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Abstract

An algaithm is developed for augmeting a real
video/scea with virtual graphicsobjectswithoutcompuing
Euclidean information. For this, wedesigna methodof spec-
ifying the virtual camern which performsEuclidean ortho-
graphic projectionin recovered affine space In addtion,
our methodhasthe capability of genemting views of objects
shadedby virtual light sources,which was unavailable pre-
viously Our novel formulation and experimentalresultsare
presented.

1 Intr oduction

Making views of a 3D graphic modé accordng to the mo-
tion of cameraand mixing themwith a real scenevideo in

real time have beenthe major subjectof augnentedreality
[2]. Thevirtual objectsaregererally 3D graplics modelsand
their renceredviews by graplics machiresare overlayedon
real-viceoframes.Applicatiors includeimage-giidedor as-
sistedsumery or its training [3, 9], assembly maintermnce
andrepair[28, 26], simulatinglight condtions of anoutdar

building [6], virtual studio systemsfor comnercial/pultic

broadtasting[18], etc. Thesesystemsenrich reality with

computergereratedviews, cooperatingwith computervision
techniqies:estimatinghe camergparametes [22], resolving
occlusionbetweena virtual objectanda real object[5, 10],

andcorrectingtheregisteredocationof a graphc objectdy-

namically [3]. An extensie surey can be found in [17].

Among the techniqes, cameracalibration hasbeena pre-
requisitefor embedling virtua objeds into videoframesbe-
causehe geanetricrelationshipamongphysical objects vir-

tualobjectsandthecameraneed beestablishedo getcorrect
results.

On the other hand, there have beena lot of researchs
on nonmetric vision applicatins: visual contrd or visual
guidad tasks[11, 29], navigation [4, 21], object recoqi-
tion [8], etc. In particula, developmerts in computer vi-
siontechnol@y have browht forth weakly-calibratedmeth-
odsfor augnentingreal videowith graghics objectswithout
Euclidea information [14, 7]. Especially the orthagraphc
projedion cameramockl and affine 3D represetation to-
getherwith world coordnate specificationby userinterface
have beenthe core of Kutuakos and Vallino’s first innova-
tive work of theun-calitratedaugmetedreality systerm14].
They successfulhaugmetedorthogaphicprgectionimages
with graghicsobjectsusingtheir realtime systemwithoutex-

*Thiswork is supportecdby KOSEFandBK-21.

plicit cameracalibration andEuclideanrecorstruction.How-

ever, the systemhada limitation thatit could not geneatea
shadedview of graplics objectsnor specifya lighting source
becaus¢heoiesandpackaesof compuer graghicsarewrit-

ten on the basisof Euclidean geometry Indeed this is one
of the critical reasonghat previous augnentedreality sys-
temshavereliedonthecalibrationof theircamerasRecently
Chenet. al. [7] propseda methd, indepemlentlyof this pa-
per, for overlaying graphics ontheimages.A cuboid speci-
fied through a userinterface,is utilized to conrectrealcam-
erato computer graphcs world. However, they only dealt
with a fixed (not moving) camea. In this pape, we exterd

thework of KutuakosandVallino [14], applying functiorali-

tiesof nonrmetriccomputervisionto theaugmerationof real
videowithoutgiving upthefundamentafeaturesof compuer

graphcslike lighting or shading

Therearetwo kindsof orthagraphc camerasaffine cam-
era and weak-pespectve camera. The weak-pespective
cameraetainsthefeatuesof theEuclidean projection model;
it consistsof rotatian, translationand scaling. On the con-
trary, the affine cameraassumesffine geonetry and affine
ambientspace,which meansthat direct application of the
affine represention to Euclideancompuer graghics may
causeadeficieng.

We attacha virtual cameraof theweak-pespective model
to the real affine cameraso that the virtual cameramoves
in the sameway as doesthe real camera. Our methodde-
composeshe virtual camerainto Euclideanmotion compo
nentsandinternalcalibrationcompments,which enableaus
to make full useof awell-developedcomputergraphcs pack-
ageandto synttesizegraphcsobjectghatareshadedndcol-
oredby alighting source This papelis anextersionour non
metric AR methodto orthagraphc cameramodel. Details
on Implementationand experimentsfor perspectie camera
modelcanbefound in [24].

Section2 provides somenotatians and preliminaries of
cameranodds andabrief review of affine structurerom mo-
tion algoithm. Section3 presents shortdescriptionof our
algorithm Section4 illustrateshow thevirtual world coord-
natesysteris embedledinto therecoveredaffine space Also
it gives the methodof computing a weak-pespectve virtual
cameray specifyirg four basispoirts in two contol images.
Section5 shavs how a correspndingvirtua cameras com-
puted,givenavideoimage,andgraphics views arerendeed
usingan SGI graphicsmachine . Section6 illustratesour ex-
perimeral results. Finally, concludng remarls aregivenin
Section?.



