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Image Orientation Image orientation = relation ground position to image position exact geometric reconstruction or approximate



original image = combination of sub-images improved by inner orientation



original image



Slow down factor = b / ( a ∗ (R+h)/R) R= earth radius, h=height above earth



projected image Object
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Rotation of satellite Modern sensors with high agility, can change view direction very fast and precise by means of reaction / momentum wheels



Reaction wheels – gyro axis fixed to satellite (strap down)



-fast rotating gyro – if accelerated or slowed down – moment to satellite – will rotate at least 1 per axis



Control moment gyro – axis stable in inertial space Æ faster rotation of satellite
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Imaging



Traditional change of view direction by rotation of mirror – only view across orbit Æ during imaging ~ constant orientation in relation to orbit



IKONOS: scan also against orbit direction



IKONOS imaging – TechMex project Polish boarder
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View direction - stereo Satellites with more than 1 optics viewing in different nadir angle in orbit direction MOMS: nadir, 21.4° forward, 21.4° backward ASTER: nadir, 27.2° backward



Advantage: always stereo coverage



SPOT HRS: 20° forward, 20° backward Cartosat 1: 5° backward, 26° forward announced ALOS: nadir, 24° forward, 24° backward



High Resolution Stereo -additional sensor on SPOT V -forward + backward view +/-20° 12000 pixel 10m size over sampling in orbit to 5m pixel
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geometric correct mapping



2 images – intersection



1 image + DEM



- stereoscopic



(mono-plotting)



geometric correct



geometric correct



1 image rectified to plane with constant Z only approximate
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Mathematical Model of Scene Geometry One straight CCD-line located in the focal plane with equal distance of pixels Projection center



Colinearity condition: image point, projection center, object point are located on a straight line



γ Object



Refraction (influence of atmosphere) of space images limited size γ= (Pi – Po)∗pixel_size / f



Calibration: determination of parameters describing the camera geometry



viewing angle F(pixel address, pixel size and focal length)
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Sensor Geometry Arrangement of QuickBird CCD-lines



ff t0



pan



t1



color



t2



Merged image line from different imaging instants



IKONOS CCD-lines multispectral, pan reverse, pan forward



ISPRS Technical Commission I Symposium “From Sensors To Imagery”, Paris – Marne la Vallée, France, 3-6 July 2006



Institute of Photogrammetry and GeoInformation



Sensor Geometry



Mismatch of CCD-lines as F(h) – correct for reference height H0 one pixel mismatch at Δh: for IRS-1C/1D: 450m for QuickBird: 2.8km



Δt = α ∗ hg / v Δt= function of hg
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time delay of color imaging ÅQuickBird IKONOS Æ



Pan-sharpened images (merge of panchromatic and color)



the color is following the moving cars in case of IKONOS, it is in front of cars in case of QuickBird showing the time difference in imaging ISPRS Technical Commission I Symposium “From Sensors To Imagery”, Paris – Marne la Vallée, France, 3-6 July 2006
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Direct sensor orientation



Satellites equipped with gyros (for determination of attitude change), star sensors and positioning system like GPS or DORIS



Star sensors – for update of gyros



Æ Direct sensor orientation – determination of orientation without control points with standard deviation up to 10m – 4m (often more problems with national datum)



Stereo Position Errors North



East



10 m 15 m



Discrepancies of direct sensor orientation by IKONOS (from Gene Dial, GeoEyeSpaceImaging)
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Specification of horizontal accuracy



Standard deviation:



SZ =



∑ dz ² n−u



68% probability level



for horizontal accuracy: SX, SY = standard deviation of coordinate component In USA also: CE90 = circular error with 90% probability level of normal distribution CE = circular error if SX identical to SY: CE90 = SX * 2.3



CE 90 =



or CE95 = SX * 2.8



SX ² + SY ² • 1.65



ISPRS Technical Commission I Symposium “From Sensors To Imagery”, Paris – Marne la Vallée, France, 3-6 July 2006



Institute of Photogrammetry and GeoInformation



Specification of vertical accuracy Standard deviation:



SZ =



∑ dz ² n−u



also named root mean square error = RMSE or RMSZ = 1 sigma



Condition: dz = differences in height normal distributed – random errors



frequency



Normal distribution = frequency of error distribution frequency distribution of KOMPSAT-2 DEM discrepancies discrepancies [SZ]



