel(changingfrom onelevel of detail
to another;seeFigure2) we do stencilingto separatethe
portionsandpick appropriatetextures.

In whatfollows we describeourbasicprobingtechnique.

3. Metr ology

In a recentpaperCriminisi et al.1 show thatunderthecus-
tomaryassumptionof thepin-holecameramodel5, themin-
imal geometricinformationthata userneedsto provide for
computationof 3D measurementsis theaf�ne registrationof
i) a referenceplaneandii) a referencedirectionaway from
theplane.Oncethevanishingline of thereferenceplaneand
thevanishingpointof thereferencedirectionareestablished,
theusercanprobefor lengthratioson planesparallelto the
referenceplaneandlines parallel to the referencedirection
andtherebyrecover 3D af�ne structure.
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(a) (b)

Figure1: (a) Camera determinationandheightmeasurements:Theusermarksa rectangleeach ona verticalanda horizontal
planefromwhich theworld coordinateframeandthecamera is recovered.Head's and foot's can thenbeclicked to compute
heights.(b) FaceLifting: Theusermayspecifyconstraintsfor modellingof faces.

(a) (b)

Figure2: (a) Domesmodelledassurfacesof revolution.(b) Independentmetrology for multiplelevelsof detailsandtie-points.

In whatfollowswepresentasimpleandpracticalmethod7

for implementationof thebasicideasof Criminisi et al.1 for
interactive 3D reconstructionfrom single imagesand also
considersomeextensions.Themethodis basedoncomputa-
tion of homographies5 from two world planesto theimage,
whichdirectlyyield thenecessaryvanishingpointsandlines
reliably. Theuserneedsto identify the two planesby click-
ing four pointson each(SeeFigures1(a) and6) so that the
two planescanbeindependentlycalibratedin af�ne terms.

Weshow thattheinteractive registrationof two planesfa-
cilitate 3D af�ne reconstructionof structuredscenesusing
simplesimilar trianglesandthat it is possibleto recover the
cameraposition in the given coordinatesystem.The extra

degreesof freedomobtainedasa resultof independentreg-
istrationof thetwo planesgive usconstraintson (i) transla-
tion of theplanesalongthecoordinateaxes,and(ii) rotation
of the coordinatesystemof one planewith respectto the
other7. In addition,if the two planesareregisteredin a Eu-
clideancoordinatesystem,weprovidemethodsto determine
theorientationof anarbitraryplane.

3.1. The basiccasefor cameraestimation

Consider�rst thesituationof Figure3 wherethetwo world
planesandtheircommonaxisof intersectionis visible in the
image.Thoughthetwo planes(andtheXYZ coordinatesys-

submittedto EUROGRAPHICS2003.



Kushalet al. / Multilevel modellingandrenderingof architectural scenes 5

tem)neednot beorthogonal,we will refer to themasverti-
cal andhorizontalfor convenience.Let theworld coordinate

1,0,0

0,1,0

0,0,1

1,1,0

1,0,1

camera
center

0,0,0

Figure3: Thebasiccase.

systemof theX-Y (vertical)andX-Z (horizontal)planesbe
asindicatedin the �gure. It is not necessarythat threeaxes
areof samescale.Let H andG be the homographiesfrom
the world X-Z and X-Y planesto the imagerespectively.
Thesehomographiesmaybecomputedby hand-pickingthe
six de�ning pointsin theimagein a standardway 5.

The�rst andthelastcolumnof boththehomographiesare
equalup to scalesincethey representin the imagethevan-
ishing point correspondingto the X directionand the pro-
jection of the world origin respectively. If we �x the rela-
tive scaleof thehomographies,by makingthe lastcolumns
equal,thensincetheunit lengthin theX directionfor both
the homographiesis the same,the imageof the (1,0) point
for boththehomographieswill bethesame(i.e. theimageof
the(1,0,1)point in theworld).Hencethe�rst columnswould
alsohave to beequal(includingscalebeingequal).Thesec-
ondcolumnsof H andG representthevanishingpointscor-
respondingto theworld Z andY directionsrespectively.