2 Preliminaries

Evely vecta is denotedby a colurm vector We represen
animagepointby z = [u,v]" anda 3D pointby X =
[X,Y, Z,1]. A 3D point X prgectsto theimagepointx:

z = KoaxoloxaDysa X (1)

fx 01 0 0 Of|R t
[Ofy01000;1X’(2)
whereR = [rira73]", r] beingi-th row vecta, andt =

[tx,ty,tz]" dende thetransfomationfrom the world coor
dinatesystemto the camea coodinatesystem. Notice that
X is repesentedn the world coodinatesystem. Thus, we
have thefollowing [16]:

Definition 1 A weakperspectivecamen P, is defiredbya
2 x 4 matrix asfollows:

T

=[5 Al o
T !

- b il ©

= [al as as (14]. (5)

Noticethata; is thei-th columnof P, andb] = fxr] and
bg = fyr] satisfytheorthogonality constraint:

b1 -by =0, (6)
where- represets the operatim of the inner product. Equa-

tion (1) cannow besimplywrittenasz = P, X, whereX
is represetedin theworld coodinatesystem.

2.1 Affine Structur e from Motion

Affine cameramockl is a gereralization of the weak-
perspectie cameamodelandmaybedefinedasfollows|[16].

Definition 2 An affine camen is defired by a geneal 2 x 4
matrix of rank2 anddenote by P 4.

ReplacingK >« 2 with anonsingular2 x 2 matrixand D with
amatrix of geneal 3D affine transfamationin equatios (1)
and(2), we obtdn thegeneal form of theaffine cameraP 4.
Sincethe recovery of affine structureand motion is not
main topic of this paper here we briefly introduce affine
structurefrom motionalgaithms. It is well known thatgiven
point matchesrom two orthogaphicor scaledorthagraphc
views, affine structue of a scenecanbe found [13]. Affine
epipdar georretry hasbeenstudied[25] andaffine structure
and motion can be obtdned through factorizatim method
[27, 23]. Details can also be found in variows literatures
[15,19, 20, 12, 1]. Letussuppaethatwe have point matches
frominput imagesandlet x; bethei-th pointof £-th image.
Thenfrom thetheow of affine structurefrom motion, we can
estimatethe k-th affine cameramatrix P 4 for eachof the
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Figurel: Overall configuration. Pointmatchesareobtaired
for the recovery of affine motion and structue. The basis
pointsspecifiedn two cortrol videoimagesyield our virtual
weak-pespective camerasthrough which a shadedyraphics
objectsby alighting sourcecanberendeed.

input images and the i-th affine coordnate vector X 4 that
satisfythefollowing prgectionequation

Tp; = ParXa,; for i=1,..,N, k=1,.,K, (7)

where N is the numbe of point correspadencs and K is
the nurmber of input images.Note that this recastructionis
upto anunknown affine transfomation[13].

3 Algorithm Overview

Our algorithmconsistsof threesteps:

1. Affinestructurerecorery: We compuetheaffinecamera
matricesandaffine structurefrom theimagecorrespon-
dencef two views.

2. Embedihg: We insert the graghics world coordnate
systeminto therecoveredaffine spaceby specifyirg four
basispointsin two contwol imagesusingaffine epipdar
geometry Virtual graphics objectsare placedwith re-
spectto theworld coordnatesystem.

3. Rendering As therealcameramoves,theaffine camera
is computed,thevirtual cameras updatedandtheviews
of graplics objectsare renceredand overlayed on the
realvideoimages.

Figurel briefly shavsourmethod.As therealcameranoves,
point corresponéncesare obtainal. After choaing two
control images,we recover their correspading affine cam-
eras{ P 4, P'y} and3D affine coodinates{ X 4 ;}¥, using
matches{(z4,i, x4 ;) }i., from thetwo contiol imagesTwo
contml imagesmaybe given from a stereo-rigfor areal-time
augmeted reality systemor they may be chosenfrom the
videosequencéor off-line videoaugnentation.Thetwo im-
agesof Figure2 areanexanple of contrd images

Then,we specifyfour basispoints in two contiol images
andcomputethecorrespondiry virtual camerawhichis used
for generatig a view of graphcs objeds through an SGI
graphics machire. As menticmed,thevirtual cameraenables
us to utilize the full functionality of our graphcs packag.
Thatis, we candefinevarious charateristicsof light sources
includingtheir colors andpositions.



