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Abstract

We presenta novel approach for multilevel modellingand renderingof architecturl scenesusinga small setof
photagraphs.Our approad is basedon interactive probing of intuitive measueslike lengths widthsand heights
fromsingleview metiology. Thesemeasuescanthenbe aggregatedwith additionalinput if needbe, for de ning
high-level primitivessud as planes,prismaticblods, cuboids,sphees,and geneal surfacesof translationand
revolution. The modellingappioad is modularand incrementalwhich enableseaseand e xibility in building
large architectural scenesFurther, our approad allows multilevel modellingand rendering Thatis, the model
can be enhanced&ducedboth in termsof changingdetails at the primitive level and at the modellevel. This
requiresinter-registration of two or more imageswith commorcontentsOur appoad is computationallysimple
fastand robust. We demonstate our resultsby building a modelof a magni cent historical monumentn Delhi -

Humayuns tomb

Catagories and Subject Descriptors (accordingto ACM
CCS) 1.3.7 [Computer Graphics]: Three-Dimensional
Graphicsand Realisml.3.5 [ComputerGraphics]:Compu-
tationalGeometryandObjectModeling

1. Intr oduction

Recentlythe problemof interactive 3D modellingof archi-
tecturesfrom a sparsesetof photograph$iasattracteda lot
of attention.First Debevec et al.2 andthenotherg & 4 have
shavn thatsuchimagebasednethodsanprovide highqual-
ity reconstructiorandphoto-realisticrenderingwithout go-
ing throughtediousandcumbersom€&AD or digitizing sys-
tems.

submittedto EUROGRAPHICS2003.

In this paperwe describea systemfor interactve mod-
elling andrenderingof architecturascene$rom oneor more
photographsvith multiple levels of details.We presentan
incrementaltechniquethat is basedon probing of lengths
and widths along parallel directions.Our methodcan also
dealwith spheresgconesand frustums,surfacesof transla-
tion andsurfacesof revolution.

Most methodsfor recovery of 3D structurefrom images
rely on calibratedsterecor uncalibratedmagesusingepipo-
lar or trilinear constraints. In contrast,methodsbasedon
single-viav analysis? @ 8 4 exploit the structuralconstraints
available in architecturalphotographgo directly estimate
thelocationandthe intrinsic parametersf the cameraand
reconstruc8D modelsthroughuserinteractionfrom oneor
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more images.3D reconstructiorfrom a singleimagemust
necessarilypethroughaninteractie processywheretheuser
providesinformationand constraintsaaboutthe scenestruc-
ture. Suchinformationmay bein termsof vanishingpoints
or lines 8189 co-planarity!, spatialinterrelationshipof
featured 4 andcameraconstraints2.

The Facadesystem, oneof the mostsuccessfufor mod-
elling and renderingof architecturalscenesconsistsof a
hybrid imageandgeometrybasedapproachwhich requires
decomposinghe sceneinto prismaticblocks and cuboids
which arethe basicprimitivesfor modelling.Eachprimitive
is de ned in termsof six parameterslescribingits location
anda smallnumberof otherparameterslescribingits inter-
nal details.Theuserneeddo interactvely de ne constraints
on placementsf the primitive blocksandmarkcorrespond-
ing edgesggmentsn theimage.In generaknon-linearopti-
mizationmethodis requiredto solwe for all the modeland
cameraparametergexternal) simultaneouslyThe internal
parameter®f the cameraneedto be calibratedapriori. In
somespecialcasesespeciallyif the blocksarealignedwith
respectto eachother or their rotationwith respecto each
otherareknown, linear methodscanbe used.While model
tting usingsimultaneoudundleadjustmerit appeargo be
an attractive approachijt may turn out to be problematicif
the modelrequiresa large numberof primitive blocks ori-
entedwith respecto eachotherat unknavn anglesin such
a casethelarge numberof unknavn parameterén simulta-
neousbundleadjustmentsingnon-linearoptimizationmay
malke the methodunsuitable.In addition, prismaticblocks
and cuboidsmay not be the most convenientprimitives to
usefor modellingin all situationgseefor exampleFigurel).

Othersigni cant approacheto architecturenodellingare
basedon estimationof vanishinglinesin images® andmet-
ric recti cation of plane$. In the PhotoBuildersysten? 10 a
userneedso mark parallelandorthogonaledgesn atleast
two images.Theseareusedto computethe vanishingpoints
in theimagescorrespondindo the threeorthogonalkoordi-
nateaxesin the world. In addition, the userneedsto mark
the projectionof a cuboidof known sizein theimages.The
vanishingpointsandthe imagesof the cuboidaresufcient
to bothlocalizethecamerasn acommorworld frameandto
estimatetheir intrinsic parametergndependently3D recon-
structionof pointsin theworld is achiered by steredariangu-
lation from imagecorrespondenceSincethe basicmethod
of 3D reconstructiorand metrologyis basedon stereotri-
angulation,at leasttwo imagesare required.Leibowitz. et
al.8 proposea methodfor metricrecti cation of planesand
cameraestimationbasedon computationof circular points
in imagesrom vanishingdirections Both thesemethodsare
limited to blocksworld reconstructiorof the scene.

