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Abstract: Attitude jitter is a commormphenomenornn the applicationof high resolution
satellites,which may result inlarge erros of gecpositioning and mapping accuracy
Therefore, it is critical to detect and compensate attitude jitter to explore the full geometric
potential of high resolution satellites. In this pape frameworkof jitter detection and
compensation for high resolution satellites is proposed and s@fimaipary investigatiors
performed. Threenethoddsfor jitter detectiorare presenteds follows.(1) The first one is
based omultispectral imageusing parallax betweertwo differentbandsin the image

(2) The second ibased on stereo imagasingrational polynomial coefficientRPCs)

(3) The third isbased on panchromatic images employanthorectification processing.
Based on the calculated parallax mdjps frequency and amplitude of the detected jitter are
obtained. 8bsequentlytwo approaches for jitter compensation are condu¢ig@d he first
one is to conduct the compensation on image, which uses the daraddpobservations
for resampling(2) The second is to conduct tbempensation on attitude datehichtreas

the influence of jitter on attitudas correction of chargeoupled devic§ CCD) viewing
angles. Experiments withimages from several satedlg such as ASTERAdvanced
Spaceborne Thermal Emission and Reflection Radiaoméef,(Lunar Reconnaissance
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Orbiter)and ZY-3 (ZiYuan-3) demonstrat¢éhe promising performana@ndfeasibility of the
proposed framework.

Keywords: jitter detection; compemsion; parallax observation; high resolution satellite

1. Introduction

Over the past decade, high resolution satellite images obtained from linear array CCD sensor have
been widely used in surveying and mappigy. the sake of accuragecpositioningand ceregistration
good geometric performancedsucial for the processing of satellite dfta4]. According to[51 7], the
accuracy of spacecraft position and attitede two vital factors that affecegmetric performance of
high resolution satellie The spacecraft position is determined by kagburacy orboard global
position system receiver anils accuracy can be enhanced with help ofpostessing using accurate
ephemeris if thelevices performanceannot meet theequirement®r some malfactions happeis].
By contrast, the attitude of spacecraft is merely obtained from theat&er and gyro onboard and the
performance of these devices make a dominant contribution to its accumaseqQently, accurate
attitude estimation is erucialissue for improving the accuracy of gpositioning and mappingith
high resolution satellites

With respect to the satellisgjuippedvith CCD linear array sensors, the attitude jitter, wiefbrs to
the instability and distortionof satellite attitud, could deteriorategeopositioning and mapping
accuracyof high resolution satellitesn both plane and heightWith the increasing complexity of
satellite platformsand agility of satellite observatignmost earthrobservation satellites suffer from
attitude jitter on the impact of various noise and disturbance tgreachare mainlycaused by satellite
dynamic structure, body thermal change, attitude control operation and other impacting[$4ctors
However, for the majority of remote sensing satellite currently in use, their attitude information is
estimatedby interpolating the measurement data of-stackerand gyros sampled atralativdy low
frequency. When the frequency of satellite jittehigher thanthe sampling & of attitudedatg the
geometricprocessingof imagey would be affected by the undetected and uncompensated attitude
distortions[3]. Moreover, he requirement of attitude stability wilecomemore and morseverewith
increasingspatial resolution ofremotesensing missionsTherefore, it is necessary to estimate and
correct the spacecraft attitude jitter information accurately with additional methods in order to improve
the geometric performance of satellite images.

Generally, there are two traditidna@ays to detect andnalyzespacecraft attitude jittg®]. The first
is to use ground control poing&CPs)in the scen¢l0,1]], and the second is to use higarformance
attitude sensors to obtain the attitude information with high time and angularticas [12]. However,
those methodthatdepend on accurate GCPs or hggrformance attitude sensors are economically and
technically infeasible for mangn-orbit satellites. Foisuchreasonsa number of studies have been
carried out to detect arahalyze attitude jitterbased on imagery, provided attitude data, RPCs and
products such adigital elevation modg DEM) and orthoimagef3,13i 20].

