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ABSTRACT

Thispapemdiscussegechniquausedfor constructiorof high-
resolutionmagemosaidrom avideosequencandthesyn-
chronouslylogged cameraattitude information. It allows
oneto infer geometriccharacteristicef the imagedterrain
andhencamprove mosaicqualityandreducecomputational
burden.Thetechniqués demonstratedsingnumericaimod-
eling andis appliedto video datacollectedon Rainsford
Island,Mass.

Calculationof the transformationrelating consecutie
imageframesis an essentiabperationaffecting reliability
of thewhole mosaicingprocessimprovementsgo thealgo-
rithm aresuggestedyhich significantlydecreas¢he possi-
bility of corvergenceto aninappropriatesolution.

1. INTRODUCTION

In the previous publications [1, 2] we have discussego-
tentialuseof auxiliary sensorgnamely attitudesensomnd
GPSrecever)forimprovemeniof quality of imagemosaics,
in particular for undervaterimagery Thesemosaicshave
importantapplicationsfor visual surwey of large areasor
objectsunderthe conditionsof poorvisibility. Our primary
interestlies in areaof benthichabitatmapping(e.g.[3]),
althoughpipelineinspection sedimentharacterizationar
chaeologicaland forensic site mappingcould also be po-
tential applicationsof this technique to namea few. Cur
rently video mosaicingis the only mappingmethodwhich
providesresolutionbetterthanl cmperpixel andrapidcon-
tinuouscoverageof largeareas.

It seemsbvious thataccuratemeasurememf camera
positionandorientationcangreatlyfacilitate the construc-
tion processf a syntheticmosaicedmage. The difficulty
however is that existing low-cost sensorsare not accurate
enougho bedirectlyusedn themosaicingprocessindeed,
a GPSrecever may provide informationaboutlocation of
theantennawith anaccurag of 10-20cm. If the cameras
undervaterandantennas onthesurface theaccuray is re-
ducedto 1-2 metersyetthetypical resolutionof imageryis

lessthanl1 cm. Evenreasonablhaccurataneasurementsf
the cameratuleranglesarenot sufficientto positiona pixel
to within 1 cm. For example,0.5 degreeerrorin tilt mea-
surementeasily translatesnto 2.5 cm error for 30 degree
camergpitch (for typicalimagingdistances).

Assumptionof flat horizontal(FH) terrainallows to de-
rive uniquefunctionalrelationshipbetweerpositionandori-
entationof the cameraandelementof transformationho-
mograply) usedto createa mosaicedmage. If terrainis
indeeddescribedvell by the FH model,resultingmosaicis
of goodquality and cameramotion canbe recovered,; dif-
ferencebetweerhomographiesalculatedrom the camera
vectorsand onesobtainedfrom imageco-reyistrationpro-
ceduresstayssmall. This differencegoingup indicatesthat
the FH model becomesnapplicable. More sophisticated
models,however, cannotsolve for cameramotion andter-
rain characteristicsimultaneously solutionis not unique.
By emplogying sensomeasurementwe eliminateambigu-
ity andinfer somelocal topographiccharacteristicof the
terrain.

2. MODELING OF THE ACQUISITION AND
RE-PROJECTION PROCESSES

To understandhe mosaicingprocessn details,a modelof
videoacquisitionwasdeveloped.Themodelledmagedsur
faceis describedn termsof digital elevationmodel(DEM)
in associatiowith arasterimage,drapedover thetopogra-
phy. Both elevationandluminance(or color) valuesarede-
finedonaregulargrid andareassumedo changemonoton-
ically in betweenThe DEM is with respecto a”zero level
plane”,whichis normalto Y axis of the associatedystem
of coordinatesand passeghroughpointY = H. Cam-
eraorientationand positionis describedby 6 parameters,
combinedin an "Euler vector”, E, componentf which
represenpitch, roll andyaw of the cameraandtranslation
vectorS determiningoffsetwith respecto the centerof ori-
gin, O. In caseof zeroEuler vector ideal pinholecamera
is orientedalongaxis X ("North”) andis looking attheter-
rain vertically down (along-Y direction)."West" direction



thencorrespond$o Z axis. Theacquiredmage(frame)lies
in XZ-plane,”up” directionbeing”North”, and”left” being
"West". (The describedsystemis widely usedin graphic
displayfield.)

