POSE ESTIMATION OF LINE CAMERASUSING LINEAR FEATURES.
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ABSTRACT

Poseestimationwhich determineshe positionandthe attitudeof the camerajs a prerequisitdor avarietyof photogram-
metric taskssuchasimagematching,surfacereconstructionprtho-photogenerationand objectrecognition. As digital
imageryis becomingmorepopularin photogrammetriapplicationsfeaturesotherthanpointsareincreasinglyemployed
in poseestimation.For frameimagery prior researcthasincorporatedyeometricconstraintdnto the bundleadjustment
to take advantageof high-level features suchasstraightlines. This studyintroduceshigh-level featureconstraintanto
the poseestimationproblemfor aerialline scannersTraditionally, it hasbeenassumedhatrobustposeestimationfor a
dynamic(non-frame)sensorcannote obtainedwithout directmeasuremenissingGlobal PositioningSystem(GPS)and
Inertial Navigation system(INS). This studyattemptsto challengejn part, this agumentby shaving thatthe unknavn
orientationparametergor all scanlines, within a scenecapturedby line scannercanbe estimatedoy including linear
featuredn anindirectorientationprocedurehatis lessdependenvn GPS/INSdata. Thisindirectorientationis achieved
by incorporatingstraight-lineconstraintsn thebundleadjustmentor aeriallineararrayscannersA scenecaptureddy an
aerialline scanneis composedf sequencef scanlines,eachof which may beslightly shiftedagainsteachotherdueto
changesn thesystemstrajectory As aresult,straightlinesin objectspacedo notappeaiasstraightlinesin imagespace.
Thestraight-lineconstrainis proposedn this studyto copewith this phenomenonThis constraintmakesuseof straight-
line featuresn objectspaceo aid independentecovery of exterior orientationparametersf theentirescanlinesaswell
asto increasggeometricstrengthof the bundleadjustment.Straightlines have beenadoptedsinceimageryof manmade
ervironmentsis rich with straightlines. Moreover, free-formlinear featurescanbe representedvith sufficient accurag
by asequencef straightlines(poly-lines).Experimentsonductedn this studyshaw the effectivenes®of usingfree-form
linearaswell asstraight-linefeaturesn therecovery of the exterior orientationparametersf aerialline scanners.

1 INTRODUCTION

Poseestimationthe determinatiorof Exterior Orientation
Parameter¢EOP),is anessentiapre-requisitdor deriving
three-dimensionahformation from ary kind of imagery

capturedby terrestrial,airborneor satellitebasedsensors.

Traditionally, poseestimationis solved usinga numberof
well-definedgroundcontrol points. With the recenttrend
towards automaticextraction and recognitionof features
from digital imagery it is becomingadwantageouso uti-
lize featuresn photogrammetri@pplications.Thosefea-
turescanbe usedto increasehe redundang andimprove
thegeometricstrengthof photogrammetriadjustmentsin
addition, it is easierto automaticallyextractfeaturesthan
distinct pointsfrom imagery Moreover, imagesof man-
madeervironmentare rich with linear features (Kubik,
1991), (Tommaselliand Lugnani, 1988). Recently lin-
ear array scannerdhave beenincorporatedn aerial plat-
forms (e.g., ADS40). Due to the high dynamicsof an
airborneervironment,the exterior orientationis required
for eachscanline. A generalapproacHor estimatingthe
EOPIn this situationis basedn interpolationfunctionsof
the flight trajectory which requiresmary groundcontrol
pointsandoftenfails to obtainthe desiredaccurag dueto
high frequeng changesn the sensororientationparame-

