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ABSTRACT

Thispaperdiscussestechniqueusedfor constructionof high-
resolutionimagemosaicfrom avideosequenceandthesyn-
chronouslyloggedcameraattitudeinformation. It allows
oneto infer geometriccharacteristicsof the imagedterrain
andhenceimprovemosaicqualityandreducecomputational
burden.Thetechniqueisdemonstratedusingnumericalmod-
eling and is appliedto video datacollectedon Rainsford
Island,Mass.

Calculationof the transformationrelating consecutive
imageframesis an essentialoperationaffecting reliability
of thewholemosaicingprocess.Improvementsto thealgo-
rithm aresuggested,whichsignificantlydecreasethepossi-
bility of convergenceto aninappropriatesolution.

1. INTRODUCTION

In the previous publications [1, 2] we have discussedpo-
tentialuseof auxiliary sensors(namely, attitudesensorand
GPSreceiver)for improvementof qualityof imagemosaics,
in particular, for underwaterimagery. Thesemosaicshave
importantapplicationsfor visual survey of large areasor
objectsundertheconditionsof poorvisibility. Our primary
interestlies in areaof benthichabitatmapping(e.g. [3]),
althoughpipelineinspection,sedimentcharacterization,ar-
chaeologicaland forensicsite mappingcould also be po-
tential applicationsof this technique,to namea few. Cur-
rently videomosaicingis the only mappingmethodwhich
providesresolutionbetterthan1 cmperpixel andrapidcon-
tinuouscoverageof largeareas.

It seemsobvious thataccuratemeasurementof camera
positionandorientationcangreatlyfacilitatethe construc-
tion processof a syntheticmosaicedimage. The difficulty
however is that existing low-cost sensorsarenot accurate
enoughto bedirectlyusedin themosaicingprocess.Indeed,
a GPSreceiver may provide informationaboutlocationof
theantennawith anaccuracy of 10-20cm. If thecamerais
underwaterandantennais onthesurface,theaccuracy is re-
ducedto 1-2meters,yet thetypical resolutionof imageryis

lessthan1 cm. Evenreasonablyaccuratemeasurementsof
thecameraEuleranglesarenotsufficient to positionapixel
to within 1 cm. For example,0.5 degreeerror in tilt mea-
surementeasily translatesinto 2.5 cm error for 30 degree
camerapitch (for typical imagingdistances).

Assumptionof flat horizontal(FH) terrainallows to de-
riveuniquefunctionalrelationshipbetweenpositionandori-
entationof thecameraandelementsof transformation(ho-
mography) usedto createa mosaicedimage. If terrain is
indeeddescribedwell by theFH model,resultingmosaicis
of goodquality andcameramotion canbe recovered;dif-
ferencebetweenhomographiescalculatedfrom thecamera
vectorsandonesobtainedfrom imageco-registrationpro-
ceduresstayssmall. This differencegoingup indicatesthat
the FH model becomesinapplicable. More sophisticated
models,however, cannotsolve for cameramotion andter-
rain characteristicssimultaneously- solutionis not unique.
By employing sensormeasurementswe eliminateambigu-
ity and infer somelocal topographiccharacteristicsof the
terrain.

2. MODELING OF THE ACQUISITION AND
RE-PROJECTION PROCESSES

To understandthemosaicingprocessin details,a modelof
videoacquisitionwasdeveloped.Themodelledimagedsur-
faceis describedin termsof digital elevationmodel(DEM)
in associationwith a rasterimage,drapedover thetopogra-
phy. Bothelevationandluminance(or color) valuesarede-
finedonaregulargrid andareassumedto changemonoton-
ically in between.TheDEM is with respectto a ”zero level
plane”,which is normalto

�
axisof theassociatedsystem

of coordinatesand passesthroughpoint
�����

. Cam-
eraorientationandposition is describedby 6 parameters,
combinedin an ”Euler vector”,

��
, componentsof which

representpitch, roll andyaw of thecamera,andtranslation
vector

��
determiningoffsetwith respectto thecenterof ori-

gin,
��
. In caseof zeroEuler vector, ideal pinholecamera

is orientedalongaxisX (”North”) andis looking at theter-
rain vertically down (along-Y direction). ”West” direction



thencorrespondsto Z axis.Theacquiredimage(frame)lies
in XZ-plane,”up” directionbeing”North”, and”left” being
”West”. (The describedsystemis widely usedin graphic
displayfield.)