We alsoneedto introducenumberof pixelsin theframe,
Nz (columns)and Ny (rows), and camerafield of view
in one of the directions,say horizontal, FoV. Thenthe
normalizedfocal distance F, is equalto m

In caseof zeroEuler vector flat horizontalterrainand
H = F, focal planecoincideswith theimagedsurface,and
the mappingbetweengrid points of the terrainandimage
pixelsis determinedoy a unit homograpk. Decreasén H
resultsin zoomingin theimagedsurface,sowe canintro-
ducezoomratio Z = % Shift of the camerain the plane
parallelto theterrainleadsto the correspondinghift of the
imagedarea; shifts are corvenientto normalizeby num-
berof pixelsin the horizontaldirection(two imagesshifted
horizontallywith 50 percentoverlaphave normalizedshift
D, =0.5).

If the terrainis describedby the FH model,geometric
considerationgrovide a uniquerelationshipbetweencam-
era parameter:{ﬁ, Z, D, D,) andcoeficientsof therec-
tification homograpl R, i.e. transformatiorbetweenthe
coordinate®f terrainW andpixelsof theframel (seeAp-
pendix).Re-projectiorprocess mappingof pixelsontothe
terrainspace canbedenotedsymbolicallyasW = R x I.
(Note that the normalizedshifts in image spaceD, and
D, correspondo shiftsin Z- andX- directionsin the real
space.)

Two frameslI, andI; imagingapproximatelythe same
areacouldbeco-rgyisteredthatis, ahomograpk Ty, could
be found, mappingframe I; onto the image spaceof I,
thuscombiningthemin amosaic.Denotethis symbolically
asly = Ty, x I. If rectification(world) homographk is
known for frame I, thenthe world homograpl for frame
I1isR; = Ry xTp1,asW = Ry x Iy = (Ro XTOl) xI; =
Ry x I;. Otherframes relatedto I, througha chainof rel-

ative homographiesy} ;+1, could be addedto the global
k=1
mosaicin thesameway: W = Ry X H T} j+1 X Ix. The

latterformulashowvsthatif therecuﬁcauonhomograpy for
theinitial frame, Ry, wasestimatednaccuratelythiswould
affect global mosaicasa whole,while numericalerrorsac-
cumulatedin co-ragistrationproceduref finding relative
homographiesT; ;+1, may leadto local distortionsof the
mosaic.

If residualerrorsare nggligible, rectificationhomogra-
phiesfor framesin the acquiredsequencean be directly
usedfor constructiorof the globalmosaic.Relatve homo-
graphiegguarante®ptimal pairwisemeiging of the frames
- rectificationhomographieguaranteeptimal meging of
all frameson a commonimagespace(terrainmap).

Modelingof videoacquisitionprocessvith non-flatter-

rain shows thatthe above statementslo not hold true. Rel-
ative homographiegound using one of the co-registration
procedureqtypically, basedon either featuretracking or
optimization)may not correspondo ary setof vectorsde-
scribingthe cameraasthe model, usedto relatethesepa-
rametergo the elementsof homograph, fails. We suggest
amoresophisticateanodel,which describegheterrainel-
evationin termsof 2D low-orderpolynomials,with coefi-
cientsbeingmodelvariables,aswell asthe cameravectors
E andS.