We proposea methodbasedon singleview metrology? 7
for incrementamodelbuilding. Ourmethods basednsim-
ple interactve probingof lengthratiosalongdirectionspar
allel to the world coordinateframe. It is not necessaryhat

thethreecoordinateaxesof theworld frameareorthogonal
andbe speci ed by the userin the samescale.Often, accu-
ratelengthmeasurementalongthe threeaxesdirectionsin

the world are not available, and, in sucha case,sinceour
probingtechniquds basedon computingaf ne ratiosalong
parallel directionsin the world, we can still carry out an
afne reconstructiorof theworld model.In caseit is known

that the three axes directionsin the world are orthogonal,
theafne reconstructiorcanbe updatedto Euclideanusing
roughknowledgeof theinternalparametersf thecamereor

experimentingwith the scalefactorsof the coordinateaxes
to obtainvisualalignment.n casetheplanesareorthogonal
andthescalesareknown, we canrecover thecamergparam-
etersandthe modeldirectly in Euclideanterms.

Our primitivesaremoreatomicthanthe prismaticblocks
and cuboidsusedin Facadé. At the sametime the ba-
sic techniquecanbe usedto simultaneouslycomputeparts
or whole of the modelin termsof higher level primitives
like planes,sequencef planes,prismaticblocks, cuboids,
spheresgonesandfrustums surfacesof translatiorandsur
facesof revolution using simultaneousbundle adjustment
similar to thatin Facadé. Consequentlya userhasmore
e xibility to experimentandevolve aright stratgy onacase
to casebasisand decideon whetherto usethe basicprob-
ing techniqueor to solve for several primitive parameters
simultaneouslyin a tightly constrainednanner We deter
mine both the camerainternal parametersand its location
apriori (unlike in Facadé), andhenceall subsequentnod-
elling stepsarelinearandcomputationallyef cient. Further
modellingerrorsin a portion of the scenecanbe corrected
without affectingthe modellingof otherparts.

Thebasicprobingtechniquegivesusadded e xibility for
incrementamodelbuilding atmultiple levelsof detail. Since
the atomic primitives are just length ratios and not more
complex blocks,our methodis moresuitablefor multilevel
analysisandmodelling.For example aplanarfacemodelled
atacoarseaesolutioncanbefurthersub-dvidedinto a setof
primitives whosemodel parametersnay be independently
computedfrom metrologyusinga ner resolutionimage.
Thesenew primitives can be planes,blocks and even sur
facesTheuserneedso registerthe commonlyvisible parts
in thesetof imagesandreplacecoarsedetailswith ner res-
olution geometryandtexture. The registrationrequiresonly
linearcomputations.

In the following sectionswe presentthe details of our
method.In Section2 we give an overvien of our system.
In Section3 we presentour basicmethodfor single view
metrologyanddescribenow thebasicprobingtechniquecan
be usedeitherincrementallyor in aggreation.In Section4
we extendthe basicmethodto dealwith curved objects.In
Section5 we describeour stratgyy and provide resultsfor
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modellingandrenderingof Humayuns tomb , and nally
in Section6 we concludethe paper

2. Overview

In whatfollows we give a brief overview of our systemThe
methodinvolvesthefollowing mainsteps:

Cameraestimation: We rst registertwo planesindepen-
dently by identifying a rectangle(or parallelogram)on
eachin a coarseresolutionphotographThe planesneed
not be orthogonal,thoughwe refer to them as vertical
andhorizontalfor corvenienceSeeFigure1(a) (alsoFig-
ure 6). This setsup an afne coordinatesystemin the
world andenablesherecovery of correspondingamera
parameters We obtainthe vanishingpoints of the axes
directionsin theimagesdirectly asa by-product.In case
theplanesareorthogonakndthesizeof eachrectanglas
known accuratelythenwe canrecover the cameran Eu-
clideantermsand computethe internalparametersf the
camera.

Probing heightsand widths: Oncethe cameraprojection
matrix is known we can computethe height (width) of
ary arbitrary3D pointby identifying the point (head)and
its projection(foot) on the horizontal (vertical) planein
the image along the coordinateaxis direction (SeeFig-
ure 1(a)). In casethe foot of the point is not visible on
oneof thereferenceplanebut is clearly identi able in a
planeparallelto thereferenceplane thenthe offsetof the
parallelplanefrom thereferenceplanemustbe computed
aprioriusinga similar technique.