Some of the researchers have taken advantage of the property of the high resolution sensors to dete
and retreve the attitude instabilities. Iwasaki and Teshima used the parallax betwestiotheave
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infrared(SWIR) sensors of ASTER to detect and estimate the frequency and amplitude of the fluctuation
of Terra satellite J]. In their studies, a fluctuation wita frequency of around 18z is discovered

Kirk et al.used the parallax resulted from the adjacent CCD arrays of the focal plane to detect the jitter
components of HiglResolution Imaging Science Experiment (HIRISEB][IWith the help of the
software moduldijitreg of ISIS 3.0 developed BySGS the jitter componentseregenerated from the
HIRISE imagery and the accuracy of digitalirface modé (DSM) product was enhanced by
compensating the jitter effect. Similarthe parallax formed by a pair of narrow angle cameras onboard
the LROwasutilized by Mattasort al.[14]. They succeeded in acquiring the frequency and amplitude

of jitter. Furthermore, using the parallax formed by neighbouring multispectral sensorsyglenhl.
detected the attitude mickobration of PLEIADESHR satellite withoutthe help of additional
deviceq15].

In addition, someifter analysismethods, which considéne provided attitude data, RPCs and digital
products have been proposed. &t al. evaluated HIRISE jitter effectsy differencing theSPICE kernel
(telemetry) EO parameters and EO parameters calculated frorotbed polynomialsin their study,
attitude jitter wascompensat by introducing three higfrequencyterms in the pginomialswhich
were used in the bundle adjustment (BA) mddél. Schneideret al. found the periodic residuals on
ALOS-PRISM images when generrag RPCsto replace the rigorous sensor modéd][ The reason is
that the inherent defects of RPCeutd notinherit validly highorder distortions from the satellite
attitude R1]. Schwindet al. constructed the satellite attitutg attaching sinusoidal disturbance in the
geometric simulator for the hyperspectral satellite Environmental Mapping and AnalygigrRro
(EnMAP). They corrected the images geometrically with the rigorous semsdel [18]. Kirk and
Mattson identified the problem of jitter of HIRISE and LRO through unexpected ripples on DTM
productg13,14. Ayoubet al.detectedheattitude jitter ofASTER, QuiclBird and HIRISE satellites by
analyzing undulating pattern grarallaxmays obtained from dense matching of two orthoimages
thus eliminated thesatifactson orthoimagefl9]. Nuthand Kéb proposed coregistration methotbr
elevationdata and found jitter of ASTER through significant biases in DEM after 3@gistration 20].

The objective of his paperis to develop a framework of satellite attitude jitter detection and
compensation for high resolution satellites, andillustrate a preliminary investigation on jitter
detection and compensation methods using variousrbggiution satellite images which are acquired
from linear array CCD sensoifhe contribution of this study lies the following (1) Acomprehensive
investigation o jitter detection and compensation methods with respect to different types of data and
processing modes are presen{@yl An initial study on jitter detection and compensation of Chineg8ZY
satellite is performedand the resudtof attitude jitter fo ZY-3 is reported for the first time.

2. Framework

The proposed frameworlfor attitude jitter detection and compensation includes thmzen
componentswhich isdepicted in Figure 1.
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Figure 1. Overall framework ofjitter detection and compensation.
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2.1.Jitter Detection

With respect tahedifferenttypes of sensgrused in the satellitthree methodfor jitter detection are
investigated(1) The first one is based anultispectral(MUX) images using parallax betweerwo
different bandsin the imag; (2) The second idased on stereo imagesing rational polynomial
coefficients(RPCs) (3) The third idbased on panchroma(eAN) images employingrthorectification
processingAll these hree methodsnake use ofatellite image acquired from lineaarray CCD
sensors, wich will be described in the following sections