Unlike the casewith theflat horizontalterrain,the solu-
tion of the above problemis not unique. Indeed flat tilted
terrain and vertical cameracaseis indistinguishablefrom
the casewhen the terrain is horizontaland the camerais
tilted. In this situationwe obtainthe camerdile valuesfrom
the sensomeasurementsSensolinaccuraciesvill thenre-
sultin inaccuratedeterminatiorof theterraintopograply.

3. PROCESSING ALGORITHM IMPROVEMENTS

Rohustandaccuratecalculationof relative homographiess
one of the mostimportantpartsof the mosaicingprocess.
We are employing optimizationtechniquebasedon the so
calledbrightnessconstang constraint. (It shouldbe noted
thatdependingnvisibility andlighting conditionsacquired
imagesmay needsomepre-processing filtering [4, 5] or
de-trending1].) Althoughconsecutieframesypically have
muchin common,successfubptimizationheavily depends
on theinitial guessusedin iterative procedure.Our strat-
egy is to setcertainthresholdfor theaverageperpixel error
(optimizationis consideredo besuccessfuif thefinal error
is below this threshold)andto run optimizationfor several
initial guessegthis stagecan be easily parallelized). Two
commoncandidategor initial guesseare: (a) successfully
found transformationfor the previous pair of frames,and
(b) unittransformationln approximately2 percenbof cases
theseguessesed to anon-globalminimumwith high resid-
ual error However in thesecasesstimate®f cameraEuler
anglesobtainedfrom the sensomaybe usedto provide the
initial guesdor arelatve homograplg. Thealgorithmis as
follows:

1. Using Euler anglesfor both framesI; andI, corre-
spondingapproximateectificationnomographieg{!
andR‘24 arecalculated NotethattranslationsD,, and
D, remainzerofor theseestimates.

2. Framesarere-projectedntoflat horizontalplaneus-
ing thesehomographies:

I =R X I,k=1,2

3. Featurelesfrequeny domain-basetkechniqud®6, 1]
is usedto estimateigid affinetransformatiorbetween



re-projectedmages:
IiA = A12 X 1—54

Note thatthis methodis non-iteratve andhighly ro-
bust.

4. Initial guesdor therelative homograpk 753 is ob-
tainedfrom the above transformations:

I; = (Rf)fl X Ajg X Ré x Iy = T11'121it % I

Tip = (R{Y) ™ x A x R

Fromour experiencethis techniquewhichis computation-
ally intensve, provides optimal choiceof initial guessfor
optimizationprocedure.

Somefailuresin finding relative homograpl wereas-
sociatedwvith non-stationaryontentof theframes- objects
moving acrossthe camerafield of view. The technique
outlined above was still ableto provide a reasonableni-
tial guesgrovidedthemoving objectsdid notoccugy more
than 30 percentof the frame. In this case,however, co-
registrationresultsin averageperpixel error beingsignifi-
cantly higherthanthe pre-setthreshold,and eachsituation
requiresmanualintervention. Onceit was establishedhat
co-registrationproceduredid notfail, the regionswith high
local pixel error were marked andin creationof the final
mosaiconly oneinstanceof input video datawas used,to
decreasélurring effects.

4. APPARATUSAND RESULTS

A consumegradeSory digital videocameras connectedo

alaptopcomputerby a Control-L device, allowing constant
monitoringof timecode(which uniquelyidentifiesrecorded
frame) more than 30 times per second. The NMEA out-

putmessagefom the attitudesensoandGPSrecever are
receved on serial inputs of the computer typically com-

ing 5-8timespersecond.The monitoringprogramlogs ev-

ery sensomessagesynchronouslyvith thetimecode GPS
messagandinternal CPU time. Recordsfrom thelog file

areusedin post-processingyhereframescorrespondingo

neighboringecordsareco-registered thisresultsn achain
of relatve homographieselating ary two framesin a se-
guence.The equipmentwverearrangedn a crossarm atop
a pole; the GPSantennavas mountedin the centerof the
arm,the sensormandthe camera at oppositesidesof it.

