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Abstract 
Interest in high-resolution satellite imagery (HRSI) is spreading in several application fields, 
at both scientific and commercial levels. A fundamental and critical goal for the geometric use 
of this kind of imagery is their orientation and orthorectification, the process able to correct 
the geometric deformations they undergo during acquisition. One of the main objectives of the 
studies about orthorectification is the definition of an effective methodology to assess the 
spatial accuracy achievable from orthorectified imagery. Currently, the most used method 
(hold-out validation - HOV) to compute this accuracy just consists in partitioning the known 
ground points in two sets, the first used into the orientation-orthorectification model (GCPs – 
Ground Control Points) and the second to validate the model itself (CPs – Check Points); in 
this respect, the accuracy is just the RMSE of residuals between imagery derived coordinates 
with respect to CPs coordinates. However this method has some drawbacks: it is generally not 
reliable and it is not applicable when a low number of ground points is available. First of all, 
once the two sets are selected, accuracy estimate is not reliable since it is strictly dependent on 
the points used as CPs; if outliers or poor quality points are included in the CPs set, accuracy 
estimate is biased. In addition, when a low number of ground points is available, almost all of 
them are used as GCPs and very few CPs remain, so that RMSE may be computed on a poor 
(not significant) sample. In these cases accuracy assessment with the usual procedure is 
essentially lost. In the present work we propose an alternative to the previously described 
method to perform a spatial accuracy assessment, that is the use of the Leave-one-out cross-
validation (LOOCV) method for the orientation and orthorectification of HRSI. The method 
consists in the iterative application of the orthorectification model using all the known ground 
points (or a subset of them) as GCPs except one, different in each iteration, used as CP. In 
every iteration the residual between imagery derived coordinates with respect to CP 
coordinates (prediction error of the model on CP coordinates) is calculated; the overall 
spatial accuracy achievable from the orthorectified image may be estimated by calculating the 
usual RMSE or, better, a robust accuracy index like the mAD (median Absolute Deviation) of 
the prediction errors on all the iterations. In this way we solve both mentioned drawbacks of 
the classical procedure: it is a reliable and robust method, not dependent on a particular set of 
CPs and on outliers, and it allows us to use each known ground point both as a GCP and as a 
CP, capitalising all the available ground information. To test this method we modified the 
software SISAR, developed by the Geodesy and Geomatics Team at the University of Rome 
“La Sapienza” to perform rigorous orientation of HRSI, integrating it with a module suited to 
carry out iteratively the core algorithm with point configurations  required  to  apply  the  
Leave-one-out  method.  The  software  was  tested  on EROS-A1 and Quickbird imagery, 
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confirming the good features of the Leave-one-out method. Moreover SISAR was compared to 
the world recognized commercial software OrthoEngine v. 10 (PCI Geomatica), which 
required manual iterations to realize the Leave-one-out procedure; this comparison showed 
the quite good performances of the SISAR rigorous model.  

Keywords: HRSI, accuracy, Leave-one-out 

1 Introduction 
High resolution satellite imagery (HRSI) became available in 1999 with the launch of 
IKONOS, first civil satellite offering a spatial resolution of 1 m. Since then three more high 
resolution satellites have been launched, namely EROS-A1 (1.8 m), Quickbird (0.6 m) and 
Orbview-3 (1 m), and others are planned to be launched in the next few years. Scientific and 
commercial interests in this kind of remote sensed data have focused mainly on their use for 
cartographic purposes, since they proved to be a suitable alternative to aerial photogrammetric 
data for producing maps at 1:5000 scale or lower. High resolution remote sensing offers some 
advantages over traditional photogrammetric techniques: it permits to acquire easily the same 
portion of terrain at regular intervals depending only on the satellite revisit time, which is 
useful to monitor natural or technological phenomena evolving in time (e.g. urban growing, 
natural disasters) and, moreover, it allows to obtain images of geographic areas where it can be 
difficult to arrange photogrammetric flights (e.g. developing countries). Although HRSI still 
cannot replace aerial photos, which provide resolutions as high as 0.2 – 0.3 m, some of the new 
satellites that are going to be launched in the next couple of years, such as Worldview and 
Orbview-5, are expected to narrow the gap between satellite images and aerial photos, since 
they will offer resolutions of  0.5 – 0.4 m respectively. 