2.1.1. JitteDetectionBased orMultispectrallmages

The idea of jitter detection based on multispectral imaggsutilize the small parallax formed by the
multispectral sensors withshort interval obbservation timeThis kind of observation systemagen
calledthe parallax observation systefj.[

In the parallax observation system, each linear sensos ska identical ground feature at different
times.In other wordsthere exists a timdifferencebetween the observation moments of each linear
sensofs scanningn alongtrack direction In an overlapping area of theo imagesobtained from a
linear sasor system with parallagbservationan objectis supposed tbe imaged athe exact same
locationin thetwo imagesut at different time[14]. However,during theinterval of observatiotime,
someexterior orientation elements the cameraised in lhe observation system mighdvesome small
changes due to attitude jitter, and thus the same ground otigitt be imaged at slightly different
locations on théwo images As a resultif we matcha specifc ground target between ttwo images,
the mathing result of the overlapping ardsetween the twomages wuld be affected by attitude
fluctuation of thesatellite PJ.
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Therefore, thearallaxdisparity(i(t) of each pixein both alongtrack and crossrack directions can
be measuretbased orthe overlapping arebetween the twamages. This relationshiis described
as follows:

JO=1( +tp 1) (1)

wheret is the currenimagingtime, & representthe alongtrack time interval caused by parallaxdf(t)
is the jitter displacement at timevhich refers to image distortion caused by attitude jitter

In the case that there is no influencejitiér displacementthe attitude chargyof the satelliteis
supposed to be smoo#nd he parallax interval betwa¢he twosensors is fixedndassociated with the
arrangement of focal planés a resultthe measured value gbarallax disparity G(t) should be a
constantone However, if the satellite attitude information congjitter componentsthe offsets
4(0 < t < t0) during theentiretime seriesof image observatiomould show someobvious periodt
characteristics awitness a periodical trend both alongtrack and crossrack directions.

With respect tdhe differential value of jitter displaceméi(t), the frequency anamplitudeof G(t)
are different accordingly The frequency off(t) is equal to that ofi(t) based onthe principle of
synchronous vibratigrand he frequency ofi(t) can beobtained 8ing spectil analysisTo retrieve the
amplitude off(t), wefirst calculate the phase difference causeddyndthenrevise the amplitude of
da(t) with the phase difference so that the amplitudétptan be acquired.

Therefore, he detection methobased on multispectral imagesnsists of three essal steps
as follows

(1) Coregistrationof multispectral images from different bandBhe original imagepairs are
mutually registered in order to remove #eireshift betweerthe twoimages This kind of shifresults
from the arrangement of focplane.

(2) Dense matchingf registered image pairs based on subpixel phase correlatiorder toobtain
the accurate parallax disparitiesdensematchingstrategybased on phase correlatiosinga peak
evaluation formula (PEF) approact2]2s adoped. Phase correlation is more accurate and effective than
the traditionally usedireabasedmatching methods, such as normalized cross correlati@n If2is
based on the weknown Fourier shift property: a shift in the spatial coordinate frame rastbnear
phase difference in the frequency domain of the Fourier TransfodhsTRerefore, lhe pixel-level
displacementbetween two images can be calculated from invEosgiertransformed results gfhase
differencein Fourier spacapproximatedy finding the peak position of th delta function [24]The
basic principle of PEF is to utilize a peak evaluation formula to directly estimate the peak lfsoation
the actual data arragf the phase correlation functig@2]. The closedform expressiorof the phase
correlation functions given by

L singp(i+a)) sind pj b}
S e T @

where a is the peak value which is normally assunmedbe lower than 1 in practicea and b
represent the peak location and the displacement between two imageésaaddj are the indices of

pixel in matching template. According to [22], the displacementand b can be estimated in one
dimension independently when assuming that the parameters of the other dimension are fixed.
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siny (i +a)}
p(i+a)

di)= a ©)
where N represents the size of the matching template, ldnd an odd integer satisfyin@¢Vv ¢N,
which defines the size of weighing function. Equationif8strates the one dimensional correlation
peak model. e accura displacementsan be estimatebly samplingthe selectegboint values set in
one dimensiomround the peak and applying the least square m§xapd

Subsequemy, correlation coefficientshreshold of 0.7s setin this stagdo ensure that most of the
mismatched pointsan bemasked off.The parallaxdisparity is averaged at each scan line with removal
of abnorm& measurements that exceed the range of threefold standard deviation compared to the
averaged value in each line.