LE95 LE90



SZ = 1sigma



discrepancies < 3 ∗ SZ with 99.73% probability
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Nadir angle – incidence angle inc le ng ea nc ide



na



di r



an gl e



ce n n tre a gle



incidence angle = nadir angle + centre angle e.g. for IKONOS with nadir angle = 25° centre angle = 2.9° Æ Incidence angle = 27.9°
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Ground sampling distance (GSD) – pixel size Å pixel Æ



GSD = distance of neighboured pixel centres on ground – for user it looks like the pixel size on ground Over-sampling: neighboured projected pixels overlap 50% e.g. OrbView-3: 2m pixel size on ground, 1m GSD SPOT 5 supermode: 5m pixel size, 2.5m GSD



Å pixel Æ



Incidence angle = ν Pixel size on ground in view direction: pv= p/cos²ν in orbit direction: po= p/cosν e.g. n = 30°, p=1m pv = 1.33m po=1.15m but sampling rate not changed – pixel every 1m Æ 1m GSD, 1.15m pixel size in orbit direction
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Control points Rule of thumb for mapping: ground sampling distance (GSD) ~ 0.1mm in map scale - with 1m GSD mapping in scale 1 : 10 000, 0.6m GSD can be used for 1 : 5000 Required accuracy for mapping: not better than 0.2mm in map scale Æ 2 GSD



Direct sensor orientation by IKONOS, QuickBird and OrbView-3 with standard deviation of 12m and better, but often problems with national datum Æ Control points required, but direct sensor orientation can be used for support of image orientation
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Definition of control points Building corner used as control point – left: original image, right: contrast enhanced Æ shift of position by 1 pixel



not optimal location at corner



grey value profile of edge grey value profile of symmetric target



better location in centre – even if more difficult during ground survey



ISPRS Technical Commission I Symposium “From Sensors To Imagery”, Paris – Marne la Vallée, France, 3-6 July 2006



Institute of Photogrammetry and GeoInformation



Well defined control-“points”



Kompsat-1 optimal point



IKONOS not well defined in detail



IKONOS corner point
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Results of bundle adjustment with BLASPO – QuickBird Basic Control points from USGS ortho-map, 1m pixel typical control point used at grey value corners – shift from bright to dark part - 25% less accurate like symmetric points e.g. centre of swimming pool (nadir angle 11°) QB Basic Imagery, scenes 12450 and 12451 [m] 2,0 1,8



with corner points



1,6 1,4



SY SX



1,2 1,0



with symmetric points



9



13



15 48/56 control points



207



accuracy at independent check points as function of number of control points (2 scenes) Sigma0 ~ 1.4 pixel control points from digital orthoimages with 1m pixel size and accuracy of +/-1,03m
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Type of available images projection center im



e ag



Original image (only radiometric correction + inner sensor geometry) type Imagery level 1A, Basic



QuickBird Basic OrbView-3 Basic



h



dh



reference surface



dL



plane with constant height projected images – level 1B type, IKONOS Geo, QuickBird OR Standard, OrbView-3 Geo



(QB Standard Imagery – rough DEM)
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Methods of scene orientation required control points 1. Geometric reconstruction of imaging geometry