The geometric use of HRSI requires them to be oriented in a reference system and 
orthorectified. Orthorectification is a process aimed to correct the geometric distortions these 
images undergo during acquisition, in order to be able to use them effectively for measurement 
purposes (for further details on orthorectification see §2). Since orthorectification is performed 
using an analytic model based on measured ground points coordinates (often obtained by GPS 
surveys) it is necessary to assess the accuracy achievable from the final product, which strictly 
depends on the model chosen to perform the orthorectification, on the original image 
characteristics and on the quality of the known ground points coordinates. Currently, such 
assessment are performed through the validation technique known as hold-out validation 
(HOV) method (§3). 

In the present work we propose a new technique to perform spatial accuracy assessments on 
orthorectified HRSI, that is the use of the Leave-one-out cross-validation method (§4). 

Various experiments (§6) have been carried out in order to  test the functionality of this 
method as an alternative to the classical procedure, comparing the results obtained by the 
original software SISAR (§5) to those supplied by the world recognized commercial software 
OrthoEngine v. 10 (PCI Geomatica). 

2 Orthorectification 
As previously pointed out satellite images undergo geometric distortions during acquisition. 
Distortions sources can be related to two general categories (Toutin et al., 2003): the 
acquisition system, which includes the platform orientation and movement and the imaging 
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sensor optical-geometric characteristics,  and the observed object, which takes into account 
atmosphere refraction and terrain morphology. 

Orthorectification methods can be classified in two categories: black-box models, which 
consist in purely analytic methodologies, independent from specific platform/sensor 
characteristics and acquisition geometry, and physically based models, which take into account 
several aspects (detailed in §2.2) influencing the acquisition procedure. 

2.1 Rational Function Model 
The most used black-box model is the Rational Function Model (RFM), according to which 
the object point coordinates are related to image pixel coordinates through rational functions 
(i.e. ratios of polynomials) (NIMA, 2000). 

The polynomial order used in these equations is usually less than or equal to 3, since greater 
orders do not substantially improve the results and they require a high number of known 
ground points (Ground Control Points – GCPs). The major drawbacks of the RFM are the 
necessity of a large number of GCPs (as they have to guarantee a sufficient redundancy), its 
high sensitivity to GCPs distribution, its lack of reliability in the presence of outliers and the 
possibility of heavy distortions in areas distant from GCPs. 

2.2 Rigorous Model 
The most reliable method to orthorectify satellite images is the application of a rigorous model, 
which describes the entire acquisition process in all of its fundamental physical-geometric 
aspects, including satellite position, sensor attitude and characteristics, atmosphere refraction 
effect, terrain morphology (using a DEM) and an eventual final cartographic transformation 
(Toutin, 2004). Such models are based on platform-specific data provided by the image 
vendor, which are the satellite orbital parameters, the attitude angles and the interior 
orientation parameters of the sensor. The provided values must be refined by  estimating their 
corrections using a suitable number of GCPs (Chen et al., 2002). 

The whole method is based on establishing a relation between the position of a point on the 
image and the position of the correspondent point on the object, for example with traditional 
photogrammetric  collinearity equations. Nevertheless it has to be noted that, unlike traditional 
photogrammetry, where there is a single camera center, in satellite photogrammetry there are 
multiple camera centers, as the satellite moves during image acquisition. In addition, in order 
to relate the image to the ground coordinates, expressed in an Earth Centered – Earth Fixed 
(ECEF) reference frame, a set of rotation matrices have to be used. These matrices include 
those needed to shift between sensor, platform, orbital and Earth Centered Inertial (ECI) 
coordinate systems (Baiocchi et al., 2004), while the transformation between ECI and ECEF 
coordinate systems must take into account precession, nutation, polar motion and Earth 
rotation matrices (Kaula, 1966). 

Another important aspect of photogrammetry from space is that the positions of a generic 
image point and its correspondent object  point and camera centre do not lie on a line because 
of atmosphere refraction effect; therefore a correction to the apparent position of each point 
must be applied; a possible procedure to accomplish this is detailed in (Noerdlinger, 1999). 