(3) Acquisition of jitter disfacement. A spectral analysis is conducted to acquire the frequency of the
jitter. Afterwards, the amplituds retrieved from the amplitude tieparallax disparity with the help of
the phase difference caused By in Fourierspace [15]

2.1.2. JitteiDetectionBased orttereolmages

Owing to the long time interval between the stereo images and different pointing views, the
parallaxes disparities cannot be measured directly between the stereo imagese finaposed a new
metod to detect the jitter displacemamthe crosstrackdirectionusing stereo images

The method of jittedetectionbased on stereo images includes two main steps as follows:

(1) Imagematchingbased omgeometrically constrained cressrrelationand kastsquares matching
The grid points with 100 pixels spaceare selected as the reference points nadir image The
corresponding conjugate points on forward and backward images are matched based on geometricall
constrained crossorrelation (GC3]25]. Then theleastsquares matching (LSM)[26] is performed to
refine conjugate points (CPs) to subpigeturacyabout0.2 pixel accuracy). The mismatching points
are eliminatedvith the threshold of the correlation coefficients (for insta@cgin this study).

(2) Relativeorientationand backprojection. Rlative orientation ifirstly conductedo minimize the
relative geometric inconsistencies among the image tripfstrward, two photogrammeitr stereo
models with CPare definedwhich are NDFW (nadir and forward) and NBBW (nadir and backward)
images Two sets of object coordinates d@hen calculated fromthe two stereo models with RPCs
respectively, anthey arebackprojected to the nadir imagéhe RPCs model can be expressed as [27]:
P1(X,Y, 2)

P2(X.,Y, 2)
_P3(X.Y,2) (4)
" P4A(X,Y, 2)

S

L

— — ——

where(S, L) denotethe normalized image sample and lceordinatesof the CPs,P(i = 1, 2, 3 4)
are the polynomial coefficientand ( X, Y, Z) arethe normalizedyroundcoordinates

TheCPs in the nadimageare considered as theference point® showthe distortionsn the nadir
image.Therefore, the baegrojection residuals are defined as the differeneésden theoordinates of
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the backprojected image points aridlose ofthe rderence pointsn the nadir imageBecause of the
influence of attitude jitter, thedmckprojection residualshow obviougperiodicpatterns
2.1.3.Jitter DetectionBased orPanchromatidmages

Similarly, the impact of atellite jitteris significant @ panchromaticsensors. Most panchromatic
sensorsareinstalled ona satellitebut their imagingoccurson different planes. Therefore, it is more
difficult to achievethe parallax observatiofrom panchromatic images thahat from multispectral
images As a result, the detection method based on panchronmatiges adopts the process
of orthorectification.

Theproposed methodan be divided into three steps as fokkow

(1) Orthorectificationof panchromatic imagesin order to achieve parallax observatn of
panchromatic images ar reflect satellite jitter informationthe panchromatic imageare first
orthorectifed through vendoeprovided RPCs [Z] using external DEM as elevation reference.

