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ABSTRACT

Many eventsarecaptuedusingmultiplecameratoday Frames

of eachvideo streamhave to be synchramized andaligned
to a comma time axis befae processingthem. Syncho-

nization of the video streamnecessarilyneed a hardvare
basedsolution that is appliedwhile captuing. The align-
ment problem betweenthe framesof multiple videos can
be posedas a searchusing traditioral measuregor image
similarity. Multiview relationsandconstraintsdevelopedin

Compuer Visionrecerly canprovide moreelegarn solutions
to this prablem. In this paper we provide two solutionsfor

thevideoframealignmen problemusingtwo view andthree
view constraintsWe presensolutiorsto thisprodemfor the
casewhenthevideosaretakenusingaffine camerasandfor

geneal projectve camera. Excellert expelimental results
areachieved by our algoithms.

1. INTRODUCTION

Imaging involves a prgectionof the3D world ontoa 2D im-
age.Theprojectim resultsin thelossof informationpresent
in the third dimension popularly referedto asthe depthor
the z dimensim. It is easyto seethata plurality of prgec-
tions cancompensatefor this loss more thana single view
can. Multiple views canprovide additiona eviderce for au-
tomatedprocessing The primaty apgication of multiview
constraifts is to recorstructthe third dimensionfrom a set
of projectiors. The simplestexanple is classicalstereovi-
sion [3]. The algebraicrelationsamongthe projectiors of
apointontomultiple cameraiave beenstudiedextensvely
in Compute Vision recently[3]. Multiview relatiors have
found mary applicatiors in view gereration,objectrecogii-
tion [2], videostabilization[3], etc.

Multiple indepemlentviews of a dynamic event canbe
obtain@ using multiple video cameras. The multiview al-
gebréc relationsare thensatisfiedbetweenthe correspad-
ing points of the views of the sametime instant, provided
thevidecs aresynchramizedto a comman videosignal. Us-
ing a still-cameraanalogy synchpnizationensureghat the

“shutters”of all cameasareoperedatthe sametime instant.
Thus,the visualworld is sampledat the sametime instants
by all views. However, aligning the discretizedime axesof
eachvideoto a commonsequenceso that the specifictime
instantsin different views canbe identifiedis a nondrivial
taskevenfor synchramizedvideos. We call this the frame-
alignment problemfor multiple views. Aligning the frames
in this manrer is thefirst stepof all ComputerVision algo-
rithms using multiple views. Figuresl,2, 3 show threesit-
uatiors of watchingan evert from differentandwide-agart
viewpants.

Hardwarebasedsolutiors to this problem have beende-
veloped, involving a specialequigmentto inserta unique
time-caleinto eachvideostream[1]. Thistime-codecanbe
readandcomparedaccuratelywhile proessingthevidea A
comnontime-coa signalis suppied to all videossothatthe
time-caleis stampedn eachframe of thevideo. Theframes
with identical time-cods from eachcameracorrespad to
the sametime instant. This solutionis cumbesomeandis
impradical whenthe camera arephysically distant. This is
oftenthe casein mary application areasof ComputerVision
involving multiple views. Exampesincludetrackingaspace
launchvehicleor anaircrat from multiple locatiors, watch-
ing asportsevert from different vartagepoints,suneillance
of alargespaceetc.

The frame alignmen prodem can be solved using an
appopriate frame similarity measureusedin conventional
video proaessing. Colour histogams, shapefeatues, etc.,
are popular frame similarity measuresn applicatiors like
videosggmenation,indexing, andcontent basedetrieval [4].
Theprope alignmen of framesis anordeing of onewith re-
spectto the otherthatmaximizesthe similarity betweercor-
respoiing pairsof frames. This techniqie canwork if the
featuesusedfor similarity arenot too differentin different
views. Though this is oftenthe case the overall chaacter
istics of the frame could be very different betweenviews.
An exanple would bethe views of afootball evert from the
sidelinesandfrom a blimp highabove.