ters. Anotherapproachis basedon direct measurements
of the EOP usinghigh-quality GPS/INSunits. (Zhanget
al., 1994), (Cannon,1994), (Ackermann,1996), (Toth,
1998), (SkaloudandSchwarz,2001),(CramerandHaala,
1999). Poseestimationbasedon featureds especiallyim-
portantfor airborneline scannersystems. The objectve
of this researchs to estimatethe EOPfor every scanline
without ary interpolationor modelingof theflight trajec-
tory. This study challengeshe commonbelief that the
EOPfor all scanlines cannotbe estimatedwithout direct
orientationusing high quality GPS/INS.It is usually as-
sumedthatthe EOPfor adjacenscanlinesarecorrelated.
We believe thatthe parameterarenumericallysimilar but
not correlated. Completeestimationof thoseparameters
is contingenton having enoughobsenations/information.
Traditional ground control points are not useful for indi-
rectestimationof the EOR However, unknavn orientation
parameter$or eachscanline canberecoveredby includ-
ing groundcontrollinearfeaturesn anindirectorientation
procedurethat is lessdependenbn GPS/INSdata. Au-
tomationof the poseestimationis only possibleafter es-
tablishingthe correspondencbetweenimage and object
spacecontrolpointsand/orfeatures Muchresearchnasfo-
cusedon automaticidentificationand correspondencbe-
tweenimageand object spacefeatures (Forstner 1986),



(EbnerandOhlhof,1994), (Schenk,1998), (Habibetal.,
1998).However, sincethis researclis focusedonthe pose
estimatiorfor dynamicsensorsthefollowing itemsareas-
sumed:(1}theinterior orientationparameteraretreatedas
known (2) the correspondencef featuresbetweenmage
andobjectspacds assumedo be known. However, there
is no needfor the knowledgeaboutpoint- to-point corre-
spondencealongthe involved linearfeatures.Therefore,
this paperis focusedon developing rigorous mathemati-
calmodelsfor completerecovery of the EOPof adynamic
sensowusingindirectorientationtechniquedasednlinear
features.In this researchye will be concentratingon in-
corporatingstraightlinessincethey arealundantin scenes
over manmadeervironments. Moreover, free-formlinear
featurescan be representedvith sufiicient accurag asa
sequencef straightlines(poly-lines).

2 BACKGROUND

2.1 Linear array scanner imagery

Linear arrayscannerdiave beenintroducedasan alterna-
tive for digital framecameraDueto technicallimitations,
we do not expectthe availability of a large format digital
framecamerasuitablefor high accurag photogrammetric
applicationdn the nearfuture. Lineararrayscannergap-
turescenesvertheareaof interestby successie exposure
of oneor morescanlinesalongthe focal plane.For aerial
platforms,the aircraft might be buffeted by air turbulence
and/orshifting winds. As a result, the EOP of adjacent
scanlines might be significantly different. Suchpertur
bationsmight obscurecertainobjectspacefeatures mak-
ing themundetectabléo imageanalysts. Moreover, they
would affecttheraw scendan suchaway thatit mightlook
differentfrom whatis visible in the objectspace. There-
fore, accurateestimationof the EOPis necessaryrior to
ary subsequentaskssuchasstereoviewing, imagematch-
ing, surface reconstruction,ortho-photogeneration,and
objectrecognition.

2.2 Previous pose estimation methods

Although there are numerousstudieson poseestimation
for frame camerasusing various control features( (Mu-
lawaandMikhail, 1988), (Haralick,1988), (Habib,1998),
(Tommaselliand Poz,1999), (Ji et al., 2000)), mostre-
searctfor line camerass dedicatedo spaceémagerysince
commerciakirborneline camerasrestill in theirinfangy.
Moreover, themajority of previousmethodsequiretheuse
of point featuresandonly few studiesusedlinearfeatures
for theposeestimationZalmansorandSchenk2001),(Lee
et al., 2000). A scenecapturedby a linear array scanner
is composeddf scanlines, eachhaving a setof unknowvn
EOPR Thatis, eachrow hasits own EOR This resultsin
a large numberof unknavn parameters. Thus, the ob-
jective of previous approachesvasto reducethe number
of involved parameterd¢o avoid singularitiesin the solu-
tion process.A very simpleway is the useof a polyno-
mial modelingthe systems trajectory which determines
thechangesn the EOPwith time. However, thisapproach