Wealsoneedto introducenumberof pixelsin theframe,	�

(columns)and

	
�
(rows), and camerafield of view

in one of the directions,say, horizontal, ����� . Then the
normalizedfocal distance,� , is equalto ��������������! �� .

In caseof zeroEuler vector, flat horizontalterrainand�"� � , focal planecoincideswith theimagedsurface,and
the mappingbetweengrid pointsof the terrainand image
pixels is determinedby a unit homography. Decreasein

�
resultsin zoomingin the imagedsurface,so we canintro-
ducezoomratio # � �$ . Shift of the camerain the plane
parallelto theterrainleadsto thecorrespondingshift of the
imagedarea; shifts are convenient to normalizeby num-
berof pixelsin thehorizontaldirection(two imagesshifted
horizontallywith 50 percentoverlaphave normalizedshift%'&(�*),+.-

).
If the terrain is describedby the FH model,geometric

considerationsprovide a uniquerelationshipbetweencam-
eraparameters/ ��10 # 02%'&,02%4365 andcoefficientsof the rec-
tification homography 7 , i.e. transformationbetweenthe
coordinatesof terrain 8 andpixelsof theframe 9 (seeAp-
pendix).Re-projectionprocess- mappingof pixelsontothe
terrainspace- canbedenotedsymbolicallyas 8 � 7;:<9 .
(Note that the normalizedshifts in image space

%1&
and%43

correspondto shifts in Z- andX- directionsin the real
space.)

Two frames9>= and 9 � imagingapproximatelythesame
areacouldbeco-registered,thatis, ahomography ?@= � could
be found, mappingframe 9 � onto the imagespaceof 9 � ,
thuscombiningthemin amosaic.Denotethissymbolically
as 9>= � ?@= � :A9 � . If rectification(world) homography is
known for frame 9>= , thentheworld homography for frame9 � is 7 � � 7B=C:B?@= � , as 8 � 7B=D:B9>= � /E7B=D:B?@= � 5 :B9 �GF7 � :H9 � . Otherframes,relatedto 9>= througha chainof rel-
ative homographies,?JI�K I2L � , could be addedto the global

mosaicin thesameway: 8 � 7M=�: NPO �QI2RS= ?!I�K I2L � :T9 N . The

latterformulashowsthatif therectificationhomography for
theinitial frame, 7B= , wasestimatedinaccurately, thiswould
affect globalmosaicasa whole,while numericalerrorsac-
cumulatedin co-registrationproceduresof finding relative
homographies,?!I�K I2L � , may leadto local distortionsof the
mosaic.

If residualerrorsarenegligible, rectificationhomogra-
phiesfor framesin the acquiredsequencecanbe directly
usedfor constructionof theglobalmosaic.Relative homo-
graphiesguaranteeoptimalpairwisemerging of theframes
- rectificationhomographiesguaranteeoptimal merging of
all frameson acommonimagespace(terrainmap).

Modelingof videoacquisitionprocesswith non-flatter-

rain shows that theabove statementsdo not hold true. Rel-
ative homographiesfound usingoneof the co-registration
procedures(typically, basedon either featuretracking or
optimization)maynot correspondto any setof vectorsde-
scribingthe camera,asthe model,usedto relatethesepa-
rametersto theelementsof homography, fails. We suggest
a moresophisticatedmodel,which describestheterrainel-
evation in termsof 2D low-orderpolynomials,with coeffi-
cientsbeingmodelvariables,aswell asthecameravectors��

and
��
.

Unlike thecasewith theflat horizontalterrain,thesolu-
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 thissituationweobtainthecameratile valuesfrom
thesensormeasurements.Sensorinaccuracieswill thenre-
sult in inaccuratedeterminationof theterraintopography.

