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ABSTRACT

Poseestimation,whichdeterminesthepositionandtheattitudeof thecamera,is aprerequisitefor avarietyof photogram-
metric taskssuchasimagematching,surfacereconstruction,ortho-photogeneration,andobjectrecognition.As digital
imageryis becomingmorepopularin photogrammetricapplications,featuresotherthanpointsareincreasinglyemployed
in poseestimation.For frameimagery, prior researchhasincorporatedgeometricconstraintsinto thebundleadjustment
to take advantageof high-level features,suchasstraightlines. This studyintroduceshigh-level featureconstraintsinto
theposeestimationproblemfor aerialline scanners.Traditionally, it hasbeenassumedthatrobustposeestimationfor a
dynamic(non-frame)sensorcannotbeobtainedwithoutdirectmeasurementsusingGlobalPositioningSystem(GPS)and
Inertial Navigationsystem(INS). This studyattemptsto challenge,in part, this argumentby showing that theunknown
orientationparametersfor all scanlines, within a scenecapturedby line scanner, canbe estimatedby including linear
featuresin anindirectorientationprocedurethatis lessdependentonGPS/INSdata.This indirectorientationis achieved
by incorporatingstraight-lineconstraintsin thebundleadjustmentfor aeriallineararrayscanners.A scenecapturedby an
aerialline scanneris composedof sequenceof scanlines,eachof whichmaybeslightly shiftedagainsteachotherdueto
changesin thesystem’s trajectory. As aresult,straightlinesin objectspacedonotappearasstraightlinesin imagespace.
Thestraight-lineconstraintis proposedin thisstudyto copewith thisphenomenon.Thisconstraintmakesuseof straight-
line featuresin objectspaceto aid independentrecoveryof exteriororientationparametersof theentirescanlinesaswell
asto increasegeometricstrengthof thebundleadjustment.Straightlineshave beenadoptedsinceimageryof manmade
environmentsis rich with straightlines. Moreover, free-formlinear featurescanberepresentedwith sufficient accuracy
by asequenceof straightlines(poly-lines).Experimentsconductedin thisstudyshow theeffectivenessof usingfree-form
linearaswell asstraight-linefeaturesin therecovery of theexteriororientationparametersof aerialline scanners.

1 INTRODUCTION

Poseestimation,thedeterminationof ExteriorOrientation
Parameters(EOP),is anessentialpre-requisitefor deriving
three-dimensionalinformation from any kind of imagery
capturedby terrestrial,airborneor satellitebasedsensors.
Traditionally, poseestimationis solvedusinga numberof
well-definedgroundcontrol points. With the recenttrend
towardsautomaticextraction and recognitionof features
from digital imagery, it is becomingadvantageousto uti-
lize featuresin photogrammetricapplications.Thosefea-
turescanbeusedto increasetheredundancy andimprove
thegeometricstrengthof photogrammetricadjustments.In
addition,it is easierto automaticallyextract featuresthan
distinct points from imagery. Moreover, imagesof man-
madeenvironmentare rich with linear features (Kubik,
1991), (Tommaselliand Lugnani, 1988). Recently, lin-
ear array scannershave beenincorporatedin aerial plat-
forms (e.g., ADS40). Due to the high dynamicsof an
airborneenvironment,the exterior orientationis required
for eachscanline. A generalapproachfor estimatingthe
EOPin thissituationis basedon interpolationfunctionsof
the flight trajectory, which requiresmany groundcontrol
pointsandoftenfails to obtainthedesiredaccuracy dueto
high frequency changesin the sensororientationparame-