So to obtain consistenthomographiesH and G we can
solve for both the homographiestogetheranddecreasethe
numberof independentvariablesfrom 16 (8 for eachof the
homographies)to just 11 (8 for any oneandonly 3 for the
othersinceonly the 2nd columnof the secondis indepen-
dent). These11 degreesof freedomare exactly thosere-
quired to de�ne the full projectionmatrix (3 � 4) for the
camera5. Registrationof thetwo planesthroughH andG is
alsotheminimal informationrequiredto setup thevanish-
ing line of the referenceplane(horizontal)anda vanishing
direction(vertical)asrequiredby Criminisi etal.1.

As a consequenceof the above, the 3 � 4 projection
matrix of the cameracan be read out from the columns
of the homographiesH �

�

H � 1��� H � 2��� H � 3��� and G �

�

G � 1��� G � 2�	� G � 3���

7. The projectionmatrix for the camera
is P �

�

H � 1� G � 2� H � 2� H � 3��� .

3.2. Localization of cameracenter

Thecameracentercanbedirectlycomputedfrom thehomo-
graphiesH andG de�ned above in thefollowing way.

Clearly, T � G 


1H is thehomographywhich mapsfrom
theX-Z planeto theX-Y planethroughthecameracenteras
shown Figure3. Let thecoordinatesof thecameracenterin
theworld af�ne framebe � Cx � Cy � Cz � . It caneasilybeveri-
�ed geometricallythatthehomographythatmapspointson
theX-Z planeto theX-Y planeis

T � G 


1H � l

���


Cz Cx 0
0 Cy 0
0 1




Cz

��

(1)

So we can now obtain the coordinatesof the cam-
era center. First we normalize the homography T by
making T32 � 1. Then the camera center is C =

� Cx � Cy � Cz � = � T12 � T22 �




T11� . The cameracenter's coordi-
nates � Cx � Cy � Cz � will be obtainedin the world coordinate
system.Here,thescalesof X, Y andZ neednotbeidentical.

3.3. Euclideancalibration of camera

If we want to calibratethe camerain Euclideanterms(i.e.
determinethe matrix of camerainternals,K)5 we require
to know i) the relative orientationof the XYZ coordinate
axes and ii) the relative scalesof eachof the axes of the
world coordinatesystemthat we had initially speci�ed. If
the relative orientationis known then the cameramatrix P
canbe re-computedto correspondto anorthogonalcoordi-
natesystemin the world. To get the projectionmatrix in a
coordinatesystemwith unit lengthsof the threeaxesequal
we can just multiply P with a diagonalmatrix as follows
Pnew � Pold �

diag � a � b � g� 1� , where1/a is theunit lengthin
theX-direction,1/b is theunit lengthin theY-directionand
1/gis theunit lengthin theZ direction.

The projectionmatrix P obtainedabove can be written
asK

�

R � t � wherethe 3 � 3 matrix K is the matrix of cam-
erainternals,R is the3 � 3 rotationmatrix which align the
world coordinatesystemto the cameracoordinatesystem
and




Rt t arethecoordinatesof thecameracenter5. Thus,
the �rst 3 � 3 of P is KR (call it P̃). Clearly P̃

�

P̃t
� KK t .

Sincewe know P, K canbeobtainedin a standardway5.

OnceK hasbeenobtained,R and t can also be simply
obtained.R = K 


1
�

P̃ whereP̃ is KR (the�rst 3 � 3 of P).
t = K 


1
�

Kt whereKt is thelastcolumnof P. Thecamera
centercanthenbecomputedas




Rt t.

3.4. Probing for heightsand widths

Oncethe cameracentercoordinateshave beendetermined,
in either af�ne or Euclideanterms,the coordinatesof 3D
pointsin thescenecanbecomputedusingsimplegeometry.
Theuserclicksapoint (call it thehead) andits projectionon
theX-Z plane(call it thefoot) in theimagealongtheX




Y
direction,for exampletheheadandthefoot of a person(see
Figure4). Now usingthehomographyH 


1 (from theimage
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6 Kushaletal. / Multilevel modellingandrenderingof architectural scenes

planeto theX-Z horizontalplane)we cantransferthehead
andthefoot of thepointonto thehorizontal(X-Z plane).We
canthenusesimplesimilar trianglesto calculatetheheight
(Y coordinate)of thepoint.