hassomedisadwantagesy1) theflight trajectorymight be
too roughto be representedby a polynomialand(2) it is
difficult toincorporateadditionalinformationfrom GPS/INS
obsenations. Anotherapproacho reducethe numberof
EOPis usingthe conceptof orientationimages. Orienta-
tion imagesareusuallydesignatedt equalintervalsalong
the systems trajectory However, thesemethodsareoften
usedfor spaceborneline camerasvith the strongassump-
tions: (1) the sensorsystemis traveling in smoothtrajec-
tory and(2) its orientationis almostconstaniover the im-
ageacquisitionduration. Sincetheseassumptiongrenot
valid for airbornescannersystemsthereare problemsin
applying eithermodel. Lee et al. presenta mathemati-
cal modelthatrectifiesa singlebandof HYDICE (Hyper
spectralDigital ImageryCollection Experiment)imagery
to transformeachpixel of animageinto its groundloca-
tion usingGauss-Markv modelwith linearfeatures(Lee
etal., 2000). Zalmansorand Schenkpresenta mathemat-
ical frameavork for determiningthe EOP of a push-broom
imageusing parametricallyrepresente®-D curves (Zal-
mansonand Schenk,2001). This methoddevelopsa uni-
fied mechanisnfor combiningary prior informationre-
gardingthe EOPfrom GPS/INSthroughtheincorporation
of 3-D curwes. Their methodassumedhat 6N (N is the
numberof imagelines) parameterare essentiallynot in-
dependentbut highly correlated,andindependentecov-
ery of all exterior parameterss physicallyimpossible.

2.3 Linear featuresin linear array scanner imagery

Thelinearfeaturef interesto thisresearctincludestraight
lines andfree-form curves. For utilizing the straightline
and free-form curve, two issuesneedto be addressedo
successfullyinclude theminto existing photogrammetric
applications.The first issuedealswith the representation
of linearfeaturesn bothimageandobjectspace Theother
is theformulationof themathematicaperspectierelation-
ship betweerimageandobjectspacdinearfeatures.This
researchvill concentraten straightinesfor two mainrea-
sons. First, scenesapturedover manmadeervironments
arerich with straightlines. Second free-formlinear fea-
turescanbe representedvith sufficient accurag asa se-
guenceof straight-linesggments(poly-lines).

2.4 Linefeaturerepresentation

Before startingwith the explanationof the mathematical
modelrelatingcorrespondingmageandobjectspacefea-
tures, one shouldsettlethe issueof representinghe im-
ageand objectspacefeatures. In the objectspace alter
native straight-linerepresentationbave beenanalyzedn
theliteratureandit hasbeenestablishedhatthe mostcon-
venientrepresentationfrom a photogrammetrigoint of
view, is the oneusingtwo pointsalongthe line sgments
(Habib, 1999). This agumentis supportedy the follow-
ing: (1) Usingtwo pointsto represent straight-linesey-
mentis more helpful sincewe define well-localizedline
seggmentsratherthaninfinite lines. (2) This representation
is capableof representingry line segmentin spacefi.e.,
it doesnot have ary singularities). (3) It will allow usto
reliably represenfree-formlinear featureswith sufiicient