7th International Symposium on Spatial Accuracy Assessment in Natural Resources and Environmental Sciences. 
Edited by M. Caetano and M. Painho. 

536 

3 Accuracy assessment: hold-out validation 
Currently, the most used method to assess spatial accuracy of orthorectified HRSI corresponds 
to the hold-out validation (HOV), also known as test sample estimation. According to it the 
data set (known ground points) is partitioned in two subsets, selecting instances for a training 
set (Ground Control Points – GCPs) and a test set (Check Points – CPs). The only restriction 
on such selection is to have both sets sufficiently well-distributed on the whole image; apart 
from this consideration, the selection should be random. Once the model is trained, accuracy is 
usually evaluated as Root Mean Squared Error (RMSE) of residuals between imagery derived 
coordinates with respect to CPs coordinates. 

This method has the advantage of being simple and easy to compute, but it also has some 
drawbacks, as it is generally not reliable and it is not applicable when a low number of ground 
points is available. First of all, once the two sets are selected, accuracy estimate is not reliable 
since it is strictly dependent on the points used as CPs; if outliers or poor quality points are 
included in the CPs set, accuracy estimate is biased. In addition, when a low number of ground 
points is available, almost all of them are used as GCPs and very few CPs remain, so that 
RMSE may be computed on a poor (not significant) sample. In these cases accuracy 
assessment with the usual procedure is essentially lost. In addition, this method makes a poor 
use of the available information, as a large part of it is just used for validation purposes. 

4 Accuracy assessment: Leave-one-out cross-validation 
The proposed alternative to the HOV to perform accuracy assessments of orthorectified HRSI 
is Leave-one-out cross-validation (LOOCV). This method is a special case of the general k-
fold cross-validation  method, which involves the partitioning of the original data set in k 
subsets of equal size (approximately). The model is trained k times, using each subset in turn 
as the test set, with the remaining subsets being the training set. The overall accuracy can be 
obtained averaging the accuracy values computed on each subset. 

LOOCV is k-fold cross-validation computed with k=n, where n is the size of the original data 
set. Each test set is therefore of size 1, which implies that the model is trained n times. This 
method applied to HRSI involves the iterative application of the orthorectification model, 
using all the known ground points as GCPs except one, different in each iteration, used as CP. 
In every iteration the residual between imagery derived coordinates with respect to CP 
coordinates (prediction error of the model on CP coordinates) is calculated; the overall spatial 
accuracy achievable from the orthorectified image may be estimated by calculating the usual 
RMSE or, better, a robust accuracy index like the mAD (median Absolute Deviation) of the 
prediction errors on all the iterations. 

In this way we solve both mentioned drawbacks of the classical procedure: it is a reliable and 
robust method, not dependent on a particular set of CPs and on outliers, and it allows us to use 
each known ground point both as a GCP and as a CP, capitalising all the available ground 
information. 

5 Rigorous orthorectification software: SISAR 
Since 2003, the Geodesy and Geomatics Team has developed a specific and rigorous model 
designed for the orientation of imagery acquired by pushbroom sensors carried on satellite 
platforms with asynchronous acquisition mode, like EROS-A1 and QuickBird (Baiocchi et al., 
2004; Crespi et al., 2006) 
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The model, implemented in the software SISAR, bases the indirect orientation of the imagery 
on the well known collinearity equations, including different subsets of parameters (Table 1) 
for the satellite position, the sensor attitude and the viewing geometry (internal orientation and 
self-calibration). In particular, the satellite position is described through the Keplerian orbital 
parameters attaining to the orbital segment during the image acquisition; the sensor attitude is 
supposed to be represented by a known time-dependent term plus a 2nd order time-dependent 
polynomial, one for each attitude angle; moreover, atmospheric refraction is accounted for by 
the general model for remote sensing applications described in (Noerdlinger, 1999). 

Table 1 Full parametrization of the SISAR model. 