Camera Center

3D Point

Foot of the 
camera center

Projection of the
head of the Point

Projection of the 
foot of the Point

F HC

Figure4: Determiningtheheight.

Theheightcanbecomputedash = Cameraheight* FH
CH

Note that the heightcanalsobe obtainedrelative to the
height of anotherobject (with its headand foot given) by
eliminatingthecameraheightfrom thetwo similar triangle
equations.TheX andZ coordinatescomeout directlyusing
the homographyH




1. Thuswe canget all the 3 af�ne co-
ordinatesof pointsin thescenecoordinatesystemby simple
geometry. To ensurethattheheadandfoot areclickedalong
theX




Y directionin theimage,weenforcethestraightline
throughtheheadandfoot to passthroughthevanishingpoint
in theY direction.Similarly, if we know thatseveral points
in 3D alonga known straightline areof thesameheight,we
enforcethat the lines joining their `heads'and`foots' must
passthroughthe vanishingpoint of the directionandsolve
for all theheightssimultaneouslyfrom theimagedata.

Of course,the above procedurecanalsobe appliedrel-
ative to the X-Y planeto computethe width of objectsas
well.

Also, in casethe foot of the object (on the horizontal
plane)cannotbeseenclearly in the imagebut is visible on
a planeparallel to the horizontalplane(for example,when
theobjectis placedon thehorizontalcourtyardof Figure1),
thenwe can �rst �nd out the heighth of the courtyardby
clicking the headand foot of any point on the courtyard
andobtainthehomographyfrom theimageto thehorizontal
(courtyard)planeH �

�

P � 1� P � 3� hP � 2��� P � 4� � . Then,to
computeaheightrelativeto thecourtyard,wecanuseasim-
ilar approachasabove by taking theprojectionof thehead
onthecourtyardplaneandclicking thefoot onthecourtyard
plane.Then,we canusesimilar trianglesasbeforeto calcu-
late theheight.In this casethe heightof the cameracenter
will obviously beCy




h (offset computedfrom the court-
yard).

3.5. Head/Foot click correction

The actualdegreesof freedomof the head-footclicks pro-
videdby theuseris only 3 sincethevanishingpoint in theY
directionis constrainedto lie ontheline connectingthehead
andthe foot. We follow a techniquesimilar to Criminisi et
al.1, whereina userspeci�esuncertaintyareasin the image
correspondingto theheadandthefoot,andthebestheadand
foot estimatesarecalculatedby minimizing the sumof the
Mahalanobisdistancesbetweentheestimatesandtheuncer-
taintyareasspeci�edby theuser.

3.6. Computing the orientation of an arbitrary plane

Angleshave their standardmeaningonly in a Euclideanco-
ordinateframe.Hence,for carryingoutanglemeasurements
we �rst needto correctthe projectionmatrix P so that the
unit lengthsalongthe3 axesareequal.OnceP is available
in Euclideanterms,wecancarryoutanglemeasurementsas
discussedbelow.

3.6.1. Angle of a vertical planewith the XY plane

If the intersectionof the vertical planewith a known hori-
zontalplane(whoseheightis known or canbedetermined)
is visible in the image,the homographyfrom the imageto
thehorizontalplanecanbecalculatedusingP. Thenthean-
gle canbefoundon thehorizontalplaneaftercorrectingits
imagewith thehomography. Even if the intersectionof the
veridicalplanewith someknown horizontalplaneis notvis-
ible, onecancalculatetheangle(sayf ) by justmarkingany
horizontalline on thevertical plane.Let theprojective rep-
resentationof this line in the imagebe � . The imageof the
point at in�nity on this line is P � 1� cosf




P � 3� sinf , which

yieldstanf �

� TP � 1�

�

TP � 3�

.