(2) Coarseto-fine dense matchingof orthoimages based onhgse correlation.After the
orthorectification the orthoimages are eregistered and georeferendaca common ground reference
system. Furthermorehe orthoimagesareresampled on equivalent ground sampling distance (GSD)
and the process dknse matdhg is furtherimplementedFor purpose ofccurate paralladisparities a
coarseto-fine matching strategysingFourierbased phase correlation methoad®optedo determine
pixel-to-pixel subpixel shiftsln the matching strategy, pixdevel phase awelation algorithm [8] with
a larger matching window is initially implementedgetinteger pixel shift value akecoarse matching
result.Becausehase correlation can only measthre maximum displacement constrained to half of
matching windowthe coarse matching step with larger matching winsloan enhancteherobustness
of thedense matching operation considering errors alongthétbrthorectification process Moreover,
the coarse matching step would not cost too much time due to computagfboigincy of pixetlevel
phase correlation algorithm. A precistep usingubpixel phase correlation algorith22] described in
Section 2.11 is subsequently carried out on each pixel after image translation. Finally, two parallax
maps are generatediastWest €-W) andNorth-South(N-S) directiors, with which jitter information
can be detected.

(3) Outlier removal andlitter analysis The dgovementioned dense matching method generates
parallax maps in ground-¥/ and NS directiors. However, satellitgtter information in crosdrack and
alongtrack directios are needed. There exists angle between these two directions which can be
computed according thefour corner projected coordinates of each panchromatic image. After rotating
parallax maps sing the computedangle, we can derive satellite jitter information in crtyask and
alongtrack directios which keep pace witthedetection method based on multispectral imadgeaise
matches and decorrelation aresed tobe removed from the parak maps before characteristic
analysis.Two criterions, which includéarge unphysical measurememtsd large dviatiors from the
averaged valueat each scan lingre consideredo eliminateunreliabledisparity points. At last, the
resulting parallax mapoperated byhe above process areemployedto compute the frequency and
amplitudeof jitter usingFourier spectral analysis.
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2.2.Jitter Compensation

Jitter compensation is carried out followitige process ojitter detection.In this section, ifter
compensationsn both image and attitude data are considered.

2.2.1. JittelCompensatioon Image

The influence of jittereflecedon the image planean bedivided intotwo directions Thereforethe
corresponohg parallaxobservationsn the alongtrack and crostrack directionswhich are obtained
using the aboveiscussed process of jitter detectiane usedo correct parallax disparities caused by
jitter to achieve the purpose of compensabonmage.The compensatiomethodon imagesontains
the followingtwo essential steps.

(1) ResamplingIn this step, in order to eliminate the unexpected parallax disparities, the cubic
convolutioninterpolationmethod whichapproximats to ideal sinc interpolatiois adopted to resample

the imagethat needs to be compensatadd then to derive the compensated image usargllax
observations. The cubic convolution formu$gx) is expressed by:

a-ox o (o Y
s(¥=14 g% #f [ @[k 2 )
%o N 2
wherex represents the pixebordinates.
(2) Validation. The process of jitter detection is conducted again on the compensatedTineage
averaged arallax disparitiest each scan line derived from redetection process are used to assess the
performance of jitter compensation on ireag

2.2.2. JittelCompensatioron Attitude Data

Similar toSchwinds opinion[18], the jitterdisplacemenis modeled by cumulative cosine functions
as follows

f(t) =€;'1 A cos(p p +; ) (6)

where A, w and f; are the amplitude, frequency and phase ofi thecomponentf jitter information

respectivelywhich are derived fronspectral analysig the detection step, and correspond to the
imaging time.
The influence of jitter on satellite attitude can be treated as correofi@CD viewng angles which

is described as follows:

oy, =0

40 )
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where Dy, and Dy, are the corrections of viewing anglesirandy-directionsin theimage, f, and
f, are the corresponding jitter displacements, dnds thecamerds focal lengthThe corrections due

to jitter compensation are considered as additional terms to origawing angles The corrected
viewing anglescan be applied in the following geometric processing.[29]

2.3.AccuracyAssessment

In order to assess thedfect of jiter compensatignthe jitter modelpresented in Equation (6) is
introducedinto the geometrisensor modelThe performance of thcombinatiormodelof the sensor
model and jitter model is assessedlirect georeferencing. Theurposeof direct georeferasing is to
estimate the ground coordinates of the homologous points measured in the images through a forware
intersection.Therefore, he computed coordinatesn GCPswith and without the jitter modedre
compared witithe measured ground coordinatiesestimate the effean geopositioning accuracyf
jitter compensation

3. Results and Analysis
3.1. Results of Experiment on ASTER and LRO Data

Experimentaising ASTERand LRO imagees were conducted tovestigatgitter detectiormethod
based on mulsipectral images.