SATELLITE 
POSITION 

a: semi-major axis 
e: eccentricity  
Ω: right ascension of the ascending node  
i: orbit inclination 
ω: argument of the perigee  
v: true anomaly (dependent on TP, the time of the passage at perigee) 

SENSOR 
ATTITUDE 

φ= φ0(t)+a0+a1t+a2t2  (roll)  
θ= θ 0(t)+b0+b1t+b2t2 (pitch) 
ψ= ψ 0(t)+c0+c1t+c2t2 (yaw) 

VIEWING 
GEOMETRY 

f: focal length 
d1,d2: self-calibration parameters 

 

As regards the full parametrization aforementioned, two major items have to be underlined: 
• approximate values for all parameters may be derived from the information 

contained into the metadata files released together with the imagery or they are 
simply fixed to zero (2nd order polynomial coefficients for attitude angles); 
nevertheless, it has to be noted that EROS-A1 metadata are scarce (few state vectors 
for positions and attitudes along the orbital arc) and may be quite rough (errors up to 
kilometers for the imagery direct georeferencing) so that a preliminar improvement 
is generally useful, whilst QuickBird metadata are quite rich (hundreds of state 
vectors for positions and attitudes along the orbital arc) and accurate (errors within 
few tens of meters for the imagery direct georeferencing). 

• in theory these approximate values must be corrected by an estimation process based 
on a suitable number of Ground Control Points (GCPs), for which collinearity 
equations are written; nevertheless, since the orbital arc related to each image 
acquisition is quite short if compared to a complete satellite revolution around the 
Earth (some thousandths), some Keplerian parameters are not estimable at all (a, e, 
ω) and others (like i, Ω, TP) are extremely correlated among them and with sensor 
attitude and viewing geometry parameters. 

In order to avoid instability in the estimation process due to high correlations among remaining 
parameter corrections leading to a pseudo-singularity, Singular Value Decomposition (SVD) is 
employed to solve the linearized collinearity equations system in the least squares sense 
(Golub et al., 1993; Strang et al., 1997). As usual, the solution is obtained iteratively due to 
non linearity; the iterative procedure is stopped when the estimated variance of unit weight 

0σ̂ reaches a minimum. At the end of the first Sicily- iteration, the ground displacement due to 
atmospheric refraction at each GCP is evaluated; GCP coordinates are corrected in order to 
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eliminate the refraction ray-bending effect and enable to work with a pure rectilinear geometry 
as it is supposed in collinearity equations. Note that atmospheric refraction is relevant under 
large off-nadir acquisition angles (0.5 m at 10°, 7 m at 50°). 

SVD strategy allows to single out parameter corrections which are practically undetermined by 
the observations and need to be constrained to their initial (approximate) values. The threshold 
used to exclude a parameter correction from the estimation is based on the statistical 
significance of its impact on the estimated variance of unit weigth 0σ̂ (Press et al., 1992). 

Moreover, the statistical significance of the estimable parameter corrections are checked by a 
Fisher F-test so to avoid overparametrization; in case of not statistically significant parameter 
corrections, they are removed and the estimation process is repeated until all corrections are 
significant.   

6 Results 
The experimental tests were carried out on two EROS-A1 Basic and two QuickBird Basic 
images; their technical details, extracted from the attached metadata-file, are (GSD - Ground 
Sample Distance, γ – off-nadir angle): 

• ITA1-e1038452 (Rome, Italy): EROS-A1, 2001-08-14; γ start = 9.1°, γ end = 9.4°; 
area 10x12 km, mean GSD 1.8 (m); 49 available ground points 

• ITA1-e1090724 (Rome, Italy): EROS-A1, 2002-07-22; γ start = 31.0°, γ end = 
40.1°; area 18x12 km, mean GSD 2.6 (m); 49 available ground points 

•  04JAN06093307-P1BS-000000130187_01_P002 (Augusta, Sicily-Italy): 
QuickBird, 2004-06-06; γ mean = 28.2°; area 20x20 km, mean GSD 0.75 (m); 39 
available ground points  

• SALERNO: (Salerno, Italy): QuickBird, 2005-07-17; γ mean = 20.0°; area 47x18 
km (“triple image”), mean GSD 0.67 (m); 55 available ground points 

A first stage of the investigation (not described in this paper; for details see Crespi et al., 2006) 
was devoted to assess the accuracy (in terms of RMSE) and the minimum number of GCPs to 
achieve it for each image, according to the classical HOV. In fact, it is well known that, when 
GCPs number increases, model precision (usually represented by RMSE of residuals on GCPs) 
stabilizes, whilst accuracy may increase reaching a maximum; no further enhancement may be 
got even if other GCPs are added. Usually this effect is more evident as GSD increases; overall 
GCPs number suited to exploit the maximum accuracy is ranging between 10 and 20, 
depending on the imagery GSD and the off-nadir angle. Of course, this preliminary 
investigation stage could be carried out thanks to the large number of ground points available 
for all images, which is not generally the case in current situations. 