ters. Anotherapproachis basedon direct measurements
of theEOPusinghigh-qualityGPS/INSunits. (Zhanget
al., 1994), (Cannon,1994), (Ackermann,1996), (Toth,
1998), (SkaloudandSchwarz,2001),(CramerandHaala,
1999).Poseestimationbasedon featuresis especiallyim-
portantfor airborneline scannersystems.The objective
of this researchis to estimatetheEOPfor every scanline
without any interpolationor modelingof the flight trajec-
tory. This study challengesthe commonbelief that the
EOPfor all scanlines cannotbe estimatedwithout direct
orientationusing high quality GPS/INS.It is usually as-
sumedthat theEOPfor adjacentscanlinesarecorrelated.
We believe thattheparametersarenumericallysimilar but
not correlated. Completeestimationof thoseparameters
is contingenton having enoughobservations/information.
Traditionalgroundcontrol pointsarenot useful for indi-
rectestimationof theEOP. However, unknown orientation
parametersfor eachscanline canberecoveredby includ-
ing groundcontrollinearfeaturesin anindirectorientation
procedurethat is lessdependenton GPS/INSdata. Au-
tomationof the poseestimationis only possibleafter es-
tablishingthe correspondencebetweenimageand object
spacecontrolpointsand/orfeatures.Muchresearchhasfo-
cusedon automaticidentificationandcorrespondencebe-
tweenimageandobjectspacefeatures (Forstner, 1986),



(EbnerandOhlhof,1994), (Schenk,1998), (Habibet al.,
1998).However, sincethis researchis focusedon thepose
estimationfor dynamicsensors,thefollowing itemsareas-
sumed:(1)theinteriororientationparametersaretreatedas
known (2) the correspondenceof featuresbetweenimage
andobjectspaceis assumedto beknown. However, there
is no needfor the knowledgeaboutpoint- to-point corre-
spondencesalongthe involved linear features.Therefore,
this paperis focusedon developing rigorousmathemati-
calmodelsfor completerecoveryof theEOPof adynamic
sensorusingindirectorientationtechniquesbasedonlinear
features.In this research,we will beconcentratingon in-
corporatingstraightlinessincethey areabundantin scenes
over manmadeenvironments.Moreover, free-formlinear
featurescan be representedwith sufficient accuracy as a
sequenceof straightlines(poly-lines).

2 BACKGROUND

2.1 Linear array scanner imagery

Lineararrayscannershave beenintroducedasanalterna-
tive for digital framecamera.Dueto technicallimitations,
we do not expectthe availability of a large format digital
framecamerasuitablefor high accuracy photogrammetric
applicationsin thenearfuture. Lineararrayscannerscap-
turescenesover theareaof interestby successiveexposure
of oneor morescanlinesalongthefocal plane.For aerial
platforms,theaircraftmight bebuffetedby air turbulence
and/orshifting winds. As a result, the EOP of adjacent
scanlines might be significantly different. Suchpertur-
bationsmight obscurecertainobjectspacefeatures,mak-
ing themundetectableto imageanalysts.Moreover, they
wouldaffect theraw scenein suchawaythatit might look
differentfrom what is visible in the objectspace.There-
fore, accurateestimationof theEOPis necessaryprior to
any subsequenttaskssuchasstereoviewing, imagematch-
ing, surface reconstruction,ortho-photogeneration,and
objectrecognition.

2.2 Previous pose estimation methods

Although thereare numerousstudieson poseestimation
for frame camerasusing variouscontrol features( (Mu-
lawaandMikhail, 1988), (Haralick,1988), (Habib,1998),
(TommaselliandPoz,1999), (Ji et al., 2000)),most re-
searchfor line camerasis dedicatedto spaceimagerysince
commercialairborneline camerasarestill in their infancy.
Moreover, themajorityof previousmethodsrequiretheuse
of point featuresandonly few studiesusedlinear features
for theposeestimation(ZalmansonandSchenk,2001),(Lee
et al., 2000). A scenecapturedby a linear arrayscanner
is composedof scanlines, eachhaving a setof unknown
EOP. That is, eachrow hasits own EOP. This resultsin
a large numberof unknown parameters. Thus, the ob-
jective of previous approacheswasto reducethe number
of involved parametersto avoid singularitiesin the solu-
tion process.A very simpleway is the useof a polyno-
mial modelingthe system’s trajectory, which determines
thechangesin theEOPwith time. However, thisapproach