Modelling facesand blocks: The basicprobingtechnique
canbeuseddirectly to computesizesof facesandblocks.
Alternatively, several facesandblocks canbe simultane-
ouslymodelledn atightly constraineadnannerFor exam-
ple,in thephotograptof Figurel(b), theusermaychoose
to enforcethe constraintsthat i) the entire front of the
mainmonumentonsistof asequencef planarfacesad-
jacentto eachotherii) severalof themareparallelto each
otheriii) all the planarfacesare orthogonatlto the plane
of thecourtyard hencetheline joining the headandfoot,
samplecarywhere mustpassthroughthevanishingpoint
of the Y directioniv) the top and bottom edgesof sev-
eralof thefacesmustpassthroughthe vanishingpoint of
the X directionv) the commonheightof thefrontal faces
canbeestimatedy consideringa pencil of raysoriginat-
ing from theY directionvanishingpoint and computing
their intersectionswith the line throughthe top and bot-
tom edgesof the facesto mark of the heads andfoot's.
All theabove constraintsanbe expressedsa singlelin-
earsystemwhich canbe solved usingSVD Notethatthe
entiremodelbuilt asabore is dependenon the heightof
thecourtyard,andthis dependenceanevenbeexpressed

http://depts.\@shington.@u/uvchiilkroad/dties/india/ddhi/

humayun/humayun.html
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symbolically This heightcaneitherbe supplied,or com-
putedseparatelypy independenprobing,or evenbecom-
putedsimultaneouslyusing additionalconstraintsThus,
theuserhasthe e xibility of modellingpartsof thescene
eitherincrementallyor asanaggreate.

Modelling surfaces: The knowledgeof the cameraprojec-
tion matrix andthe axisis sufcient to computean arbi-
trary surfaceof revolution from its silhouetteedges For
the various surfacesof revolutionsin the photographof
Figure2(a) - the axisdirectionsareknown to bevertical,
theheadis directlyvisiblein theimage,andthefoot posi-
tionsareknown from symmetry In Section4 we give the
detailsof modellingarbitrarysurfacesof revolutions.

Registeringmultiple levelsof details: For faithful render
ing of walk-throughsat close-upsve needto sub-dvide a
primitive modelledata coarseresolutionnto ner primi-
tives.For example from thephotographn Figure2(a)the
big verticalfaceof the entranceo the mainmonumenis
modelledas a plane.However, at close-up,asin Figure
2(b), we needto carry out an independenmetrologyto
modeltheinsidein termsof several planesand surfaces
of translation For this we setup anindependentoordi-
natesystemasdepictedin Figure 2(b). The userneeds
to registerthe two independentetrologiesby identify-
ing correspondenceas shavn in Figure 2. The model
with the internaldetail of the faceshavn in wire-frames
is depictedn Figurell.

Rendering: For subsequentenderingof walk-throughswve
employ a techniquesimilar to view dependentexture
mapping? 3. Themodelis projectedontothe originalim-
age(s¥romwhichit is built. Thisestablisheacorrespon-
denceof the modelparametersvith theimagesandpro-
videsthetexture coordinate®f the associateghrimitives.
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.Duringtheen-
hancemendf themodel(changingrom onelevel of detail
to another;seeFigure 2) we do stencilingto separatehe
portionsandpick appropriateextures.

In whatfollows we describeour basicprobingtechnique.

3. Metrology

In arecentpaperCriminisi etal.l shav thatunderthe cus-
tomaryassumptiorof the pin-holecameramodep, the min-
imal geometricinformationthata userneedsto provide for
computatiorof 3D measuremenis theaf ne registrationof
i) areferenceplaneandii) areferencedirectionaway from
theplane.Oncethevanishingline of thereferenceplaneand
thevanishingpointof thereferencalirectionareestablished,
theusercanprobefor lengthratioson planesparallelto the
referenceplaneandlines parallelto the referencedirection
andtherebyrecover 3D af ne structure.
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Vertical Vanishigg Point (

(b)

Figure 1: (a) Camer determinatiorand heightmeasuementsTheusermarksa rectangleeac on a verticalanda horizontal
planefromwhich the world coodinate frameand the camen is recorered. Heads and foot's canthenbe clicked to compute
heights.(b) FaceLifting: Theusermayspecifyconstaintsfor modellingof faces.

@

(b)

Figure 2: (a) Domesmodelledassurfaceof revolution. (b) Independentnetiology for multiplelevelsof detailsandtie-points.

In whatfollowswe presenasimpleandpracticalmethod
for implementatiorof the basicideasof Criminisi etal.! for
interactve 3D reconstructiorfrom single imagesand also
considersomeextensionsThemethodis basedn computa-
tion of homographiésfrom two world planesto theimage,
whichdirectlyyield thenecessaryanishingpointsandlines
reliably. The userneedgo identify the two planesby click-
ing four pointson each(SeeFiguresl(a) and6) sothatthe
two planescanbeindependentlyalibratedin af ne terms.