4 Embedding Algorithm

The first thing we have to do for augnentationis to define
theweak-gerspectrevirtual cameaattachedo therealvideo
cameray specifyirg somebasispointsof thegraghicsworld
coordnatesystem.Thissectionprovidesanimage-lasedem-
beddng metha for insertingtheworld coadinatesystemby
specifyirg its 3% basispoirts in thefirst cortrol imageand
threebasispoints in the second Notethatin [14] they speci-
fiedfour pointsin bothof thecontrolimagesusingonly affine
epipdar constrair.

4.1 Embedding in the First Control Image

We first specify three imagelocatiors {z},z?, 25} of the
basispoints { Eq, E1, E2} in the first image. Specifically
Ey = [0,0,0,1]" istheoriginand E, = [1,0,0,1]T, E» =
[0,1,0,1]TandE; = [0,0, 1, 1]" arethreebasispointsonthe
x, y andz axes,respectiely, of theworld coordnatesystem.
Usingthenotationof Equation(5), eachcolumna ; of thevir-
tualcamea P, is givenfrom therelationsiip w‘,; = Py ,E}
asfollows:

as = wga (8)
a; = m?—wg forj=1,2. 9)

The third columm, a3, is still left unknavn. If an arbitrary
imagepointis given for E 3, it will make our virtua camera
ageneal affine camerdike [14]. In orderto forcethevirtual
camerao becane a weak-pespectve camea, we utilize the
orthogonality constaint of Equation (6). Now we usethe
notationof Equatia (4). Sincewe have determind a; and
as, we maywrite b; andbs as

by = [a11,a12,a13]"  and by = [a21,a29,a23]", (10)

whereay; is the k-th elemenbof a;. Thenfrom the orthog-
nality constrain, we have

0 =01 - bo = a11a21 + ai2a22 + a13a93, (11)
whichgives acorstraintequatio for theelement®f thethird
Columna3 = [a13,a23]T:

ai1a21 + a12a22

az3 = — (12)

a13
Sincez? = Py,E3 = a3 + xB, the coordnatesof the last
imagepoint 8 = [u?, vP]T mustsatisfythehypebolic equa-
tion
b _ G11021 F d1202y

g =
ug — ug

v'?f -, (13)
Finally, we chocse an appopriatevalueof 45 on the hyper
bolaandcompue P+, to completethe embedihg stepfor
thefirstimage:

b b b b b b] . (14)

Py, = [m?—wo Ty —&Ly T3 — Ty Ty
Figure2 shavs anexanple of theresultof ourembedéhg
procalure. The Figure2(a)is thefirstimagewhere threeim-

agelocationswerespecifiedasexplained. Thethreespecified

erbolic curve.

(@)

Figure 2: Embeddhg step. (a) (First contrd image) Three
basispoints{ Ey, E:, E»} wereselected.In selectingthese
points,wetriedto placethebasisframeonthesamefloor that
the toy housesxisted. Then E 3 waschosenon the corre-
spondiy hypeabola. (b) (Secondcontrd image)Onthe cor
responthg epipdar lines, threebasispoints were selected.
But, the last basispoint F3 wascompued autonatically as
theintersectiorof its epipdar line andthe hyperbda.

imagepoints provided a hyperbdic equation, which is also
shawvn in thefigure Finally, the w coordnateof thelastim-
agepoint 2 wasselectedThewire-cule is the projection of
a graphcs unit cubethroughthe computedvirtual camera.

4.2 Embeddingin the SecondControl Image

In thesecondmage,we alsohave to specifytheimageloca-
tions of the basispoints of the world coadinatesystem. In
the embedling stepfor the first image,we areprovided with
justoneconstrainfor building up aweak-grspectie virtual
cameraHowever, in thesecondmage we have anadditianal
constraint- affine epipdar geomety.

LetPA = [ 1, 25 3 4]T andP;} = [ Il’ 125 é) Q]T be
two affine cameramnatricesfor thetwo contrd images.Foran
imagepointz, its epipdar line hasthe equdion [25]

o ()=( (- )+ D+ (5 ), (19

where [ 1, 5] 1, 2] 'isa2x2matrixand isascalar
parameter This equationimplies thata correspondig point
x' of x mustbeonits epipolarline. Thefour linesin Figure
2(b)aretheepipolarinesof thefour points{z §, ¥, =5, z}}
specifiedn Sectior4.1.