hassomedisadvantages:(1) the flight trajectorymight be
too roughto be representedby a polynomialand(2) it is
difficult to incorporateadditionalinformationfromGPS/INS
observations. Anotherapproachto reducethe numberof
EOPis usingthe conceptof orientationimages.Orienta-
tion imagesareusuallydesignatedat equalintervalsalong
thesystem’s trajectory. However, thesemethodsareoften
usedfor spaceborneline cameraswith thestrongassump-
tions: (1) the sensorsystemis traveling in smoothtrajec-
tory and(2) its orientationis almostconstantover the im-
ageacquisitionduration. Sincetheseassumptionsarenot
valid for airbornescannersystems,thereareproblemsin
applying either model. Lee et al. presenta mathemati-
cal modelthatrectifiesa singlebandof HYDICE (Hyper-
spectralDigital ImageryCollectionExperiment)imagery
to transformeachpixel of an imageinto its groundloca-
tion usingGauss-Markov modelwith linearfeatures(Lee
et al., 2000). ZalmansonandSchenkpresenta mathemat-
ical framework for determiningtheEOPof a push-broom
imageusingparametricallyrepresented3-D curves (Zal-
mansonandSchenk,2001). This methoddevelopsa uni-
fied mechanismfor combiningany prior information re-
gardingtheEOPfrom GPS/INSthroughtheincorporation
of 3-D curves. Their methodassumedthat 6N (N is the
numberof imagelines) parametersareessentiallynot in-
dependent,but highly correlated,andindependentrecov-
eryof all exteriorparametersis physically impossible.

2.3 Linear features in linear array scanner imagery

Thelinearfeaturesof interestto thisresearchincludestraight
lines andfree-formcurves. For utilizing the straightline
and free-form curve, two issuesneedto be addressedto
successfullyinclude them into existing photogrammetric
applications.The first issuedealswith the representation
of linearfeaturesin bothimageandobjectspace.Theother
is theformulationof themathematicalperspectiverelation-
shipbetweenimageandobjectspacelinear features.This
researchwill concentrateonstraightlinesfor twomainrea-
sons. First, scenescapturedover manmadeenvironments
arerich with straightlines. Second,free-formlinear fea-
turescanbe representedwith sufficient accuracy asa se-
quenceof straight-linesegments(poly-lines).

2.4 Line feature representation

Beforestartingwith the explanationof the mathematical
modelrelatingcorrespondingimageandobjectspacefea-
tures,one shouldsettlethe issueof representingthe im-
ageandobjectspacefeatures. In the objectspace,alter-
native straight-linerepresentationshave beenanalyzedin
theliteratureandit hasbeenestablishedthatthemostcon-
venientrepresentation,from a photogrammetricpoint of
view, is the oneusingtwo pointsalongthe line segments
(Habib,1999). This argumentis supportedby thefollow-
ing: (1) Using two pointsto representa straight-lineseg-
ment is more helpful sincewe define well-localizedline
segmentsratherthaninfinite lines. (2) This representation
is capableof representingany line segmentin space(i.e.,
it doesnot have any singularities).(3) It will allow us to
reliably representfree-formlinear featureswith sufficient