>=0



2. Sensor oriented rational polynomial coefficients (RPCs) with bias correction – based on direct sensor orientation



Use of sensor >=0 orientation



3. 3D affine transformation



>=4



4. Direct Linear Transformation (DLT)



>=6



5. Terrain dependent RPCs – based on control points



xij =



Pi1( X , Y , Z ) j Pi 2 ( X , Y , Z ) j



yij =



Pi 3( X , Y , Z ) j Pi 4 ( X , Y , Z ) j



No use of sensor > = 6 orientation rational polynomial coefficients



Pn(X,Y,Z)j = a1 + a2*Y + a3*X +a4*Z + a5*Y*X + a6*Y*Z + a7*X*Z + a8*Y² + a9*X² + a10*Z²+ a11*Y*X*Z + a12*Y³ +a13*Y*X² + a14*Y*Z² + a15*Y²*X + a16*X3 + a17*X*Z² + a18*Y²*Z+ a19*X²*Z+ a20*Z³ Image coordinates xij, yij as function of object coordinates X, Y, Z ISPRS Technical Commission I Symposium “From Sensors To Imagery”, Paris – Marne la Vallée, France, 3-6 July 2006
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Geometric reconstruction of projected image Hannover program CORIKON: Given: from scene centre direction to orbit + Keppler elements of orbit + slow down factor -Shift of orbit to intersection with ray from scene centre to orbit -Based on image coordinate in orbit direction ∗ slow down factor computation of actual projection centre in orbit respecting earth rotation - from actual projection centre to georeferenced image = view direction Can be handled also without control points if given sensor orientation is accurate enough ( ~ 10m) ISPRS Technical Commission I Symposium “From Sensors To Imagery”, Paris – Marne la Vallée, France, 3-6 July 2006
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3D affine transformation xij = a1 + a2 *X + a3 *Y + a4 * Z yij = a5 + a6 *X + a7 *Y + a8 * Z 3D affine transformation mathematic model = parallel projection xij = a1 + a2 *X + a3 *Y + a4 * Z + a9 * X*Z + a10*Y*Z yij = a5 + a6 *X + a7 *Y + a8 * Z + a11*X*Z + a12*Y*Z extended 3D affine transformation – respects perspective geometry + slow down mode xij=a1 +a2*X +a3*Y +a4*Z +a9 *X*Z +a10*Y*Z +a13*X*X yij =a5+a6*X +a7*Y +a8*Z +a11*X*Z + a12*Y*Z+a14*X*Y 3D affine transformation for original images – respects also not parallel boundaries of scene



area covered by OrbView-3 Basic Images
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Terrain dependent RPCs Computation of selected polynomial coefficients based on control points – no use of available orientation information IKONOS, Zonguldak very sensitive for 3D point distribution



= control points



method should never be used



discrepancies at check points – no optimal distribution of control points – listing accurate results (discrepancies at control points < 1m) and no warning for strong correlation by used commercial program ISPRS Technical Commission I Symposium “From Sensors To Imagery”, Paris – Marne la Vallée, France, 3-6 July 2006



Institute of Photogrammetry and GeoInformation



Direct Linear Transformation L1 • X + L 2 • Y + L 3 • Z + L 4 L 9 • X + L10 • Y + L11 • Z + 1 L 5 • X + L 6 • Y + L 7 • Z + L8 y= L 9 • X + L10 • Y + L11 • Z + 1



x=



Mathematical model = perspective geometry no use of existing orientation information at least 6 control points well distributed in 3D required problems with numerical stability – especially in flat areas correlation of unknowns in this case with good Z-distribution up to r = 0.99 – has to be avoided at least 8 control points for sufficient accuracy Method not recommended



IKONOS, Zonguldak
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3D affine transformation x = a1 + a2 ∗ X + a3 ∗ Y + a4 ∗ Z y = a5 + a6 ∗ X + a7 ∗ Y + a8 ∗ Z 8 unknowns, simple method, no use of existing orientation information - at least 4 control points required, well distributed in X, Y and Z control point Black Sea



Mathematical model = parallel projection Orientation with 3D affine transformation IKONOS, Zonguldak, GPS control points 4 control points, well distributed in X, Y, but not in Z (control points in tilted plane), no discrepancies at control points SX=1.91m SY=18.53m at check points correlation coefficients of unknowns exceeding 0.999 = warning by Hannover program TRAN3D no correlation between X and Y
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IKONOS Geo Zonguldak: 3D affine transformation [m] No real improvement by extended 3D affine transformation respecting perspective geometry



1.0 GSD
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Sensor oriented RPCs + geometric reconstruction



First step = terrain relief correction -Correction of image positions by dL in georeferenced image followed by bias correction Bias correction by 2D shift or 2D affine transformation
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Terrain relief correction + affine or shift (bias correction) RMSE at 1,6 check points [m] 1,4