What we now have to do is to chosethreeimageloca-
tions {a5’, ', 25"} on their epipdar lines { o, 1, 2}. As
soonasthe threepoirts are detemined, they alsoprovide a
hypeabolic curvein thesecondmageasshovnin Figure2(b).
At this time, we neednot choseu}’ becasethe last point
a:‘g' is determind asthe intersectionpoint of the hyperbola
andthe epipdar line of . Whentherearetwo intersection
points,we just needto selectoneof them. If thereis noin-
tersection thenwe have to adjustthe locatiors of the three
specifiedpairsin orderto getatleastone.

Computirg Pﬁ,vp with thefourimagelocatiors of thebasis
pointsof theworld coordnatesystenfinishesourembedling
step(Equation (14)). Figure2 alsoshavs awire-cltbe,which
is the image of the unit cubethrowgh the computed weak-
perspectie virtual camera.



4.3 Affine Structur e for the Control Points

We complie theaffine coodinates{ X ? }3_, of thefour pairs
of the contiol points {(z?,zP")}3_, in orderto enablethe
virtual camea to move accordimg to the motion of the real
cameraln otherwords,the affine coordnatesform animag-
inarylink betweertherealcameraandthevirtual camera.
Let ; betheselectegparaméer of Equation(15)for thei-

th pair (z?, zP"). Then correspondig 3D affine coodinates
XP =[XP,YP, ZP 1] aregiven asfollows:
zr =

K3

b1T  _ 1 _.b
Pl = Ti— 4~

(16)

[xP 17)

i Zz
The weak-gerspectie virtual cameraat an arbitray time k
will bedeterninedin Section5.1 usingtheaffine coodinates
{(XP}eo.

4.4 Virtual CameraDecomposition

To usethematrix of thevirtual cameran graphcs rencering,
we decompseit into threeparts— K, R andt — asin equa-
tions(1) and(2). We will usethenotationsof equatias(3) -
(5).
Thescalecompmentsfx andfy aregivenasfollows:
fx= b and fy= by, (18)
which determire the calibration matrix K. Thenwe have an
orthamormad pair
ri=>b fx and ry=b fy, (19)
which definearotation matrix R = [ry, 72,71 X 73]7. What
is left is the translationvecta t = [tx,ty,tz]". Thefirst
two elementstx andty, of t aregivenby K ‘a4 but the
lastelementt; canbe determind atour dispcsal. Note that
algebaically speakinga view through an orthagraphc cam-
erahasnothing to dowith the depthcompmnent.However, in
a physical situation,onestrict constraintis that every object
mustbein front of the cameraandaccoding to our camera
modé we choosea positive deptht z in practicesothatevery
graphcs objectlie in front of thevirtual camea.
Thecalibrationpart K will beutilizedin settingtheview-
ing volume of thevirtual cameran graghicsmachne andthe
motionpartsR andt arefor modeliew transformation. The
detailsaregiven in Section5.2

4.5 Projection by the Virtual Camera

During the procedureof emtedding we specifybasispoints
of the world coordnate system. To facilitatethis procedure,
we needto seetheresultsof our embedling. Givena virtual

cameraP,,, we compue theimagelocatiors z? = Py, E;

of the verticesof the unit cubeandexamineour embedthg

result. An examge (thewire-cibe)is shavn in Figure2.

4.6 Placing Graphics Objects

The locationand poseof a 3D graphi objectsare defined
with respecto theworld coordirate systemthatis now em-
beddedn the affine cameracoodinatesystem.In this way;,
thecharactdsticsof thegraphcs objects suchascolor, spec-
ularity of surfaces, etc,canbedefinedby usualgraghicsmod
eling. Thelight sourcesrealsocorfiguredwith respectothe
embedddworld coordnatesystem.

5 Rendering Algorithm

Graphicsrenderig for the k-th videoimageconsistsof two
steps:

1. Computatiorof the k-th virtua camera.

2. Generatiorof a correspondirg view of graghics objeds
andoveirayingit onthevideoimage.

5.1 Transferring the Virtual Camera

As thevideocamea moves,its affine cameramatrixchanges
and, accordimly, its virtua cameramust be compued or
transferrd to the k-th videoimage. The procedireis asfol-
lows:

N

1. Find the imagematches{x 4 x;};=, in the k-th video

image.

2. Computetheaffine cameamatrix P 4 ;, usingtheaffine
re-prgectionequatio:

mA,kz' = PA,k:XA,z'; = 1, ...,N. (20)

Note thatthe affine coodinatesX 4 ; werealreadyob-
tained from two contol imagesusing affine structure
from motion algoiithm.