3.1.1.Results of Experimerdn ASTER-L1A Data

ASTER instrument is an imaging camera mountedtlomTerra satellite, which was launched
December 1999 as part BASA& Earth Observingystem (EOS)The ASTERinstrument haa wide
spectal regionof 14 bandstangingfrom the visiblespectrunto the thermal infrareslpectrunwith high
spatial, spectral and radiometric resolution. The spatial resolution varies with wavelength: 15 m in the
visible and neamfrared (VNIR), 30 m in the SWIRsnd 90 m in the thermal infrared (TIR3(].

The SWIR images amcquiredby a puskbroom sensor system that contasnsadjacent linear array
sensors. These adjacent linear array sensors are arranged in parallel on the focal plane. The time interv
betveen the adjacent linear array sensors during -pusbming is 356.238 ms along the flight
direction [B1]. Parallax exists with mages of the same grourabject whichis imaged bythe
neighboring band sensors. Therefore,ithageparallax of the neighborg bands can basedto detect
the attitude jitter. As shown iRigure 2 we choséband5, bandé and band@ images as the teshesin
this study. The linear array sensor of b&nd arranged adjacent to those of b&ndnd band’. In
addition band7 and band are arranged at the two ends of the focal plane separately, thus the two pairs
of images have different parallax intersaFurthermore, the spectral wavelengths of those three bands
are similarin that they arevery conducive to correlationhe experimental dataset is providedthg
online Data Pool at the NASA Land Processes Distributed Active Archive Center (LP DAAC),
USGS/Earth Resources Observation and Science (EROS) Center, Sioux Falls, Soutli3RhKidia
study area is in Songshantdit of Henan province in Chindhe level of dataused is ASTER_1A,
which is formally reconstructed and unprocess&l].[Therefore, the images maintain itheriginal
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geometric characteristics antefree from the influence of map project and georetorrections. The
parallax maps andveragegarallax disparitiegt each scan linere shown in Figuse3 and4.

Figure 2. ASTER nultispectral imagesused in the experimen{a) Band 5 image
(b) Band6 image (c) Band7 image
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Figure 4. Resultsof the averaged arallax disparitiest each scan linef the two bands in
the image(a) Resultof Band5 to Bandb in thecrosstrack direction (b) Resultof Band5 to
Band 6 in the alongtrack direction (c) Resultof Band 6 to Band7 in the crosstrack
direction (d) Resultof Band6 to Band7 in thealongtrack direction.
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From the results in Figure 3, we can see that these parallax maps show apgkremtd light
periodicstripes in both crosdrack and alongrack directions. Those periodic stripgsmonstratehe
jitter motion of sensor array8,9]. Interestingly although theperiodic stripes can be seen in both
crosstrack and alongrack directions, the vaés of parallax in the crogeack direction are more
striking than those in the alofitack. The reasofor sucha phenomenon can be explaineyg the fact
that the jitter components in the aletigck direction are so small théitey can hardly be identid
through the adopted matching method. In additiontdpegraphic information contribesto the error
in the alongtrack direction[33,34], with a tiny parallax between CCD arrays forming a tiny
stereovision.