RMSE at check 1,4 points 1,2 [m]



affine transformation



affine transformation



1,2 1 1 0,8 0,8



only shift



0,6



0,6



only shift 0,4



0,4 0,2



geometric reconstruction



0,2



0



rational polynomial coefficients



0



3 1



4 5 6 8 15 32 number of control points Æ 2



3



4



5



6



7



31



42 5 3 6 4 8 5 15 6 32 number of control points Æ



7



IKONOS Zonguldak after terrain correction just shift to control points, no advantage of 2D affine transformation - confirmed by other scenes ISPRS Technical Commission I Symposium “From Sensors To Imagery”, Paris – Marne la Vallée, France, 3-6 July 2006
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RMSE at check points [m] 3



comparison of orientation methods - IKONOS IKONOS, Zonguldak Hannover programs



2,5



1. TRAN3D



DLT



SY



2. TRAN3D 3D-affine transformation



2



3D affine transformation SX



1,5



3. CORIKON geometric reconstruction



geometric reconstruction SY



1



SY SX 0,5



SX bias corrected rational polynomial coefficients



0



11



22



3



3



4



4



5



DLT



5



6



6



8



7



15



8



32



9



4. RAPORI RPCs with limited overdetermination results strongly depending upon individual control points



number of control points Æ ISPRS Technical Commission I Symposium “From Sensors To Imagery”, Paris – Marne la Vallée, France, 3-6 July 2006
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QuickBird OR Standard, Zonguldak



sensor oriented



6 other control points



3.62



4.03



3D-affine + DLT limited in accuracy because of slow down factor 1.6 + field of view ISPRS Technical Commission I Symposium “From Sensors To Imagery”, Paris – Marne la Vallée, France, 3-6 July 2006
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QuickBird OR Standard Scene orientation by RPCs or geometric reconstruction: first step = terrain relief correction (shift of position depending upon Δh against reference plane), second step = horizontal transformation to control points after terrain relief correction



RPCs



RMSX RMSY



QuickBird Zonguldak



geometric reconstruction



RMSX



RMSY



shift



1.63



0.57



1.88



0.88



affine



0.38



0.51



0.68



0.63



0.44



0.59



affine + view direction



QuickBird Zonguldak after terrain relief correction affine transformation required
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Geometric reconstruction – QuickBird OR Standard Hannover program CORIKON



10 unknowns: SX=0.48 SY=0.47m



2 unknowns: SX=1.84 SY=0.89m
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0,6



covariance



0,8



Analysis by program BLAN, QuickBird – just shift program CORIKON – only shift in X and Y Covariance function indicates systematic errors



0,2



12 km



6km



0,4



0 1
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3



4
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7



8



9



10



11



12



13



-0,2



5 4,5



Relative standard deviation



4 3,5 3 2,5



-0,4



2



6km



1,5 1



-0,8 -1



distance Æ



0,5 0 1



Covariance function (correlation as function of point distance) Σ( DXi • Dxj ) CX = ⎯⎯⎯⎯⎯⎯⎯⎯ nh • SX • SX



12 km



-0,6



2



3



4



5



6



7



8



9



10



11



12



13



distance Æ RSX =√ Σ(Dxi - Dxj)2 / (2•nx) relative neighboured points indicates accuracy without influence of systematic errors
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comparison of orientation methods – QuickBird OR Standard Average SX/SY [m]



Root mean square discrepancies an independent check points ( 40 = control points) Test area Zonguldak 3D affine transformation + DLT not so accurate, extended 3D affine transformation required (not parallel view direction) for RPC and geometric reconstruction 2D affine transformation after terrain relief correction 1.0 GSD (62cm)



Control points Æ ISPRS Technical Commission I Symposium “From Sensors To Imagery”, Paris – Marne la Vallée, France, 3-6 July 2006
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Adjustment of original images (level 1A)



mathematical model of BLASPO for original satellite line scanner images projection center = function of scene coordinate, colinearity equation in sensor line across orbit, in orbit direction depending upon position in orbit (function of image coordinate in orbit direction) Unknowns: 4 orientation unknowns + at least 2 affinity parameters Æ by theory 3 control points required
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Orientation of QuickBird Basic Imagery Ground Control Points



Check points



RMS No. X [m]



RMS Y [m]



12450



207



1.23



1.25



12450



48



1.00



0.83



12450



15



0.60



0.48



1.20



0.95



12450



13



0.64



0.51



1.28



0.94



12450



9



0.34



0.17



1.19



1.85



12451



55



1.27



1.18



Scene



RMS RMS X Y corner points [m] [m]



Results of bundle orientation QuickBird area Arizona, reference = digital orthophotos from USGS (DOQQs) – limited accuracy



σo [μm]



measur ement



GCPs RMS [m]



Check Points RMS [m]



X



X



Y



Y



Manual



174



14.6



0.85 0.64



Autom.