We shaw thattheinteractve registrationof two planesfa-
cilitate 3D afne reconstructiorof structuredscenesusing
simplesimilar trianglesandthatit is possibleto recover the
camerapositionin the given coordinatesystem.The extra

degreesof freedomobtainedasa resultof independenteg-

istrationof the two planesgive us constrainton (i) transla-
tion of theplanesalongthe coordinateaxes,and(ii) rotation

of the coordinatesystemof one planewith respectto the

other. In addition,if the two planesareregisteredin a Eu-

clideancoordinatesystemwe provide methodgo determine
the orientationof anarbitraryplane.

3.1. The basiccasefor cameraestimation

Considerrst thesituationof Figure3 wherethe two world
planesandtheircommonaxisof intersectionis visiblein the
image.Thoughthetwo planegandthe XYZ coordinatesys-

submittedto EUROGRAPHICS2003.



Kushaletal. / Multilevel modellingandrenderingof architectuial scenes 5

tem) neednot be orthogonalwe will referto themasverti-
cal andhorizontalfor corveniencelet theworld coordinate

0,10 110

camera
Cen[x
\ 1,00

[ — X |

0,0,

Figure 3: Thebasiccase

systemof the X-Y (vertical)andX-Z (horizontal)planesbe
asindicatedin the gure. It is not necessaryhatthreeaxes
areof samescale.Let H andG be the homographiesrom
the world X-Z and X-Y planesto the imagerespectiely.
Thesehomographiesnay be computedby hand-pickingthe
six de ning pointsin theimagein astandardvay °.

The rst andthelastcolumnof boththehomographieare
equalup to scalesincethey represenin theimagethe van-
ishing point correspondingo the X directionandthe pro-
jection of the world origin respectiely. If we x therela-
tive scaleof the homographieshy makingthe lastcolumns
equal,thensincethe unit lengthin the X directionfor both
the homographiess the same the imageof the (1,0) point
for boththehomographiewill bethesame(i.e.theimageof
the(1,0,1)pointin theworld). Hencethe rst columnswould
alsohave to beequal(includingscalebeingequal).Thesec-
ondcolumnsof H andG representhe vanishingpointscor
respondingo theworld Z andY directionsrespectiely.

So to obtain consistenthomographiedd and G we can
solwve for both the homographiesogetherand decreaséhe
numberof independenvariablesfrom 16 (8 for eachof the
homographiesjo just 11 (8 for ary oneandonly 3 for the
othersinceonly the 2" column of the secondis indepen-
dent). Thesell degreesof freedomare exactly thosere-
quired to de ne the full projectionmatrix (3 4) for the
camera. Ragistrationof the two planesthroughH andG is
alsothe minimal informationrequiredto setup the vanish-
ing line of thereferenceplane(horizontal)anda vanishing
direction(vertical) asrequiredby Criminisi etal.l.

As a consequencef the above, the 3 4 projection
matrix of the cameracan be read out from the columns
of the homographiesH H1 H2 H3 andG
G 1 G2 G 3 7. The projectionmatrix for the camera
isP H1 G2 H2 H3.

3.2. Localization of cameracenter

Thecameracentercanbedirectly computedrom thehomo-
graphieH andG de ned above in thefollowing way.

submittedto EUROGRAPHICS2003.

Clearly T G H is thehomographywhich mapsfrom
theX-Z planeto the X-Y planethroughthecameracenteras
shavn Figure 3. Let the coordinate®f the cameracenterin
theworld afne framebe Cx Cy C; . It caneasilybe veri-
ed geometricallythatthe homographythatmapspointson
the X-Z planeto the X-Y planeis

C: C O
T G H 1 0 ¢ O0 1)
0 1 G

So we can nowv obtain the coordinatesof the cam-
era center First we normalize the homography T by
making Tsp 1. Then the camera center is C =
Cx Cy Cz = Ti2 Tz Ti1 . Thecameracenters coordi-
nates Cx Cy C; will be obtainedin the world coordinate
systemHere,thescalef X, Y andZ neednotbeidentical.

3.3. Euclidean calibration of camera

If we wantto calibratethe camerain Euclideanterms(i.e.

determinethe matrix of camerainternals,K)> we require
to know i) the relative orientationof the XYZ coordinate
axes andii) the relative scalesof eachof the axes of the
world coordinatesystemthat we had initially speci ed. If

the relative orientationis known thenthe cameramatrix P

canbe re-computedo correspondo an orthogonalcoordi-
natesystemin the world. To getthe projectionmatrix in a
coordinatesystemwith unit lengthsof the threeaxesequal
we canjust multiply P with a diagonalmatrix as follows

Prew Poig diag a b g 1,wherel/a istheunitlengthin

the X-direction, 1/b is the unit lengthin the Y-directionand
1/gis theunitlengthin the Z direction.