3. Projectthe 3D affine coodinates{ X ?}3_, of the con-

trol poirts into the k-th imagethrough P 4 1,

=Py X?, i=0,...,3. (21)

4. Computethevirtual cameraP,, ,, usingthe projectio
{z?}2_, of thecortrol poirts (Equatian (14)).

5. Decompee Py, into K, Ry andt, asin Section
4.4,

5.2 Graphics Rendering

Figure3 shaws thethreestagesf cooinatetransfomation
in our SGI graphcs machinefor making a view of graph
ics objectsthroudh the virtual camea P, ;. The rotatin
R;, and translationt;, definethe modelirg transfomation
and K, givesthe orthograhic viewing volume. The mod
elview matrix  , for modelirg transfamationis given as

P = [IJ‘T’“ tl’“] , which corvertsa 3D point X , defined
3
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Figure 3: Stage=f coordirate transfamationin a graphcs
machire.
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Figure4: Expeiment1l. (a)-(d) Theunit cube wasembeded
in Figure2 of Sectiord. (e){h) Thenthecubewasutilizedas
theworld coordiratesystemof the graphicsworld in orderto
putthethreegraphicsobjects.

with respecto theworld coodinatesystemto the point X

with respectto the cameracoordirate system. After that, a
projedion matrix is appliedto yield clip coordnates X by
removing ary partof the graphc objectsoutsidethe viewing
volumewhichis arectanglar parallelepigddefinedby K .

6 Experiments

We implenmentedandtestedour methodandFigure4 shows
theresultof theaugnentedmages.Thewire-clbesin Figure
4(a)— (d) arethe resultof the embedthg shovn in Figure
2 of Section4. With respecto the embedeéd world coodi-
natesystem,we insertedthreegraphics objeds andthe im-
ages4(e)— (h) shaw theresults.

Figure 5 shavs anotheraugmetation result. The video
sequeneconsistedf 251imagesof 20 x 4  size.We se-
lectedeightlinesin the first imageof the sequencandthe
lineswerethentracked automaticallyin the sequene. Eight
intersectiorpoints(indicatedby arrons in Figure5(a) were
thenusedfor affine structue andmotion computationusing
thealgoithm of SeitzandDyer[23]. As thetwo contol im-
agesfor this sequencewe have choserthe first andthe last
images. In the embelding step,basispointswere specified
using the affine epipola geomety (epipdar lines) and the
orthagonality constraint(hyperbolas)asillustratedin Figure
5(b) andFigure5(c). Graplics objectswerelocatedwith re-
spectto theembededworld coordnatesystem.In addtion,
we madethe spheremove linearly in the y direction Three
framesof theaugmatationresultareshovn in Figure5(d)—

(f).

(b)

(d) (e) )

Figure5: Experiment2. (a) Theeightcornerpointsindicaed
by arrovs werecomputedasintersectiorpoints of thetracked
edges. (b) This is the first contrd image shaving the unit
cubeof the world coordnate systemandthe hyperbolagen-
eratedfor embedling. (c) Epipolarlines andthe hyperbola
areshawn togetter with the unit cube. (d)-(f) Augmentation
result. The spherewasdesignedo move in the direction of
y-axisof theembedeédworld coordnatesystem.

Figure6: Re-prgectionerrorin pixel unit vs. frame numter.
Thevideoconsistedf 251 framesandour affine reconstre-
tion shavedthatthe maximum re-grojectionerra wasbelov
a 0.8 pixd errorduring the sequencendthe rms error was
belon a0.5pixel erra.

Figure6 shavsaplotof therms ; andmaxmum  of re-
projectionerrorwith respecto theframenumnbersin thepixel
unit for the computation of the affine structureand camera.
Themaxmumre-prgectionerrorfor thewholesequencaas
belov a 0. pixel error Figure 7 shavs the orthogonality
(by - b2) of the virtual cameracompued at eachtime step.
Themaximun wasbelov 0.00 —about0.3 deviation from

0 . Figure8illustratesandherexpeimentalresult.

7 Conclusion

We propased a methodfor un-calibratedaugmated real-
ity of anorthagraphicprojection camera.In orderto make
full useof computergraghics packag, we designeda weak-
perspectie virtual camerdor which we apgied the orthago-
nality constrain. Theimage-tasedembedthg enalbed usto
generateheintrinsic andextrinsic motionof thevirtual cam-
era, without metric cameracalibration in the sameway as
the real cameramovesin 3D spaceandchangsits internal
parametes.
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Figure7: Orthaggyonality testplot. During the sequene, the
maximum value of by - by was belowv 0.00 , which means
that the ande betweenthe two rows of the rotation matrix
shavedat most0.3 deviationfromtheidealvalue, 0 .

(@) (b) (c)

Figure8: Expaiment3. (a) A videoimagefrom thesequence
(b), (c) Two augrentedimages.
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