accurag asasequencef straight-linesegments(i.e., poly
lines). (4) It will leadto astraightforvardmodelfor estab-
lishing the perspectie transformatiorbetweerimageand
objectspaceine segments. Therefore,a pair of 3-D dis-
tinct pointswill be requiredto representhe line segment
in theobjectspace Theperspeciie projectionof anobject
spacestraightline usingline scannersnaynotbeastraight
line dueto the motion of the platformduring dataacquisi-
tion aswell asinterior orientationdeformations. There-
fore, image spaceline featureswill be representedy a
sequencef 2-D pointsalongthatfeature. This represen-
tation will allow usto considerthe EOP of the platform
at differentscanlines aswell asthe IOP of the imaging
sensorin the caseof self-calibration. A naturalline (or a
free-formcurve) canberepresentetty ananalyticalfunc-
tion or by a sequencef 2-D pointsand 3-D straight-line
sgmentsalongthe linear featurein the imageandobject
spacerespectrely. Representationf a naturalline by an
analyticalfunction minimizesthe amountof information
requiredto describethe line. However, a naturalline in
objectspacemight not be representedvell enoughby an
analyticalfunction that describests slightestdetail with-
outary generalizationThereforewe will represenbbject
spacefree-formlinear featuresas a sequencef straight-
line sggments. Object spacecontrol linear featurescan
be capturedby a terrestrialmobile mappingsystem(e.qg.
GPS\an) or obtainedfrom an existing GIS databasée.g.
roads traintracks).

3 MATHEMATICAL MODEL

Traditionalphotogrammetriorientationprocedurearepoint
basedIn thisresearchthemathematicainodelestablishes
the relationshipbetweerthe sequencef pointsalongthe
image spacelinear featureand the object spacestraight-
line sgment,which is representedby its endpoints. The
underlyingprinciplein this mathematicamodelis thatthe
vectorfrom the perspectie centerto anintermediatepoint
alongthe imagespaceiinearfeaturelies on the planede-
fined by the perspectie centerandthe two objectpoints
defining that feature (Figure 1). The resulting equation
will bedenotedasthe coplanarityconstraint(Habibetal.,
2000). Figure 1 shavs the geometryof coplanaritycondi-
tion in two scenes.

Figurel: Perspectie geometryandstraightlinesin linear
arrayscannermagery

For eachscanline containingthelinearfeatureundercon-

siderationthevectorfrom theperspectie centerto thefirst
—

objectpoint A alongtheline is definedasV;. Similarly, the

vectorfrom the sameperspecitie centerto the secondob-

ject point B alongthe line is definedasvg. Finally, the
vectorfrom the perspectie centerto animagepoint, along
thelinearfeatlﬂe,in the scanline underconsideratiorcan
be definedasVs. Figure 2 shaws the definedplaneand
objectpoints. Themathematicamodelenforceghecopla-

. — — — .

narity of thethreevectors(V;, 7, andV3), seeequation:
— — —
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Figure2 shavs the definedplaneandobjectpoints.
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Figure2: Planedefinedby two objectpointsandperspec-
tive center

Thecoplanarityconstraininvolvesthe IOP of theimaging
sensorthegroundcoordinate®f theendpointdefiningthe
objectspacdine, theimagecoordinate®f theintermediate
pointalongtheimagespacdine, andthe EOPof thecorre-
spondingscanline. In eachscanline wheretheline is vis-
ible, the constraintin equationl canbeapplied,regardless
of whetheror notthedefiningendpointsarevisible. Those
intermediatepointsaremono-scopicallymeasuredthatis
they needhotbeidentifiableor evenvisiblein otherscenes.
Sincethe EOPchangdrom onepointto thenext, thenum-
ber of independentonstraintswill be equalto the num-
ber of measuredntermediatepoints alongthe line. The
groundcoordinate®of thoseintermediatepointsalongthe
straightline arenot determinedduring the bundle adjust-
ment. In otherwords,the constraintsio notintroduceary
new parameters.Theseintermediatepoints contritute to-
wardsincreasinghe geometricstrengthof the adjustment.
It shouldbe notedthatthis constraintdoesnot dependon
thechosemodeldealingwith theEOPfor thevariousscan
lines, suchasmodelingthe systemtrajectorywith a poly-
nomial,usingorientationmagesgdirectobsenationsof the
EOPfrom GPS/INS,or ary othermodel.