Attitudesensomeasurementgerefoundto containspikes

thatwerenot relatedto actualsensororientation. To mini-
mizetheir influence we have smoothedhe measurements,
usingsinc weightingfunctionover 1 sectime span.Similar
smoothingwasappliedto GPSpositionmeasurementti-
tudeandlongitudereadingsheingsmoothedndependently

as mosaicedareasare relatively small, typically lessthan
100meters.

For the choseninitial frameit is assumedhat sensor
measurementdo not containerrors, and that at that mo-
mentthe camerawaslocatedin the centerof origin. This
allows calculationof the rectificationhomograpk for the
initial frameand,throughthe chainof relative transforma-
tions, rectificationhomographiesk; " for all consecutie
frames. Employing the simplified modeldiscussedibove,
cameravectorsarefoundfor eachrectificationhomograph.
Eachpair of cameravectorscorrespondso some’model”
rectificationhomograpl Rmed¢!, and differencebetween
R;*P and Rp"*4¢ indicatesthe deviation from the flat hori-
zontalmodel.

Figurel shovsacomparisorbetweerthemeasuredalue
of yaw (dottedline) andyaw calculatedrom the homogra-
phies(solid line) asfunctionsof the frame number Mea-
suredandcalculatedvaluesdiffer only in theregionswhere
homographieserror Ey, =|| R;"" — R{*o%l || is significant
(Figure2). Frameswith the large error areassociatedvith
imagesof terrainthatcannotbedescribedy the FH model.
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Fig. 1. Yaw of the camera: measureddy the sensorand
calculated.The surney procedureconsistedf moving in a
straightline, andperiodicrotationof thepole.

Local deviationsfrom theflat terrain(with non-flatarea
muchlessthantotal areaof the frame)do not significantly
affectthecalculatedelatve homograpl, but resultsin alo-
cal mismatchbetweenthe pixel valuesof the co-ragistered
frames. This local perpixel luminancedifferencemay be
processedsingary "shape-from-stereaechniquethusob-
taining informationaboutshapeof theimagedsurface. For
our purpose,however, it is suficient to mark thesemis-
matchareasat the pre-processingtage,and, whenthe fi-
nal mosaicis created;o usea singleinstanceof the input
video datato fill themin, asopposedo weightedaverage,
typically usedfor "feathering”.
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Fig. 2. Errorindicatingfailure of theflat horizontalmodel.

5. CONCLUSIONS

This paperoutlineswaysto usedatafrom an attitudesen-
sor attachedto a video camerato simplify processingof
acquiredimagesequenceandto facilitate constructionof

a global mosaic- geo-codedmageof the undervater sur
face.Themethodhasbeenappliedto inter-tidal marineen-

vironmentsandprovidesa cost-efective alternatve to pre-
viously reportedmethodg[5]. The techniqueshaovs much
promisefor gatheringnew typesof information from the
seabedby using video imaging as opposedto traditional
acoustidmaging.

Appendix

LettheEulervectorE = (8, ¢,%), anddenotecT = cos T, sT

sin 7, wherer = 6, ¢, 4. It is customaryto write homogra-

phy T as:

D1 P2
bs D5
pr 1

)

wherehomograpl elementxanbe expressedisfunctions

of cameraparameters:
po = Ul(sbswsd— cped)/Z — (Dy/F)(sbsoed + cipsd)]
p = Ul(~sbepsd — spcd)/Z + (Dy/F)(sbcted — s
pr = U[F(ch5)/Z — Dy(cheg)]
ps = Ul(chsi)/Z — (D, /F)(s6stbc + cisg)]
p1 = Ul(~c0ct)/Z + (Dy/F)(sBevpes — spso)]
ps = U[F(~36)/Z — Dy(chcg)]
ps = —Ulshsyes + cpsd)/F
pr = Ulsheped — spsg)/F

whereU = —cfcg.
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Fig. 3. Exampleof video mosaicof intertidal marineervi-
ronment.
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