We presehasolutionto theframealignmen prodemus-
ing the algebraicconstraits satisfiedby matchedpointsin



Fig. 2. Two videcs of a sportseventandtheir alignment

alignedviews. The constraintsdependonly on the uncerly-

ing comnon geomdry andareinvariant to the viewing pa-

rameters.We presentsolutiors for two casesn this paper
Thefirst caseis whenthe camerasisedareaffine (which is

ageneralizéion of orthograghic cameras)Framealignment
betweertwo videoscanbe solvedusingthelinearconstraint
encoad by the Fundanental Matrix in this case. We shov

thata shift in the framestranslateto a shift in phasein the
Fourierdomain Thesecondcasedealswith generaprgec-

tive cameras.We usethe Fourier domainpropertiesof the
threeview constrainteencodedy thetrilinear tensorin this

case.Thissolution,however, needgo compue weakcalibra-
tion in theform of thetrilineartensomeforealignmen. This

canbe computedeasilyusing7 or morestationarypoirts in

theviews.

We posethe problemin a multiview frameavork in Sec-
tion 2. Section3 descritesthemethalology adopedto solve
the prablem. Theresultsof applying our algorithmare de-
scribedin Sectiord. Specificimplementéion detailsarealso
provided. Conclwsionsandfuture directions of researchare
describedn Sectionb.

Fig. 3. Observinganeventusingmultiple cameragCourtesy
KeckLabaatory, University of Maryland)

2. PROBLEM FORMULATION

The multiview framealignmen prodem for synchonized
videcs that obsere the sameevent can be definedas fol-
lows. Let theframesfrom n synchramizedvidecs bewritten
as..., fi(-1), £;(0), f;(1),..., j=1...nwheref;(7)
betheith framefrom theview j. Theframesof eachview
are numtered consectively, but are independen of other
views. The matchirg prodem reduesto identifying n in-
tegersd, ... d, suchthattheframesf;(i + d;),j = 1...n
correspondto the sametime instantfor all i. Withoutlossin
geneality, we cantake d; = 0. The prodem thenreducs
to findingn — 1 integeroffsetsthatalign theframes of views
2...ntotheframesof thefirst view. Themultiview relatiors
aresatisfiedoy thesetof n alignedframessincethey contain
n projectiors of the samescene. In this paper we assume
thatwe arereliably ableto track pointsacrossviews.

The fundamentalmatrix [3] encoeks a linear, epipdar
constraihbetweerprojectiors of thesamepoint in two views.
Trilinearalgebraiaelationsdothesamédor threeviews, con-
strainingwheretheimageof apointliesin athird view, given
its positionin two views. They areusefulin solving a num-
berof prodemssuchastherecogition of anobjectfrom a
new view point andsynthesiof novel views[2]. Thefunda-
mentalmatrixis arank2 matrixthatconstrans theimagesof
pointsin oneview to lie onlinesin thesecondlf [z 1,4, 1]
and[z?,y2,1]" are correspondig pointsin two views, the
fundamentamatrix encoasthefollowing constrair.

z'2?By +y' 2’ By + 27 Bs + 'y Ba + y'y?Bs
+y*Bs + ' Br +y'Bs + Po =0 (1)

wherethe s arethe elemetts of a fundamentaimatrix, de-
finedonly up to anunknown scalefactor Eachpoint match
gives oneequatim in termsof s givenby Equation1. Eight
point correspadercesarenecessaryo estimateF’ sincethe
fundamentalmatrix has8 degrees of freecom. The numker
of unkrownsredicesto 5 whenthecamerasreaffine. Equa-
tion 1 canbewrittenin this caseas

az' +by' +cx? +dy? +e=0 (2)