The projectionmatrix P obtainedaborve can be written
asK Rt wherethe3 3 matrix K is the matrix of cam-
erainternals,R isthe3 3 rotationmatrix which align the
world coordinatesystemto the cameracoordinatesystem
and Rt arethe coordinatesf the cameracenters. Thus,
the rst 3 30of PisKR (callit P). ClearlyP P! KK
Sincewe know P, K canbeobtainedn a standardvay.

OnceK hasbeenobtained,R andt canalso be simply
obtainedR=K * P wherePisKR (the rst 3 3ofP).
t=K 1 Kt whereKt is thelastcolumnof P. The camera
centercanthenbecomputedas R't.

3.4. Probing for heightsand widths

Oncethe cameracentercoordinateshave beendetermined,
in eitherafne or Euclideanterms,the coordinatesof 3D
pointsin thescenecanbe computedisingsimplegeometry
Theuserclicks a point(call it thehead andits projectionon
the X-Z plane(call it thefoot) in theimagealongthe X Y
direction,for examplethe headandthefoot of a person(see
Figure4). Now usingthehomographyd ! (from theimage
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planeto the X-Z horizontalplane)we cantransferthe head
andthefoot of thepointonto thehorizontal(X-Z plane).We
canthenusesimplesimilar trianglesto calculatethe height
(Y coordinate)f the point.

Camera Center

3D Point

Foot of the
camera center
C

Projection of the
foot of the Point
E

Projection of the
head Elf the Poir

Figure 4: Determiningthe height.

; - ; FH
Theheightcanbe computedash = Camereheight* &

Note that the heightcanalso be obtainedrelative to the
height of anotherobject (with its headand foot given) by
eliminatingthe cameraheightfrom the two similar triangle
equationsThe X andZ coordinatecomeout directly using
the homographyH 1. Thuswe cangetall the 3 afne co-
ordinatesof pointsin the scenecoordinatesystemby simple
geometryTo ensureghatthe headandfoot areclickedalong
theX Y directionin theimage we enforcethestraightline
throughtheheadandfoot to passhroughthevanishingpoint
in theY direction.Similarly, if we know that several points
in 3D alonga known straightline areof the sameheight,we
enforcethatthe linesjoining their "heads'and foots' must
passthroughthe vanishingpoint of the directionand solve
for all the heightssimultaneouslyfrom theimagedata.

Of course,the abore procedurecanalso be appliedrel-
ative to the X-Y planeto computethe width of objectsas
well.

Also, in casethe foot of the object (on the horizontal
plane)cannotbe seenclearly in the imagebut is visible on
a planeparallelto the horizontalplane(for example,when
theobjectis placedon thehorizontalcourtyardof Figurel),
thenwe can rst nd out the heighth of the courtyardby
clicking the headand foot of ary point on the courtyard
andobtainthehomographyrom theimageto thehhorizontal
(courtyard)planeH P1 P3 hP2 P4 .Thento
computea heightrelative to the courtyard we canuseasim-
ilar approachasabove by taking the projectionof the head
onthecourtyardplaneandclicking thefoot onthecourtyard
plane.Then,we canusesimilar trianglesasbeforeto calcu-
late the height. In this casethe height of 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 the useris only 3 sincethevanishingpointin theY

directionis constrainedo lie ontheline connectinghehead
andthe foot. We follow a techniquesimilar to Criminisi et
all, whereina userspeci esuncertaintyareasn theimage
correspondingo theheadandthefoot, andthebestheadand
foot estimatesare calculatedby minimizing the sumof the
Mahalanobidistancedbetweertheestimatesandtheuncer

tainty areasspeci ed by theuser

3.6. Computing the orientation of an arbitrary plane

Angleshave their standardneaningonly in a Euclideanco-
ordinateframe.Hence for carryingoutanglemeasurements
we rst needto correctthe projectionmatrix P so thatthe
unit lengthsalongthe 3 axesareequal.OnceP is available
in Euclidearterms,we cancarryout anglemeasurementas
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 canbe determined)
is visible in the image,the homographyfrom the imageto
thehorizontalplanecanbe calculatedusingP. Thenthean-
gle canbe found on the horizontalplaneafter correctingits
imagewith the homographyEvenif the intersectionof the
veridicalplanewith someknown horizontalplaneis notvis-
ible, onecancalculatethe angle(sayf ) by justmarkingary
horizontalline on the vertical plane.Let the projective rep-
resentatiorof this line in theimagebe . Theimageof the

pointatin nity onthislineisP 1 cosf P 3 sinf, which

; P1
yieldstanf TP

3.6.2. Angle of atilted plane from the ground plane

Thisangle(q, seeFigure5) canbecalculatedf theusercan
specifya lengthratio of two arbitrary vectorson the tilted

plane,or alternatvely, if theusercanspecifysomelengthon

thetilted planein theworld coordinatesystemIn thegeneral
schemeheusermneedso rst specifytheintersectiorine of

thetilted planewith thegroundplaneor ary otherplaneata
known heightasin thepreviouscaseThen,we calculatethe
homographyfrom thetilted planeto theimageas