398



11.4



0.55 0.64



Autom.



25



14.1



0.49 0.74 0.69 0.72



Autom.



20



13.4



0.53 0.56 0.69 1.39



Autom.



15



19.0



0.54 0.96 0.78 1.38



Results Atlantic City , reference = orthophotos by aerial photographs Æ accuracy ~ 1 pixel operational
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OrbView-3 Basic, test area Zonguldak Stereo configuration



h/b = 1.4



Scenes scanned across orbit



Covered area, correct scale, lines not parallel



Image type: original images, only radiometric correction + geometric correction by inner orientation ISPRS Technical Commission I Symposium “From Sensors To Imagery”, Paris – Marne la Vallée, France, 3-6 July 2006
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Orientation of original image - OrbView-3 Basic Express RMS average of RMSX and RMSY for RPC and geometric reconstruction 2D affine transformation after terrain relief correction required Orientation of original images not with 3D affine of DLT, only 3D affine for original images (14 unknowns) not too far away from RPC and geometric reconstruction
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OrbView-3 Basic Express With 4 – 12 control points only ~ 1.6m accuracy by RPC-solution, RMSX / RMSY = 1.3m for 29 control points - no GSD accuracy reached like with IKONOS and QuickBird with same control points in Zonguldak area staggered CCD-lines OrbView-3: 1m GSD, 2m projected pixel size 50% over-sampling Æ not same image quality like IKONOS Pointing accuracy can be estimated with relative accuracy (one point in relation to neighboured point) IKONOS:



relative accuracy 0.75m for distances up to 1km



OrbView-3: relative accuracy 1.0 m for distances up to 1km ISPRS Technical Commission I Symposium “From Sensors To Imagery”, Paris – Marne la Vallée, France, 3-6 July 2006
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Bias corrected RPC No sub-pixel accuracy has been reached – same control points used for orientation of IKONOS and QuickBird – with QuickBird RMSX, RMSY ~ 0.5m with IKONOS (also 1m GSD like OrbView-3) RMSX, RMSY ~ 0.9m Reason 1: because of over-sampled pixels image quality a little below IKONOS



[m]



Reason 2: image geometry Relative standard deviation of closely neighbored points ~ 1m indicates pointing accuracy distance between points Æ



Loss of accuracy over larger distance = caused by image geometry



Relative standard deviation ISPRS Technical Commission I Symposium “From Sensors To Imagery”, Paris – Marne la Vallée, France, 3-6 July 2006
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OrbView-3 Basic, 3D-affine transformation x = a1 + a2 ∗ X + a3 ∗ Y + a4 ∗ Z



y = a5 + a6 ∗ X + a7 ∗ Y + a8 ∗ Z



8 unknowns, simple method, no use of existing orientation information -at least 4 control points required, well distributed in X, Y and Z Mathematical model = parallel projection = only approximation



Å Discrepancies scene 443940 RMSX=8.1m RMSY=21.1m Scene 471890 RMSX=6.7m RMSY=12.0m Not sufficient for GSD=1m
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OrbView-3 Basic, Improved 3D-affine transformation xij = a1 + a2 *X + a3 *Y + a4 *Z + a9*X*Z + a10*Y*Z yij = a5 + a6 *X + a7 *Y + a8 * Z+ a11*X*Z + a12*Y*Z 3D-affine transformation improved for changing view direction For 12 unknowns 6 three dimensional well distributed control points required