Thetrifocal or trilineartensorencapslatestheprojectve
geonetric constrants betweerthreeviews thatareindepen
dentof the scenestructure Let P beapointin 3D spacehat
is projededonto3 viewswith imagepointsp! = [z!, ¢!, 1]",
p? = [22,4%, 1], andp® = [23,43,1]", respectiely. Then
thetrilinearrelationbetweerthemcanbeexpresseds [2, 3]

m37§13p15 _ x3x27;33p1i + $27;31p1i _ 7;111)1" -0
ys.nlspl" _ yswz,nsspﬂ' + w27§32p1i _ 7212;011' -0
x37;23p1i _ sz3yz7-i33p11' + y27}31p1i _ 7-1421131" -0
ysTi%pli _ y?’yz'ﬁ-?’?’pli + y27§32p1i _ ,nzzpﬂ' -0 @)

whee 7.7 is the trilinear tensorwhich has 27 elements.
Sinceeachcorrespadingtriplet cortributesfour linearly in-
depewentequatims andthe numter of unknown entriesof
the tensoris 26, up to scale,at leastsesen correspondirg
triplets of pointsarenecessaryo computethetensor
The key ideabehindour framealignmen procelure is
that the algelyaic constrénts suchasthosegivenin Equa-

tions1and3 aresatisfiedby alignedframesof multiplevidecs.

Equatio 3 canalso be usedto predct the projedion of a
pointin thethird view given its prgectionsin two views.

For therestof the discussionwe focus on the prodem
of aligning two or threeviews. Let A, B, andC bethevideo
sequenesfrom threeviews andlet the sequencef frames
from A andB be alreadyaligned. Framesfrom C canbe
alignedto themusingan unknown shift A. In otherwords,
thetriplet A(7), B(i), andC(: + A) arealignedfor every .
We needto compue the A thatalignsC with theothers.

3. METHODOLOGY

In this sectionwe descrile our apprachto align framesus-
ing multiview constraintsWe corsidertwo caseseparately
Thefirst caseusesaffine cameas. We shov thatthe frames
of C canbealignedin this caseusingonly two views. In the
seconctase geneal projectve cameasareused,a scenario
that requires threeviews for alignmen. In additin, weak
calibrationis assumedo be eithergiven or compuablefrom
thevideosequenesthemseles. In the 3-view situationthat
we areconcenedwith, thismeanghatthetrilineartensoffor
theviews A, B, andC is known before computing alignmert.

Affine CameraCase

Let (27, ) betheimagecoadinatesof apointin framei of
view j. Giventwo views B andC, Equdion 2 is satisfiedfor
eachframes if thevidecs areframealigned. If we corsider
thesequencevertime of thepairsof views, Equatian 2 holds
for eachtime instantor frames indepemnlently We cantake
theFourier Transfams of the sequenes,to get

aX'(w) +bYH(w) + cX?(w) + dY?(w) + ed(0) = 0. (4)

If the sequencearenot alignedbut have a shift A between
them,we have (usingFourier shift theoremandignoring the
DC compnent)

aX'(w) + Y (w) + ¢ (w) X% (w) + d' (W)Y ?(w) =0, (5)

wherec' (w) = €72/ andd'(w) = de/?>™«/™, These-
guercesX!, Y, X2 andY2 canbeconputedastheFourier
transfams of the corresponthg sequencesf imagecoodi-
nates. The unknowns a, b, ¢! (w), andd' (w) canbe solved
for eachw usinga nunber of points tracked acrossviews
from Equation 5. The ¢’ valueshave the samemagnitule
for all w andtheir phasesare0, ¢,2¢, ...,(n — 1)¢ where
¢ = 2w A/n. TheinverseFouriertransformof the sequence
¢'(w) will have a distinct peak corresponihg to the shift
valueof \.

Algorit hm FAlignA

1. Identify thesetof tracked pointsin two views.
2. Computethe Fourier transformX 7 (w) andY7(w) of

thesequeneof coadinatest andy] acrosgheframes.
3. Solve Equatia 5 for a,b,¢’, andd’ for eachw inde-

pendetly.
4. Computethe InverseFourier Transfam of sequence

c' andd'. Both shouldhave strongpeaksatthecorrect
valueof X thatalignthesequencef frames.