3.6.2. Angle of a tilted plane fr om the ground plane

Thisangle(q, seeFigure5) canbecalculatedif theusercan
specifya lengthratio of two arbitraryvectorson the tilted
plane,or alternatively, if theusercanspecifysomelengthon
thetiltedplanein theworldcoordinatesystem.In thegeneral
schemetheuserneedsto �rst specifytheintersectionline of
thetilted planewith thegroundplaneor any otherplaneata
known heightasin thepreviouscase.Then,wecalculatethe
homographyfrom thetilted planeto theimageas

Hq � P
�

�

�

�

�

lX lZ cosq X
0 sinq Y
lZ




lX cosq Z
0 0 1

�

�

�

�

(2)

where � lX � 0 � lZ � is theunit lengthdirectionvectorof thein-
tersectionof thetilted planewith a horizontalplaneandX0
= � X � Y � Z � is apointon theintersectionaxis.Thecoordinate
systemon the tilted planehasits X-axisalongthe intersec-
tion line with origin at X0.
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The inverseof this homography(Hq 


1) will take points
on the imageto the coordinatesystemon the tilted plane.
Now, theusermaymarktwo arbitraryvectorson theimage
of thetilted plane.Theseareprojectedto thetilted planeus-
ing Hq 


1 andtheir lengthratio providesthenecessarycon-
straintto calculateq. Also, if theusercanspecifythelength
of any singlevectoronthetilted planethislengthcanbeused
directly to obtainq by similarly projectingthatvectorto the
tilted planeusingHq 


1 andequatingtheresultinglengthto
theoneprovidedby theuser.

Line (specified by user)

Line of intersection with
a known horizontal plane

Tilted plane

Tilt Angle

X 0

Figure5: Anglemeasurement

Usinganapproachsimilar to that for vertical planes,the
knowledgeof a specialline on the tilted planein the im-
ageis alsoenoughto determinethe tilt angleasshown in
Figure5. If theusercanspecifythe line on the tilted plane
which is perpendicularto the intersectionaxis thenonecan
usethis line to calculatethe tilt angleq. Let theunit vector
in the intersectionline directionbe � lX � 0 � lZ � . Now, the im-
ageof the point at in�nity in the directionasa function of
q is




P � 1� lZ cosq � P � 3� lX cosq � P � 2� sinq which yields

tanq �

� T P � 1��� lZ



� TP � 3��� lX
� TP � 2�

.

3.7. Extracting Faces

Apart from just thebasicprobingtechniquewe alsoprovide
amethodfor extractingfacesfrom themodel.Theuserspec-
i�es pointson the upperand lower edgesof the face(s)to
be extracted.We �t two lines throughthesesetsof points.
The usermay specify the directionof theselines (seeFig-
ure1(b)). In this case,thelines�tted areconstrainedto pass
through the vanishingpoint in that direction. The heights
aredeterminedby pickingup correspondingpoints(theline
joining thempassesthroughthevanishingpoint in the ver-
tical direction) on the upperand lower lines. Thesecorre-
spondingpointsaretakenasthehead-footpairsto calculate
theheightof theface.Heretheusermayalsochooseto en-
force the constraintthat many of the faceshave the same
height.Other constraintslike the fact that two or more of
the lines for different facesareparallel or coincidentmay

alsobeimposed.In thiscasetheheightwill besolvedfor by
minimizing theerrorfor all thefacestogether.

3.8. Extensionto camerarecovery fr om eight points

Considerthe situationof Figure 6. Let us assumethat the
world X axis is not visible but we have four pointson each
planenecessaryfor their independentaf�ne (or Euclidean)
registration.Further, let us assumethat the X directionsin
boththeplanesareparallel.Thissituationoccurscommonly
in practice(SeeFigure 1). Wecanusethesepointsto de�ne
homographiesH

�

andG
�

betweenthe X-Z andX-Y planes
andtheimagerespectively.