accuracy asasequenceof straight-linesegments(i.e.,poly
lines). (4) It will leadto astraightforwardmodelfor estab-
lishing theperspective transformationbetweenimageand
objectspaceline segments.Therefore,a pair of 3-D dis-
tinct pointswill be requiredto representthe line segment
in theobjectspace.Theperspectiveprojectionof anobject
spacestraightline usingline scannersmaynotbeastraight
line dueto themotionof theplatformduringdataacquisi-
tion as well as interior orientationdeformations. There-
fore, imagespaceline featureswill be representedby a
sequenceof 2-D pointsalongthat feature.This represen-
tation will allow us to considerthe EOP of the platform
at different scanlines aswell as the IOP of the imaging
sensorin the caseof self-calibration.A naturalline (or a
free-formcurve) canberepresentedby ananalyticalfunc-
tion or by a sequenceof 2-D pointsand3-D straight-line
segmentsalongthe linear featurein the imageandobject
space,respectively. Representationof a naturalline by an
analyticalfunction minimizesthe amountof information
requiredto describethe line. However, a naturalline in
objectspacemight not be representedwell enoughby an
analyticalfunction that describesits slightestdetail with-
outany generalization.Therefore,wewill representobject
spacefree-formlinear featuresasa sequenceof straight-
line segments. Object spacecontrol linear featurescan
be capturedby a terrestrialmobile mappingsystem(e.g.
GPSVan) or obtainedfrom an existing GIS database(e.g.
roads,train tracks).

3 MATHEMATICAL MODEL

Traditionalphotogrammetricorientationproceduresarepoint
based.In thisresearch,themathematicalmodelestablishes
the relationshipbetweenthesequenceof pointsalongthe
imagespacelinear featureand the object spacestraight-
line segment,which is representedby its endpoints. The
underlyingprinciplein thismathematicalmodelis thatthe
vectorfrom theperspectivecenterto anintermediatepoint
alongthe imagespacelinear featurelies on the planede-
fined by the perspective centerandthe two objectpoints
defining that feature(Figure 1). The resultingequation
will bedenotedasthecoplanarityconstraint(Habibetal.,
2000).Figure1 shows thegeometryof coplanaritycondi-
tion in two scenes.
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Figure1: Perspective geometryandstraightlinesin linear
arrayscannerimagery

For eachscanline containingthelinearfeatureundercon-
sideration,thevectorfromtheperspectivecenterto thefirst
objectpoint

�
alongtheline is definedas

� ����
. Similarly, the

vectorfrom thesameperspective centerto thesecondob-
ject point � along the line is definedas

� ����
. Finally, the

vectorfrom theperspectivecenterto animagepoint,along
thelinear feature,in thescanline underconsiderationcan
be definedas

� ��
	
. Figure 2 shows the definedplaneand

objectpoints.Themathematicalmodelenforcesthecopla-
narityof thethreevectors(
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), seeequation:
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(1)

Figure2 shows thedefinedplaneandobjectpoints.
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Figure2: Planedefinedby two objectpointsandperspec-
tivecenter

ThecoplanarityconstraintinvolvestheIOPof theimaging
sensor, thegroundcoordinatesof theendpointdefiningthe
objectspaceline, theimagecoordinatesof theintermediate
pointalongtheimagespaceline, andtheEOPof thecorre-
spondingscanline. In eachscanline wheretheline is vis-
ible, theconstraintin equation1 canbeapplied,regardless
of whetheror notthedefiningendpointsarevisible. Those
intermediatepointsaremono-scopicallymeasured,that is
they neednotbeidentifiableor evenvisiblein otherscenes.
SincetheEOPchangefrom onepoint to thenext, thenum-
ber of independentconstraintswill be equalto the num-
ber of measuredintermediatepoints along the line. The
groundcoordinatesof thoseintermediatepointsalongthe
straightline arenot determinedduring the bundleadjust-
ment. In otherwords,theconstraintsdo not introduceany
new parameters.Theseintermediatepointscontribute to-
wardsincreasingthegeometricstrengthof theadjustment.
It shouldbenotedthat this constraintdoesnot dependon
thechosenmodeldealingwith theEOPfor thevariousscan
lines,suchasmodelingthesystemtrajectorywith a poly-
nomial,usingorientationimages,directobservationsof the
EOPfrom GPS/INS,or any othermodel.