4 EXPERIMENTS

4.1 Poseestimation of line scanner

Theperformancef theproposedipproacthasbeentested
with syntheticdatageneratedhrougha simulationproce-
dureinvolving three-linescannemwhosespecificationsare



simulationparameters specification
Sensosize 12K (12288pixels)
Scenewidth 1311m

Pixel size 10.0micron
Focallength 300.0mm
Spacingbetweersensors 150mm
Groundresolution 10.7cm

Line rate 2481lines/second
Flying height 3200.0m
Speedor consecutie coverage 265m/second

Tablel: Threeline scanner sensoispecification
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Figure3: Thesimulatedaerialline scanneimage

summarizedn table1. Approximatevaluesfor the EOP
have beengeneratedoy addingwhite noisesto the true
ones.Thenumberof constraintdor onescanline is equi-
alentto the numberof controllinesthatarevisible within
thatscanline. Having enoughlinear featureswith various
orientationsalongthe scanlines would allow usto inde-
pendentlyand accuratelydeterminethe EOP of that scan
line. Theaccurag of estimatedparameterss checled by
comparingruevaluesandestimatednes.

4.2 Simulated panchromatic images

This sectionpresentsan experimentwith a syntheticscan-
ner scene. Figure 3 shavs the scannerscenethat have

beensimulatedfrom an aerialframeimage. As onecan
see,the smoothroadsare distortedbecauseof the unsta-
ble flight trajectoryduring scenecapture.Thus,eachscan
line shouldbe correctedaccordingto its own orientation
parametergrior to properviewing of thatscene.Figure3

shaws the scanneimagethatwassimulatedfrom a frame
image.Figure4 shavs plotsof digitized roadsin bothim-

ageandobjectspacesThoseroadsareusedascontrolfea-
tures, which are representedby natural/free-formcurves
ratherthan strict straightlines. Table2 summarizessti-
mationerrorsassociateavith the derved EOP by consid-
eringthe abose mentionedinearfeature.As onecansee,
we have correctlydeterminedhe EOPassociatedavith that
scene.Theimagein figure 5 shavs an ortho-rectifiedim-

age generatedising the estimatedEOP from the adjust-
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Figure4: Theimagespaceandobjectspaceof controlfea-
tures

596

Parameter Difference(min) | Difference(max)
w (sec) -7.9306 9.9122

¢ (sec) -16.4138 194330

% (Sec) -1.5704 1.6784

X, (cm) -24.5937 322536

Y, (cm) -82.9741 503227

Z, (cm) -5.7485 5.6316
Variancecomponent | (6.1449 10%)? | (2.3447 10°)°
Conditionnumber 3.0769 fo 1.1133 10
Correlation(Y, & w) -0.8200 -0.8334
Correlation(X, & ¢) 0.9995 0.9998

Table2: Extremevaluesof estimationerrorsfor the simu-
latedline scanneimage

ment. As onecansee distortedroadshave beencorrected
afterapplyingthe estimatedrientationparameters.

5 CONCLUSION

Aerial line camerais becominganotherimportantsource
for mappingapplications. However, sinceaerial scanner
systemshave unstabletrajectories,the position and ori-
entationshould be estimatedfor every scanline. High-
level features,such as straight-lineor free-from curves,
which arefrequentlyencounteredh objectspaceprovide
the possibility for the independenestimationof position
andattitudefor all scanlines. It is generallybelievedthata
robustgeometricsolutionfrom a dynamicnon-framesen-
sor systemcannotbe accomplishedwvithout using high-
quality GPS/INSunits for directand continuousdetermi-
nation of the sensororientation. It is also believed that
exterior orientationparametersf scanlinesaredependent
and strongly correlated. However, this study shavs that
it is possibleto independentlyecover the exterior orien-
tation parametersf all scanlines by utilizing control lin-
earfeatureswithout GPS/INSmeasurementthroughin-
directorientationapproachIn future work, automaticex-
traction of image spacefeaturesand automaticmatching
betweenimageand object spacefeaturesshouldbe con-
sidered. Moreover, the bundle adjustmentshouldbe ex-
pandedto allow for self-calibrationto determinethe IOP
of theimagingsensor



Figure 5: Rectified ortho-imageafter the parametelesti-
mation
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