3.1.2. Results of Experiment @ROC-NAC Data

LRO was launchedn 18 June2009 from the Cape Canaveral. The Lunar Reconnaissance Orbiter
Camera Narrow Angle Camera (LRENAC) is a pair of high resolution pusiroom cameras on board
the LRO. The two NAC cameras, named NAESt (NAC-L) and NAGRight (NAC-R), are designed to
provide 0.5m scale panchromatic images over a combinkthSwath. The LOS of NAL is arranged
with an about2.85°offset from the NAGR in the crosdrack direction. That means the angle from the
LOS of NACs provides two imagesith an overlap of aboud8i 136 pixels width. Moreover, the
NAC-R is mounted 0.106fbrward of the NACGL, which leads to a parallax interval foabout67i 127
lines between NAGR and NAGL during the imaging proces8d]. The experimental dataset is obtained
from the online Data@ccessofferedby NASA LROC team andrizona State Universit{86]. Figure 5
shows the tesNACs images of LRQused in he experimentSlight parallax between NACs can be
utilized to detect the attitude jitter of LR@he results of the averagedrpllax disparitiesn both
directiors at each scan lireshownin Figure6.
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The detection resulfgresentedn Figure 6 showhat the averaged parallax disparitiesnonstrata
significantperiodictrend in both crostsrack and alongrack directions, which reflects the jitter motion
of the satellite platform. Compared with that of ASTER satellite, the jitter motion of LROreslikely
to be the mixture of a variety of jitter components, which catgelsenposednto some high frequency
values and low ones through spectral analysis.

Figure 5. NACs images of LROused in the experiment(a) NAC_Left image
(b) NAC_Rightimage
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Figure 6. Results of the averagedapallax disparitiesn the crosdrack and alongrack
directions at each scan lina the image.(a) In the crosstrack direction (b) In the
alongtrack direction (c) Enlargedview in the crosstrack direction (d) Enlargedview in
thealongtrack direction.
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3.2. Result of Experiment on BYData

The overall performance of our proposed framework of jitter detection and compenisatiaiing

three jitter detection methods and two jitter compensation metiveds demonstrated in experiments
usingZY-3 data
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ZY -3 is the first civilian highresolution thredine-array stereo mapping satellite in China, which was
launched ordanuary9, 2012. ZY-3 carries three higtesolution panchromatic cameras which the GSD
of the nadir image is about 2.1 m, and the forward and backward images are both about 3.5 m and :
multispectral camera with a GSD of 5.8aperated in four spectral bandsach canera consists of a
telescope andeveralCCD arrays. The forward and backward cameras are tilted 227a2@ffrom the
nadir camera, forming a large baseheight(B/H) ratio of about 0.8 [3].

3.2.1. Results of Experiment onhfeeline-array Stereo Image

The studyareais located northwest of Shijiazhuang QGityHebei Provincef China, and this area is
characterized by mountains and hills with elevati@nging from D0i 2000 m. The data set inclule
threeimages as shown irFigure 7, acquired with Z¥3 forward, nadir and backward cameras almost
simultaneouslhalongtrackin 16 Septembe012.The purpose of this experiment isdetectimage
distortion in the crostrack direction ando compensate the distortion in the image spzsed orthe
methoddiscussedh Section 2.1.2.

Figure 7. Threeline-array ZY-3 imagesusedin the experiment. § Forward image
(b) Nadir image (c) Backward image.

113°50'0"E 114°0'0"E 114°100"E  114°20'0"E 113°50'0"E  114°0'0"E  114°10'0"E  114°20'0"E 113°50'0"E 114°0'0"E 114°100"E_ 114°200"E

)

38°50'0"N
38“5(')'( "N
38°50'0"N
38°50'0"N
38°50'0"N
38°50'0"N

38°400"N
38°40°0"N
38°40'0"N
38°400

38°400°'N
38°400"N

38°30'0"N
38°30'0"N
38°30'0"N
38°300"'N
38°30'0"N
38°30'0"N

38°20'0"N
38°20'0"N
38°20'0"N
38°20'0"N
38°20'0"N
38°20'0"N

113°500"E  114°00°E  114°100"E  114°20'0"E 113°500'E  114°00°E  114°100°E  114°200"E 113°500"E  114°00"E  114°100°E  114°200"E
(a) 0 5 10 20 30 40 (b) 0 5 10 20 30 40 (C) 0 5 10 20 30 40