Ix lzcosg X
0 sinq Y

Ho Py, i cosq Z )
0 0 1

where Ix 0 Iz istheunitlengthdirectionvectorof thein-
tersectiorof thetilted planewith a horizontalplaneand X
= X Y Z isapointontheintersectioraxis. Thecoordinate
systemon the tilted planehasits X-axis alongtheintersec-
tion line with origin at Xq.

submittedto EUROGRAPHICS2003.
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The inverseof this homography(Hq l) will take points
on the imageto the coordinatesystemon the tilted plane.
Now, the usermay marktwo arbitraryvectorson theimage
of thetilted plane.Theseareprojectedto thetilted planeus-
ing Hgq 1 andtheir lengthratio providesthe necessargon-
straintto calculateq. Also, if theusercanspecifythelength
of ary singlevectoronthetilted planethislengthcanbeused
directly to obtaing by similarly projectingthatvectorto the
tilted planeusingHyg 1 andequatingtheresultinglengthto
theoneprovidedby theuser

- Line (specified by user)

Figure5: Anglemeasuement

Using an approachsimilar to thatfor vertical planesthe
knowledge of a specialline on the tilted planein the im-
ageis alsoenoughto determinethe tilt angleasshavn in
Figure5. If the usercanspecifytheline on thetilted plane
which is perpendiculato the intersectioraxisthenonecan
usethis line to calculatethetilt angleg. Let the unit vector
in theintersectionline directionbe Ix 0 Iz . Now, theim-
ageof the point atin nity in the directionasa function of
gis P1llzcosq P 3lxcosg P 2 sing which yields

TP1 1; "TP3 Ix
Pl P3 K,

tang 5>

3.7. Extracting Faces

Apartfrom justthebasicprobingtechniqueve alsoprovide
amethodfor extractingfacesrom 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 direction of theselines (seeFig-
ure1(b)). In this casethelines tted areconstrainedo pass
throughthe vanishingpoint in that direction. The heights
aredeterminedy picking up correspondingoints(theline
joining thempasseshroughthe vanishingpointin the ver-
tical direction) on the upperand lower lines. Thesecorre-
spondingpointsaretakenasthe head-footpairsto calculate
the heightof theface.Herethe usermay alsochooseto en-
force the constraintthat mary of the faceshave the same
height. Other constraintdik e the fact that two or more of
the lines for differentfacesare parallel or coincidentmay

submittedto EUROGRAPHICS2003.

alsobeimposedIn this casethe heightwill besolvedfor by
minimizing theerrorfor all thefacestogether

3.8. Extensionto camerarecovery from eight points

Considerthe situationof Figure 6. Let us assumehat the
world X axisis notvisible but we have four pointson each
planenecessaryor theirindependenafne (or Euclidean)
registration.Further let us assumehatthe X directionsin

boththe planesareparallel. This situationoccurscommonly
in practice(SeeFigure 1). We canusethesepointsto de ne

homographie$l andG betweenthe X-Z andX-Y planes
andtheimagerespectiely.

1 Y-axis
(tx,ty+1,0) (tx+k,ty+1,0)
(x1y,0) : (tx+k,ty,0)
: X-axis
.................................... Virmerinnnrnrerr e
005" \ o, (1012)

(0,0,tz+1) N
Zaxis s

Figure6: Registration of planesusingeightpoints.Common
X axisnotvisible

Let usassumehe X dimensionof the groundplanerect-
angleto be the unit length of the world. Let 1 g bethe Z
dimensionof the groundplanerectangleand1 a and1 b
bethe X andY dimensionsof the vertical planerectangle.
Also let ty, ty andtz be the translationsof the rectanglesas
shavnin Figure 6.

Clearly, the homographiesd andG arerelatedto the
homographiesi andG de ned beforeasfollows:

1 0 0 a 0 aty
H H 0 g dz G G 0 b bty
0 0 1 0 0 1
3)

Now substitutingfrom Equation3 in to Equationl andre-
writing we have,

1 0 0
H 0 g dz
0 0 1
a o0 aty C & O
| G 0 b by 0 ¢ 0
0 O 1 0 1 C;

(4)
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Usingthefactthatthe rst columnsof bothH andG is
thevanishingpointin the X directionandarehencesqualup
to scale we have’

1. If oneof aty, bty or ¢z is known thenthe othertwo can
be found out by comparingthe entriesof the third col-
umn of Equation4. We canalsoobtainl C; from these3
equationsThenby comparingthe rst columnswe can
compute la Cz. Now, from thesewo valueswe canalso

nd thevalueof a.

2. Instead|f a is known thentheratiol C; canbe obtained
from the rst column.Pluggingit in to the third column
we have threeequationsn threeunknawns (tx, bty and
dz) andwe cansolwein general.