3. PROCESSING ALGORITHM IMPROVEMENTS

Robustandaccuratecalculationof relativehomographiesis
oneof the most importantpartsof the mosaicingprocess.
We areemploying optimizationtechniquebasedon the so
calledbrightnessconstancy constraint.(It shouldbenoted
thatdependingonvisibility andlightingconditionsacquired
imagesmay needsomepre-processing- filtering [4, 5] or
de-trending[1].) Althoughconsecutiveframestypicallyhave
muchin common,successfuloptimizationheavily depends
on the initial guessusedin iterative procedure.Our strat-
egy is to setcertainthresholdfor theaverageper-pixel error
(optimizationis consideredto besuccessfulif thefinal error
is below this threshold)andto run optimizationfor several
initial guesses(this stagecanbe easilyparallelized).Two
commoncandidatesfor initial guessesare: (a) successfully
found transformationfor the previous pair of frames,and
(b) unit transformation.In approximately2 percentof cases
theseguessesled to anon-globalminimumwith high resid-
ualerror. However in thesecasesestimatesof cameraEuler
anglesobtainedfrom thesensormaybeusedto provide the
initial guessfor a relative homography. Thealgorithmis as
follows:

1. Using Euler anglesfor both frames 9 � and 9 � corre-
spondingapproximaterectificationhomographies7VU�
and 7WU� arecalculated.Notethattranslations

%'&
and%43

remainzerofor theseestimates.

2. Framesarere-projectedontoflat horizontalplaneus-
ing thesehomographies:9 UN � 7 UN :H9 N 0YX1�;Z�02[

3. Featurelessfrequency domain-basedtechnique[6, 1]
isusedtoestimaterigid affinetransformationbetween



re-projectedimages:9 U� �*\ � � :H9 U�
Note that this methodis non-iterative andhighly ro-
bust.

4. Initial guessfor therelative homography ?^]`_�]`a� � is ob-
tainedfrom theabove transformations:9 � �cb 7 U �ed O � : \ � � :T7 U� :f9 � F ? ]`_�]`a� � :H9 �

? ]`_�]`a� � �cb 7 U �ed O � : \ � � :T7 U�
Fromourexperience,this technique,which is computation-
ally intensive, providesoptimal choiceof initial guessfor
optimizationprocedure.

Somefailuresin finding relative homography wereas-
sociatedwith non-stationarycontentof theframes- objects
moving acrossthe camerafield of view. The technique
outlined above was still able to provide a reasonableini-
tial guessprovidedthemoving objectsdid notoccupy more
than 30 percentof the frame. In this case,however, co-
registrationresultsin averageper-pixel error beingsignifi-
cantlyhigherthanthepre-setthreshold,andeachsituation
requiresmanualintervention. Onceit wasestablishedthat
co-registrationproceduredid not fail, theregionswith high
local pixel error were marked and in creationof the final
mosaiconly oneinstanceof input video datawasused,to
decreaseblurringeffects.

4. APPARATUS AND RESULTS

A consumergradeSony digital videocameraisconnectedto
a laptopcomputerby aControl-Ldevice,allowing constant
monitoringof timecode(whichuniquelyidentifiesrecorded
frame) more than 30 times per second. The NMEA out-
put messagesfrom theattitudesensorandGPSreceiver are
received on serial inputs of the computer, typically com-
ing 5-8 timespersecond.Themonitoringprogramlogsev-
erysensormessage,synchronouslywith thetimecode,GPS
messageandinternalCPU time. Recordsfrom the log file
areusedin post-processing,whereframescorrespondingto
neighboringrecordsareco-registered- thisresultsin achain
of relative homographiesrelatingany two framesin a se-
quence.Theequipmentwerearrangedon a crossarmatop
a pole; the GPSantennawasmountedin the centerof the
arm,thesensorandthecamera- at oppositesidesof it.

Attitudesensormeasurementswerefoundtocontainspikes
thatwerenot relatedto actualsensororientation.To mini-
mizetheir influence,we have smoothedthemeasurements,
usingsinc weightingfunctionover1 sectime span.Similar
smoothingwasappliedto GPSpositionmeasurements,lati-
tudeandlongitudereadingsbeingsmoothedindependently,

as mosaicedareasare relatively small, typically lessthan
100meters.