—-—— -

Kilometers Kilometers Kilometers

Consistent geometric restoration using the CPs dirieef sight (LOS) vectorsf sensors is one of
the coresin this study [9].The corresponding ground position of CPs can be intersected IWSiAg
vectors.However, the LOS vectors do not perfectly intersect in one ground point in practice due to the
exterior orientation errors wti include the satellite attitude jitter [Based on this principle, the
ground position can be computedth the least squares adjustment and hackected to the nadir
image using the proposed method introduced in Section 2.1.2 to obtain thprdjackion residuals.
Figure 8 shows the results of jitter detectiaséd on thetereo imagesn the figure, he horizontal axis
presents the lineumberof the conjugate poisiand the verticais the backprojection residuald=rom
the figure, wecanseethat (1) there are periodimckprojection residuals thecrosstrackdirection in
the image. Théackprojection residualdlustrate thaimages are periodically disturbed by #tatude
jitter motion.Owing to the periodic property of the residuals, the traditional bias correction methods can
not compensatéhis type of error B8]. Both frequencies of the bagkojection residuals are about
0.62Hz derived by spectral analysis.
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Figure 8. Results of tk periodical residuals between the bacjected and reference
image points.d) Result of the periodical residuals between the forward and nadir images
(b) Result of the periodical residuals between the backward and nadir images.
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3.2.2. Results of Expriment on Bnchromatidmages and DEM

In theexperimentsubsets of Z¥3 panchromatic imagexquired or8 February 2012vereusedto
validate our proposed jitter detection method based on panchromatic inihgetest imageoves
Songshan district locatl in Dengfeng, Henan ProvinoéChina The quality of gternal DEM affects
the accuracy of imagarthorectification andhe result oBubsequerittter detection. For this reasom a
accurateDEM with a GSD of 2m, a height accuracy of aboun2and groud size 0f20 km x 20 km
generated from aerial triangulati@rasusedin the experimentin the following,the forward and nadir
panchromatitmages are processagingtheabovementioned detection methoahich isreferredto as
ForwardNadir case.

Figure 9 shows the orthoimages ofthe forward, nadir panchromatic image¥hese images
areprojected into Universal Transverse Mercator (UTM) coordinates and resampled on eq@%ilent
of 3.5m.

Figure 9. Results oimageorthorectification. § Forwardorthamage (b) Nadirorthamage.

113°12'0"E ~ 113°15'0"E  113°18'0 113°12'0"E  113°15'0"E  113°18'0"E  113°21'0"E

34°36'0"N
34°33'0"N

34°30'0"N
34°30'0"N

34°27'0"N

e a2 = i & ~_&
113°9'0"E 113°12'0"E  113°15'0 113°18'0"E 113°12'0"E
1

(@) TR (b) =

Kilometers Kilometers




Remote Seng014 6 3958

Figure 10 showtheresuls of dense matching and modified parallax mapsarfvardNadir case in
both directios. In the figure, the drk and lightunexpectedperiodic stripes in the dense matching
resulingimage in EW direction as well as theegular vertical parallax variatism parallax map ithe
crosstrack direction, are manifestation of satellite attitude jiffegure 1L shows thevariationcurveof
the averageg@arallaxdisparities at each scéine in thecrosstrack directionln the figure the variation
curveis a quastsinusoidaltrend Through Fourier spectral analysis, the frequenfcgttitude jitteris
calculated as 0.645 Hz.

Figure 10. Results of énse matchin@f ForwardNadir case. §) Parallax mapsn E-W
direction (b) Modified parallax maps ithe crosstrack direction (c) Parallax maps N-S
direction (d) Modified parallax maps ithealongtrack direction.