4 EXPERIMENTS

4.1 Pose estimation of line scanner

Theperformanceof theproposedapproachhasbeentested
with syntheticdatageneratedthrougha simulationproce-
dureinvolving three-linescannerwhosespecificationsare



simulationparameters specification
Sensorsize 12K (12288pixels)
Scenewidth 1311m
Pixel size 10.0micron
Focallength 300.0mm
Spacingbetweensensors 150mm
Groundresolution 10.7cm
Line rate 2481lines/second
Flying height 3200.0m
Speedfor consecutivecoverage 265m/second

Table1: Threeline scanner: sensorspecification
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Figure3: Thesimulatedaerialline scannerimage

summarizedin table1. Approximatevaluesfor the EOP
have beengeneratedby addingwhite noisesto the true
ones.Thenumberof constraintsfor onescanline is equiv-
alentto thenumberof control linesthatarevisible within
thatscanline. Having enoughlinearfeatureswith various
orientationsalongthe scanlines would allow us to inde-
pendentlyandaccuratelydeterminethe EOPof that scan
line. Theaccuracy of estimatedparametersis checkedby
comparingtruevaluesandestimatedones.

4.2 Simulated panchromatic images

This sectionpresentsanexperimentwith a syntheticscan-
ner scene. Figure 3 shows the scannerscenethat have
beensimulatedfrom an aerial frame image. As onecan
see,the smoothroadsaredistortedbecauseof the unsta-
ble flight trajectoryduringscenecapture.Thus,eachscan
line shouldbe correctedaccordingto its own orientation
parametersprior to properviewing of thatscene.Figure3
shows thescannerimagethatwassimulatedfrom a frame
image.Figure4 shows plotsof digitizedroadsin bothim-
ageandobjectspaces.Thoseroadsareusedascontrolfea-
tures,which are representedby natural/free-formcurves
ratherthanstrict straightlines. Table2 summarizesesti-
mationerrorsassociatedwith thederivedEOPby consid-
ering theabove mentionedlinear feature.As onecansee,
wehavecorrectlydeterminedtheEOPassociatedwith that
scene.The imagein figure 5 shows anortho-rectifiedim-
agegeneratedusing the estimatedEOP from the adjust-

0 500 1000 1500
0

500

1000

1500

Column

R
o

w

(a) Image space

−500 0 500 1000
−800

−600

−400

−200

0

200

400

600

800

1000

X

Y

(b) Object space

Figure4: Theimagespaceandobjectspaceof controlfea-
tures
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Parameter Difference(min) Difference(max)� (sec) -7.9306 9.9122�
(sec) -16.4138 19.4330� (sec) -1.5704 1.6784���

(cm) -24.5937 32.2536���
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&
�

) 0.9995 0.9998

Table2: Extremevaluesof estimationerrorsfor thesimu-
latedline scannerimage

ment.As onecansee,distortedroadshave beencorrected
afterapplyingtheestimatedorientationparameters.

5 CONCLUSION

Aerial line camerais becominganotherimportantsource
for mappingapplications. However, sinceaerial scanner
systemshave unstabletrajectories,the position and ori-
entationshouldbe estimatedfor every scanline. High-
level features,such as straight-lineor free-from curves,
which arefrequentlyencounteredin objectspace,provide
the possibility for the independentestimationof position
andattitudefor all scanlines. It is generallybelievedthata
robustgeometricsolutionfrom a dynamicnon-framesen-
sor systemcannotbe accomplishedwithout using high-
quality GPS/INSunits for direct andcontinuousdetermi-
nation of the sensororientation. It is also believed that
exteriororientationparametersof scanlinesaredependent
and strongly correlated. However, this study shows that
it is possibleto independentlyrecover the exterior orien-
tationparametersof all scanlinesby utilizing control lin-
earfeatures,without GPS/INSmeasurementsthroughin-
directorientationapproach.In futurework, automaticex-
tractionof imagespacefeaturesandautomaticmatching
betweenimageandobject spacefeaturesshouldbe con-
sidered. Moreover, the bundle adjustmentshouldbe ex-
pandedto allow for self-calibrationto determinethe IOP
of theimagingsensor.



Figure5: Rectifiedortho-imageafter the parameteresti-
mation
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