Å Discrepancies scene 443940 RMSX=3.1m RMSY=2.9m Scene 471890 RMSX=3.3m RMSY=1.9m Quite better like simple 3D-transformation, but still not good + too many control points required
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OrbView-3 Basic, 3D-affine transformation for original images xij=a1 +a2*X +a3*Y +a4*Z +a9 *X*Z +a10*Y*Z +a13*X*X yij =a5+a6*X +a7*Y +a8*Z +a11*X*Z + a12*Y*Z+a14*X*Y 3D affine transformation extended for original images – respects also not parallel boundaries of scene for 14 unknowns 7 three dimensional well distributed control points required Å Discrepancies scene 443940 With all control points: RMSX=1.7m RMSY=2.2m Scene 471890 RMSX=2.5m RMSY=1.9m better like extended 3D-transformation, but still not good + too many control points required (30% higher RMSE like bias corrected RPC) ISPRS Technical Commission I Symposium “From Sensors To Imagery”, Paris – Marne la Vallée, France, 3-6 July 2006
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OrbView-3 Basic Express, bias corrected RPC Scene 443940 Shift to control: RMSX=2.21m RMSY=2.09m Affine transformation to control RMSX=1.68m RMSY=1.89M



Scene 471890 Shift to control: RMSX=1.55m RMSY=1.57m Affine transformation to control RMSX=1.54m RMSY=1.26m Better results with affine transformation after terrain relief correction ISPRS Technical Commission I Symposium “From Sensors To Imagery”, Paris – Marne la Vallée, France, 3-6 July 2006
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QuickBird Basic



Atlantic City, 380 control points 9.6
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Comparison SPOT 5, level 1A with level 1B Level 1A = original image (just improved by inner orientation by satellite vendor) Level 1B = projection to plane with constant height SPOT 5: GSD = 5m



Level 1B: SX=7.39m SY=6.68m (7.04m) 47 control points



Level 1A: SX=8.25m SY=5.29m (6.93m) 52 control points



-Same original scene, only different processing, separate control point measurements, control points digitized from map – limited accuracy same average accuracy for both products ISPRS Technical Commission I Symposium “From Sensors To Imagery”, Paris – Marne la Vallée, France, 3-6 July 2006
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Original images ÅÆ images projected to surface



QuickBird OR Standard – projected to surface with constant height QuickBird Standard – projected to GTOPO30 DEM (spacing 30 arcsec =920m) GTOPO30 too large spacing for orthoimage – improvement like with OR Standard no difference in accuracy – only additional handling step for QB Standard



Orientation with sensor oriented RPCs or geometric reconstruction same accuracy with original images like with images projected to surface small advances in handling projected images
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SPOT 5 HRS, original images, geometric reconstruction



Bundle orientation with program BLASPO – only based on view direction (incidence angle) + general orbit information (inclination, ellipse) + control points - 4 orientation unknowns + additional parameters Æ at 46 control points: RMSE: X: 6.0m Y: 5.8m Z: 3.9m main problem: control points



pixel size: 5m / 10m SZ=3.9m corresponds to Spx=0.6 pixel
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CORONA – panoramic film camera US: CORONA (stereo, height to base ratio = 1.8, KH-4B ~ 2m GSD)



panoramic image



scan direction



flight direction



systematic image errors – typical S-shape



1. transformation of image points to tangential plane (sub-scene ~ 15km x 55km, maximal vector = 185µm) 2. Orientation by bundle block adjustment (Hannover program BLUH) determination of effect of movement during imaging by self calibration, horizontal accuracy up to 2m, relative vertical accuracy 3m)
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Orientation of different space images [GSD]



Space photos



With accurate control points and correct mathematical model GSD-accuracy possible
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conclusion available information about the scene orientation should be used, leading to best solution with smallest number of control points Æbias corrected RPCs or geometric reconstruction of image geometry Same accuracy with original images (level 1A-type like QuickBird Basic, OrbView-3 Basic) and projected images to a specified plane (level 1B-type like IKONOS Geo, QuickBird ORStandard or Standard) accuracy only depending upon GSD / projected pixel size Terrain dependent RPCs should not be used – very sensitive for extrapolation DLT not useful 3D-affine transformation limited to level 1B-type images requires more control points like RPCs or geometric reconstruction + well distributed control points in 3D – statistical test of unknowns necessary, not so accurate for QuickBird Extended 3D-affine transformation advantage but too many control points required Approximate orientation solutions should be avoided ISPRS Technical Commission I Symposium “From Sensors To Imagery”, Paris – Marne la Vallée, France, 3-6 July 2006
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