Y-axis

X-axis

Z-axis

(tx,ty,0)

(tx,ty+1,0)

(0,0,tz)

(0,0,tz+1)

(1,0,tz)

(tx+k,ty+1,0)

(tx+k,ty,0)

Figure6: Registrationof planesusingeightpoints.Common
X axisnotvisible.

Let usassumetheX dimensionof thegroundplanerect-
angleto be the unit lengthof the world. Let 1

�

g be the Z
dimensionof the groundplanerectangleand1

�

a and1
�

b
be the X andY dimensionsof the vertical planerectangle.
Also let tx, ty andtz be the translationsof the rectanglesas
shown in Figure 6.

Clearly, the homographiesH
�

and G
�

are relatedto the
homographiesH andG de�ned beforeasfollows:

H � H
�

�

��

1 0 0
0 g




gtz
0 0 1

��

� G � G
�

�

��

a 0



atx
0 b




bty
0 0 1

��

(3)
Now substitutingfrom Equation3 in to Equation1 andre-
writing we have,

H
�

�
�

1 0 0
0 g




gtz
0 0 1

�
�

�

l
�

G
�

�

�
�

a 0



atx
0 b




bty
0 0 1

�
�

�

�
��


Cz Cx 0
0 Cy 0
0 1




Cz

�
�

(4)
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Usingthefact thatthe�rst columnsof bothH
�

andG
�

is
thevanishingpoint in theX directionandarehenceequalup
to scale,wehave7

1. If oneof atx, bty or gtz is known thentheothertwo can
be found out by comparingthe entriesof the third col-
umnof Equation4. We canalsoobtainl Cz from these3
equations.Thenby comparingthe �rst columnswe can
compute




la Cz. Now, from thesetwo valueswecanalso
�nd thevalueof a.

2. Instead,if a is known thentheratio l Cz canbeobtained
from the �rst column.Pluggingit in to the third column
we have threeequationsin threeunknowns (tx, bty and
gtz) andwe cansolve in general.

Oncewe have obtainedl Cz, atx, bty andgtz, thenfrom col-
umn 2 we cancomputethe otherunknowns aCx, bCy and
gCz. Notethatb andgcannotbedeterminedseparately(un-
lessgiven).They canbe setto 1 without lossof generality
andty, tz, Cy andCz canbecomputedup to scale.

Alternatively, we canuseroughknowledgeof thecamera
internalparametersK andexperimentto adjusttheparame-
tersb andgto obtainvisualalignmentfrom re-projections.

Oncetheseparametersare computedwe can useEqua-
tion 3 to computeH andG. If theplanesareorthogonal(or
their relative orientationis known) thenwe canproceedas
in Section3.1to computethecamerainternalsand3D coor-
dinates.

4. Metr ologyof curved surfaces

In this sectionwe extend the basic methodto deal with
metrologyof curvedsurfaces.As with planemeasurements,
modelling spheresand frustumsfrom a single imagealso
requiretheuserto interactively specifysomenecessarycon-
straints.In what follows we assumethat thecameraprojec-
tion matrixP is known anddescribetheconstraintsfor some
cases.

4.1. Spheres

Modellingasphereinvolveslocalizationof its centerandthe
computationof its radius.Thesilhouetteof any sphereis an
ellipse in the image.To resolve the depthscaleambiguity
the userneedsto provide additionalinformation.We show
that this can be achieved by specifyingan intersectingor
tangentialplane.

4.1.1. Tangential Plane

Theuserspeci�es thesilhouettein the imageby clicking a
minimumof 5 pointson it. Having �tted anellipsethrough
thesepoints, the systemevaluatesthe equationsof planes
tangentialto the spheresuchthat the cameracenterlies on
them.Threesuchtangentialplanes(sayP1, P2 andP3) lo-
calizethespherecenterto a line passingthroughthecamera

O

P1

P2

p3

Family of Tangential Planes containing C 
Line containing C and Sphere Center

Known Tangent Plane
P0

C

Figure7: Tangentplane.

centerasshown in Figure7. Theconstraint,that theknown
tangentialplane(here,P0) is alsoequidistantfrom thesphere
center, helpsus localizethe spherecenterto two pointson
theline. Oneof thesepointsis on thesamesideof theplane
P0 asthecameracenter. This informationcanbeusedto re-
solvewhichof thetwo pointsis therequiredpoint.Notethat
onewould encountera degeneratecaseif thecameracenter
liesonP0.