Projective CameraCase

The projective cameras a generéization of the affine cam-
era. The epipola equationfor projectve camerass given
by Egn1l. Thecross-termsnvolving 2 andy from different
cameraposedifficultiesin exterdingtheresultsof theaffine
caseto the prgective case. However, we outline a solution
for aligninga videoto a pair of alignedframesusingthe 3-
view relatiors givenin Equation3. We needto know theten-
sorT,”, but this canbe comptedfrom theimageitself if we
canidentify at least7 static pointsin the video sequences.
It may not be unreasonabldo assumehat seven stationary
points exist in the tracked frames. The tensorcanthenbe
usedto compute the coodinatesin the view C of ary point
in A andB usingEquation3. Let ¢’ bethe sequencef the
positiors of a specificnon-statimary point compued using
thetrilinear tensor Let ¢ be the sequene of the samepoint
in C. Thefollowing relationholdsbetweerc ande’ sinceC
hasanunkrown shift d with respecto A andB.

c'(i) =c(i +d)

Takingthe Fourier Transfam of theabove two seriesand
applying thetime-shiftingproperty of Fourier Transfomswe
getC'(w) = e/“?C(w) for someconstah d. The cross
power spectrunof C andC’ canbecompuedas

C(w)C'*(w) — piwd
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Fig. 4. ThelDFT of thesequene¢’ for affine camerador a
shift of 40frames

The InverseFouiier Transfam of the crosspower spectrim
will haveanimpulseatd. Thepresegeof astrongpeakis an
indicationthatthetwo sequencesandc’ areshiftedversions
of eachother The positiond of the peakgivesthe amount
of shift thatwill align theview C with the otherviews. We
presentheframe-alignmat algoiithm briefly.

Algorithm FAlignB

1. Idertify a subsebf corresponéntstationay points in
all the views. If fewer than 7 stationarypoirts are

availablethis algorithm cannd be usedfor alignmert.
2. Compuethetrilineartensorfor theviews A, B, andC

usingthe stationarypoirts.

3. Comptue the sequene ¢’ of imagepositiors of a dy-
namicpointin view C usingits positionsin the other
views andthe tensorcompued abore. This sequene
is a versionof the obseved sequene ¢ of the same
poirt in view C.

4. Compue the Fourier Transfamsof ¢ andc’ andtheir

crosspower spectrum
5. Find the sharppeakin the InverseFourier Transfom

of the crosspower spectrmm. Its location d givesthe
shift thatwould aligntheview C with theothers.

4. IMPLEME NTATION AND RESULTS

We testedour algorithm on a number of scenes. the dy-
namicscends capturel in two or threeviews. Moving points
aretrackedovertheviews andthe propasedalgorittmswere
testedonthem.

Affine Camera Case: Algorithm FAlignA wasusedfor
estimatingthe constantsa, b, ¢'(w), and d'(w) for eachw.
Fifty points weretracked across128 framesandtwo views
for the experiments. The frames of the secondview were
shiftedby differentamouns andthe algoithm wasapplied
The resultswereexcellentandalwaysestimatedhe correct

Amplitude
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Fig. 5. ThelDFT of the crosspower spectrunfor projective
cameragor ashift of 10frames.

shift. Theplot of the IDFT of ¢’ from oneof theexpeiiments
is shavnin Figure4. Thepeakis sharpandvery distinct.

Projective CameraCase: Thethird videowasshiftedby
a varialle numter of framesbefae applying the algoritrm.
We used20 stationarypoints to compuite the trilinear ten-
sor A nonstationarypointwasthentracked over 32 frames
in threeviews to obtainthe ¢ andc¢’ sequenesfor the al-
gorithm. A plot of the IDFT of the crosspower spectrum
(Equation6) of the x-coordinateof thec ande’ sequenesis
shaovnin Figure 5. This gives agoad peakatthecorrect shift
value.

5. CONCLUSIONS

In this paper we definal the frame-alignmat problem for
multiple views andpresentealgorithns to solveit whenus-
ing affine camerasand prgective cameras.The algoithms
producedexcellert resultsonalargenunberof experiments.
Thealgorithns caneasilybeextendedto aligning theframes
of arbitray nunber of views. We arecurrerily working on
a solutionfor prgective cameraghat doesnot requirethe
knowledgeof thetensor
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