Oncewe have obtained C, atx, bty anddz, thenfrom col-
umn 2 we can computethe otherunknavns aCx, bCy and
oCz. Notethatb andg cannotbe determinedseparatelyfun-
lessgiven). They canbe setto 1 without lossof generality
andty, tz, Cy andC; canbe computedupto scale.

Alternatively, we canuseroughknowledgeof the camera
internalparameter& andexperimentto adjustthe parame-
tersb andgto obtainvisualalignmentfrom re-projections.

Oncetheseparametersare computedwe can use Equa-
tion 3 to computeH andG. If the planesareorthogonal(or
their relative orientationis known) thenwe canproceedas
in Section3.1to computethe cameranternalsand3D coor
dinates.

4. Metrology of curved surfaces

In this sectionwe extend the basic methodto deal with
metrologyof curved surfaces As with planemeasurements,
modelling spheresand frustumsfrom a single image also
requirethe userto interactvely specifysomenecessargon-
straints.In whatfollows we assumehatthe cameraprojec-
tion matrix P is knovn anddescribeheconstraintgor some
cases.

4.1. Spheres

Modellingaspherédnvolveslocalizationof its centerandthe
computatiorof its radius.The silhouetteof ary spheres an
ellipsein the image.To resole the depthscaleambiguity
the userneedsto provide additionalinformation. We shav
that this can be achieved by specifying an intersectingor
tangentiaplane.

4.1.1. Tangential Plane

The userspeci esthe silhouettein theimageby clicking a
minimumof 5 pointsonit. Having tted anellipsethrough
thesepoints, the systemevaluatesthe equationsof planes
tangentialto the spheresuchthat the cameracenterlies on
them.Threesuchtangentialplanes(sayP;, P, andP3) lo-
calizethespherecenterto aline passinghroughthecamera

Line containing C and Sphere Cent:
Family of Tangential Planes containing C -

Known TAngent Plane

Figure 7: Tangentplane

centerasshavn in Figure 7. The constraintthatthe known
tangentiaplane(here Py) is alsoequidistanfrom thesphere
center helpsus localize the spherecenterto two pointson
theline. Oneof thesepointsis on the samesideof the plane
Pg asthecameracenter This informationcanbe usedto re-
solve which of thetwo pointsis therequiredpoint. Notethat
onewould encounterm degeneratecaseif the cameracenter
lieson Pg.

4.1.2. Intersecting Plane

Family of Tangential Planes containing C

Known Cutting Plane

Curve of Intersection

Figure8: Intersectingplane

The usermay also chooseto specify the curve of inter
sectionof the spherewith a known intersectingplanein the
image.This allows usto localizethe spherecenterto aline
(say ) normalto theintersectingplaneandpassinghrough
the centerof the curve of intersectionasshawvn in Figure8
(notethatthe curne of intersectiorof a spherewith anarbi-
trary planeis a circle in theworld). As in the previous case
the useris asledto specifythe silhouettein theimage.The
two tangeniplanesP; andP, constrainthe spherecenteron
their anglebisectorplane.The intersectionof the anglebi-
sectingplaneand is thespherecenter

4.2. Frustums

The userspeci esthe basecircle of the frustumin the im-
age.The useralsospeci estheleft andright silhouettesof

submittedto EUROGRAPHICS2003.
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§ Apex of cone

Curve of Intersectior

Axis of frustum

Camera Center

Figure 9: Frustum.

the frustumswhich arelinesin the image.The intersection
of thesetwo linesin theimageis the imageof the apec of
thecone,of whichthefrustumis a partasshavn in Figure9.
This localizesthe apex to theline P Xapex | C in thereal
world whereP  is the psuedo-imerseof P (i.e. P! PP* 1)
andC is thecameracenter Theintersectiorof this line with
the axis of the basecircle determineghe apec in theworld.
The coneis thusdeterminedTo nd the heightof the frus-
tum, the systemprojectstheline (say ;) joining theape to
thepointnearesto thecameraenteronthebasecircle,onto
theimage.The userthenclicks the point of intersectionof
this projectedline with the uppercune of intersection We
shoota ray throughthe cameracenterandthis intersection
point. Therequiredpointhasthusbeenocalizedasthepoint
of intersectionof thisray and ;. Thedistanceof this point
from the baseplaneis the heightof the frustum.

4.3. Modelling of generalsurfacesof revolution

Metrologyof a generakurfaceof revolution (SOR)involves
computationof a spacecurve, which whenrotatedabouta
given axis producesghat surfacé3. We nd out the radii at
differentheights.As aresult,we cannov computethe gen-
eratingcurve andhencethe surfaceof revolution.

Thetechniqueadoptedequiregheuserto specifytheaxis
of revolution in theworld (by specifyinga point on the axis
O andits directiondir asshavn in Figure 10). The axisdi-
rectioncanbecomputedisingearliermethodof metrology
In addition,theusemeedgo markthesilhouetteof the SOR.
This methodexploits the factthatthe surfacenormalat ary
pointon the SORIis co-planamwith the axisof revolution.