4.1.2. Intersecting Plane

Family of Tangential Planes containing C

Known Cutting Plane

Curve of Intersection

o

C

Figure8: Intersectingplane.

The usermay alsochooseto specify the curve of inter-
sectionof thespherewith a known intersectingplanein the
image.This allows us to localizethespherecenterto a line
(say � ) normalto theintersectingplaneandpassingthrough
thecenterof thecurve of intersectionasshown in Figure8
(notethatthecurve of intersectionof a spherewith anarbi-
trary planeis a circle in theworld). As in thepreviouscase
theuseris asked to specifythesilhouettein the image.The
two tangentplanesP1 andP2 constrainthespherecenteron
their anglebisectorplane.The intersectionof the anglebi-
sectingplaneand � is thespherecenter.

4.2. Frustums

The userspeci�es the basecircle of the frustumin the im-
age.Theuseralsospeci�es the left andright silhouettesof
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Q

Curve of Intersection

Apex of cone

Camera Center

Axis of frustum

Figure9: Frustum.

the frustumswhich arelines in the image.The intersection
of thesetwo lines in the imageis the imageof the apex of
thecone,of whichthefrustumis apartasshown in Figure9.
This localizestheapex to the line P� xapex � l C in thereal
world whereP� is thepsuedo-inverseof P (i.e. Pt

� PPt
��


1)
andC is thecameracenter. Theintersectionof this line with
theaxisof thebasecircle determinestheapex in theworld.
Theconeis thusdetermined.To �nd theheightof the frus-
tum, thesystemprojectstheline (say � 1) joining theapex to
thepointnearestto thecameracenteronthebasecircle,onto
the image.The userthenclicks the point of intersectionof
this projectedline with theuppercurve of intersection.We
shoota ray throughthe cameracenterandthis intersection
point.Therequiredpointhasthusbeenlocalizedasthepoint
of intersectionof this ray and � 1. Thedistanceof this point
from thebaseplaneis theheightof thefrustum.

4.3. Modelling of generalsurfacesof revolution

Metrologyof ageneralsurfaceof revolution(SOR)involves
computationof a spacecurve, which whenrotatedabouta
given axis producesthat surface13. We �nd out the radii at
differentheights.As a result,we cannow computethegen-
eratingcurve andhencethesurfaceof revolution.

Thetechniqueadoptedrequirestheuserto specifytheaxis
of revolution in theworld (by specifyinga point on theaxis
O andits directiondir asshown in Figure10). Theaxisdi-
rectioncanbecomputedusingearliermethodsof metrology.
In addition,theuserneedsto markthesilhouetteof theSOR.
This methodexploits thefact that thesurfacenormalat any
pointon theSORis co-planarwith theaxisof revolution.

A parametriccurve is �tted to thesilhouetteandsampled
uniformly. Considertheequation

C � O � l 1dir � l 2n � l 3r

wheren is thesurfacenormalat a silhouettepoint andr is

thedirectionvectorfrom thesilhouettepoint to thecamera
center. The tangentline at a point on the curve in the im-
agegivesustheequationof theplanetangentto theSORat
thatpoint.And thuswecandeterminen givenapointon the
curve. The directionvector r can be determinedby shoot-
ing a ray from the cameracenterthroughthe point on the
silhouette.Note that thereexists a uniquesolutionto the 3
variables(thel 's).

Sincethecameraprojectionmatrix is known, for a given
point on thesilhouettethecorrespondingpoint on theother
silhouetteat the sameheightcan easilybe computed.The
radiusfor theheightcanbecomputedby enforcingthecon-
straintthatthecorrespondingpointsareat thesamedistance
from theaxis.