For the choseninitial frame it is assumedthat sensor
measurementsdo not containerrors,and that at that mo-
ment the camerawaslocatedin the centerof origin. This
allows calculationof the rectificationhomography for the
initial frameand,throughthechainof relative transforma-
tions, rectificationhomographies7Vg &2hN for all consecutive
frames. Employing the simplified modeldiscussedabove,
cameravectorsarefoundfor eachrectificationhomography.
Eachpair of cameravectorscorrespondsto some”model”
rectificationhomography 7Bi �kj gmlN , and differencebetween7Vg &2hN and 7 i �kj gmlN indicatesthedeviation from theflat hori-
zontalmodel.

Figure1showsacomparisonbetweenthemeasuredvalue
of yaw (dottedline) andyaw calculatedfrom thehomogra-
phies(solid line) asfunctionsof the framenumber. Mea-
suredandcalculatedvaluesdiffer only in theregionswhere
homographies’error

� N �1n 7Wg &2hN o 7Mi ��j gplN n
is significant

(Figure2). Frameswith the largeerrorareassociatedwith
imagesof terrainthatcannotbedescribedby theFH model.
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Fig. 1. Yaw of the camera:measuredby the sensorand
calculated.Thesurvey procedureconsistedof moving in a
straightline, andperiodicrotationof thepole.

Localdeviationsfrom theflat terrain(with non-flatarea
muchlessthantotal areaof the frame)do not significantly
affectthecalculatedrelativehomography, but resultsin alo-
cal mismatchbetweenthepixel valuesof theco-registered
frames. This local per-pixel luminancedifferencemay be
processedusingany ”shape-from-stereo”technique,thusob-
taininginformationaboutshapeof theimagedsurface.For
our purpose,however, it is sufficient to mark thesemis-
matchareasat the pre-processingstage,and,whenthe fi-
nal mosaicis created,to usea singleinstanceof the input
videodatato fill themin, asopposedto weightedaverage,
typically usedfor ”feathering”.
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Fig. 2. Error indicatingfailureof theflat horizontalmodel.

5. CONCLUSIONS

This paperoutlineswaysto usedatafrom an attitudesen-
sor attachedto a video camerato simplify processingof
acquiredimagesequencesandto facilitateconstructionof
a global mosaic- geo-codedimageof the underwatersur-
face.Themethodhasbeenappliedto inter-tidal marineen-
vironmentsandprovidesa cost-effective alternative to pre-
viously reportedmethods[5]. The techniqueshows much
promisefor gatheringnew typesof information from the
seabedby using video imaging as opposedto traditional
acousticimaging.

Appendix

Let theEulervector
��r� /ts 02uv0�wx5 , anddenotey2z F|{~}�� z 0Y� z F���`� z , wherez � s 0Yuv0�w . It is customaryto write homogra-

phy ? as:

? ������ = � � � ������!������������ Z
��

wherehomography elementscanbeexpressedasfunctions
of cameraparameters:

� = � ��� / � s �~wx��u o y w y uS5�� # o / %'&�� � 5 / � s ��w y u4� y w^�>u�5��� � � ��� / o � s�y wx��u o ��w y uS5�� # � / %'&�� � 5 / � s�y w y u o �~wx��uS5��� � � ��� ��/ty�s �>u�5�� # o %1& /ty�s�y u�5���J� � ��� /ty�s ��w^5�� # o / %'36� � 5 / � s �~w y u'� y wx��uS5���!� � ��� / o y�s�y w^5�� # � / %436� � 5 / � s�y w y u o ��w^��uS5����� � ��� ��/ o � s 5�� # o %43 /ty~s�y uS5���J� � o � / � s �~w y u'� y w^�>u�5�� ���� � � / � s�y w y u o �~wx��uS5�� �
where

��� o y�s�y u .

Fig. 3. Exampleof videomosaicof intertidalmarineenvi-
ronment.
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