A parametriccurweis tted to thesilhouetteandsampled
uniformly. Considertheequation

C O ludir Ion Iar

wheren is the surlacenormalat a silhouettepoint andr is

submittedto EUROGRAPHICS2003.

the directionvectorfrom the silhouettepoint to the camera
center The tangentline at a point on the curve in the im-
agegivesusthe equationof the planetangento the SORat
thatpoint. And thuswe candeterminen givenapointonthe
cune. The directionvectorr canbe determinedby shoot-
ing a ray from the cameracenterthroughthe point on the
silhouette Note that thereexists a uniquesolutionto the 3
variableqthel 's).

Sincethe cameraprojectionmatrix is known, for a given
point on the silhouettethe correspondingpoint on the other
silhouetteat the sameheightcan easily be computed.The
radiusfor the heightcanbe computecdby enforcingthe con-
straintthatthecorrespondingointsareat the samedistance
from theaxis.

>

is of Revolution

Sillhouette

Tangent Plane

Figure 10: Geneal surfacesof revolution.

4.4, Surfacesof translation

To modelarchesin monumentsone also requiressuriaces
of translation.Theseare parameterizedy splinesandthe
depthof translation Theuserclicks pointson oneof theend
planesof thesurfaceof translationWerequirethatthis plane
be known or computedby earliermetrology Now usingP,

we canprojectthesepointsfrom the imageto the planeto

gettheirlocationin the world plane.Subsequentjywe t a
splineonthesepointsandtranslatehesplineby therequired
depthto getthe modelof surfaceof translation.This depth
mustalsobedeterminedy earliermetrology

5. Results

We have modelledthe Humayuns Tomb, in New Delhi us-
ing the primitives describedin the previous section.The
grossmodellingwasdonefrom theimagein Figurel.

First the cameracenterwaslocalizedby registeringtwo
planesin theimageasshavn in Figure 1. We speci ed the
quantity bty mentionedn Section3. Recallthatthis is just
the heightof the origin on the vertical planefrom the hori-
zontalplanein termsof theverticalplanes unitlength(refer
to Figure6). This setsup a coordinatesystemin the image
anddetermineshe projectionmatrix P of thecameran this
coordinatesystemWe requirethe lengthsof theunitsin the
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@

(b)

Figure 11: Wire-framemodelof (a) the faces,(b) showingthe completestructue with the internal details of the front face

registered.

@

(b)

Figure 12: Two snapshotéromthe nal walk-though

3-axesto correctthe P to a Euclideanframe. The lengths
in theX andZ directionsweredirectly availablefrom actual

measurementbuttheY heightwasnotpossibleto measure.

Thisdid notposeaserioudif culty becauseve couldprobe
theheightof the courtyardin termsof theunitof Y. We then
usedthis heightto relatethe unit of Y to actuallengthsin the
world.

Oncethe heightof the courtyardfrom the groundplane
wasknown, all subsequenteightmeasurementeere car
ried outwith respecto theplaneof thecourtyard We solved
for thecommonheightof theplanesogethemsexplainedin
Section3 anddeterminedhe heightof the two sideplanes
andthe four angledplanesvisible in the image.The front
planes heightwasdeterminedsimilarly andthe restof the

sidesof the monumentwhich are not visible in the image
weremodelledusingsymmetry

For modellingthe various surfacesof revolutionsin the
imagesthe axesanda point on eachaxis were determined
from earliermetrologyusingsymmetryinformation.Recall
thatthesearenecessaryor tting of SOR's (seeSectiond).
The surfacesof revolution were then modelledfrom their
respectie silhouetteedges.

We usedthe imagein Figure 2 to carry out a detailed
metrology of the areainside the front facade.For this we
marked the two rectanglegH andV) on orthogonalplanes
asshavn in Figure2. Herethe scalesalongthe X andZ axis
onthenew axisweredeterminedromthetie pointsshavnin
Figure2(b). The parallelplanetechniquevasusedto move

submittedto EUROGRAPHICS2003.
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upfrom theH planeto thefront faceplanein two stepsThe
tie pointcoordinatesn this new framewerecomputedy the
probingtechniqgueandwereequatedvith the onesobtained
from thefar metrologyto getthescalingbetweerthefarand
thedetailedcoordinatesystems.

The unit length alongthe Z axis of the detailedcoordi-
natesystemcouldnotbeobtainedrom our previousmetrol-
ogy andwas measuredseparatelyThen the heightsof the
planesandotherdetailedmeasurementseremadeon Fig-
ure 2(b) andthe inner detailswereincludedin the model.
In Figure 11 we shawv the model building processn wire-
frame.In Figure 12 we shav two snapshotdrom the nal
walk-through.

6. Conclusion

We have presentedan intuitive and interactve methodfor
multilevel modellingof architecturakcenesThe methodis
simpleand e xible andyields high quality interactive walk-
throughs.
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