Tangent Plane

Axis of Revolution

n

O

C

Sillhouette 
dir

r

A

Figure10: General surfacesof revolution.

4.4. Surfacesof translation

To model archesin monumentsonealso requiressurfaces
of translation.Theseare parameterizedby splinesand the
depthof translation.Theuserclickspointsononeof theend
planesof thesurfaceof translation.Werequirethatthisplane
beknown or computedby earliermetrology. Now usingP,
we canproject thesepointsfrom the imageto the planeto
get their locationin theworld plane.Subsequently, we �t a
splineonthesepointsandtranslatethesplineby therequired
depthto get themodelof surfaceof translation.This depth
mustalsobedeterminedby earliermetrology.

5. Results

We have modelledtheHumayun's Tomb,in New Delhi us-
ing the primitives describedin the previous section.The
grossmodellingwasdonefrom theimagein Figure1.

First the cameracenterwaslocalizedby registeringtwo
planesin the imageasshown in Figure1. We speci�ed the
quantitybty mentionedin Section3. Recallthat this is just
theheightof theorigin on thevertical planefrom the hori-
zontalplanein termsof theverticalplane'sunit length(refer
to Figure6). This setsup a coordinatesystemin the image
anddeterminestheprojectionmatrix P of thecamerain this
coordinatesystem.Werequirethelengthsof theunitsin the
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(a) (b)

Figure 11: Wire-framemodelof (a) the faces,(b) showingthe completestructure with the internal detailsof the front face
registered.

(a) (b)

Figure12: Two snapshotsfromthe�nal walk-through

3-axes to correct the P to a Euclideanframe.The lengths
in theX andZ directionsweredirectlyavailablefrom actual
measurements,but theY heightwasnotpossibleto measure.
Thisdid notposeaseriousdif�culty becausewecouldprobe
theheightof thecourtyardin termsof theunit of Y. Wethen
usedthisheightto relatetheunit of Y to actuallengthsin the
world.

Oncethe heightof the courtyardfrom the groundplane
wasknown, all subsequentheightmeasurementswerecar-
riedoutwith respectto theplaneof thecourtyard.Wesolved
for thecommonheightof theplanestogetherasexplainedin
Section3 anddeterminedthe heightof the two sideplanes
and the four angledplanesvisible in the image.The front
plane's heightwasdeterminedsimilarly andthe restof the

sidesof the monumentwhich arenot visible in the image
weremodelledusingsymmetry.

For modelling the varioussurfacesof revolutions in the
images,the axesanda point on eachaxisweredetermined
from earliermetrologyusingsymmetryinformation.Recall
thatthesearenecessaryfor �tting of SOR's (seeSection4).
The surfacesof revolution were then modelledfrom their
respective silhouetteedges.

We usedthe image in Figure 2 to carry out a detailed
metrologyof the areainside the front facade.For this we
marked the two rectangles(H andV) on orthogonalplanes
asshown in Figure2. HerethescalesalongtheX andZ axis
onthenew axisweredeterminedfromthetiepointsshown in
Figure2(b). Theparallelplanetechniquewasusedto move
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upfrom theH planeto thefront faceplanein two steps.The
tie pointcoordinatesin thisnew framewerecomputedby the
probingtechniqueandwereequatedwith theonesobtained
from thefarmetrologyto getthescalingbetweenthefarand
thedetailedcoordinatesystems.

The unit lengthalong the Z axis of the detailedcoordi-
natesystemcouldnotbeobtainedfrom ourpreviousmetrol-
ogy andwas measuredseparately. Then the heightsof the
planesandotherdetailedmeasurementsweremadeon Fig-
ure 2(b) and the inner detailswere includedin the model.
In Figure11 we show the modelbuilding processin wire-
frame.In Figure12 we show two snapshotsfrom the �nal
walk-through.

6. Conclusion

We have presentedan intuitive and interactive methodfor
multilevel modellingof architecturalscenes.Themethodis
simpleand�e xible andyieldshigh quality interactive walk-
throughs.
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