Then we applied LOOCV to assess the accuracy of each image in an alternative way by using 
the same GCPs sets suited to exploit the maximum accuracy according to the HOV: 17 GCPs 
were considered for both EROS-A1 images, 13 GCPs for both QuickBird ones. LOOCV 
accuracies were evaluated through both the RMSE and the mAD and compared to the HOV 
RMSE.   

Moreover two software packages were compared: the original software SISAR, for which a 
special module to automatically perform LOOCV was implemented; OrthoEngine v.10 (PCI 
Geomatica), which required a manual execution of the LOOCV procedure. 
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6.1 EROS-A1 images 
Residuals analysis (Figures 1 and 2) highlighted that the same ground point (point 5) is critical 
for both software packages but in different images (Table 2); in these cases the contribution of 
a robust accuracy index is remarkable, since LOOCV RMSEs are biased by the extremely high 
residuals on point 5 (Table 3 and Table 4). These different behaviours of the software need to 
be investigated in the future. 

Table 2 Point 5 residual modules (in pixels). 

Image SISAR OrthoEngine 

ITA1-e1038452 6.34 3.50 

ITA1-e1090724 3.64 15.95 
 

As regards the global results, LOOCV mAD accuracies are around 1.4 – 1.5 (pixels) for both 
programs, slightly better than HOV ones for ITA1-e1038452 image; for the other image ITA1-
e1090724, having high off-nadir angle, software behaviours are significantly different, SISAR 
being able to achieve a remarkably better accuracy. 
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Figure 1 Residual absolute values on CPs for ITA1-e1038452 image. 
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Table 3 Comparison between models and accuracy indexes (in pixels) for ITA1-e1038452 image. 

Accuracy index SISAR OrthoEngine 

LOOCV North East Module North East Module

RMSE 1.94 1.12 2.56 1.34 1.22 2.08 

mAD 0.94 0.78 1.51 0.50 0.91 1.35 

Abs max 6.30 2.05 6.34 3.30 3.06 3.79 

HOV North East Module North East Module

RMSE 1.50 1.30 1.98 1.07 1.17 1.58 
 

EROS A - ROMA ITA1-e1090724  gsd 2.60 [m]    CP  Residual 
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Figure 2 Residual absolute values on CPs for EROS-A1 ITA1-e1090724 image. 

Table 4 Comparison between models and accuracy indexes (in pixels) for ITA1-e1090724 image. 

Accuracy index SISAR OrthoEngine 

LOOCV North East Module North East Module

RMSE 1.77 1.37 2.56 4.67 1.98 5.80 

mAD 1.51 0.94 2.02 2.37 1.19 3.26 

Abs max 3.12 2.64 3.64 15.91 5.55 15.95 

HOV North East Module North East Module

RMSE 2.09 1.69 2.69 2.71 2.03 3.38 
 

6.2 QuickBird AUGUSTA image 
No critical points are evidenced (Figure 3) and LOOCV accuracies (RMSEs and mADs) are 
essentially of the same order of magnitude of HOV RMSEs (Table 5). 
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QuickBird - Augusta *P002  gsd 0.752 [m]              CP  Residual 
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Figure 3 Residual absolute values on CPs for AUGUSTA image. 

Table 5 Comparison between models and accuracy indexes (in pixels) for AUGUSTA image. 

Accuracy index SISAR OrthoEngine 

LOOCV North  East  Module  North  East  Module 

RMSE 1.41 1.45 2.02 1.83 1.56 2.40 

mAD 1.02 1.17 1.78 1.19 0.96 1.68 

Abs max 3.18 3.64 3.78 3.62 3.54 4.59 

HOV North  East  Module  North  East  Module 

RMSE 1.16 1.38 1.80 1.32 1.33 1.87 
 

6.3 QuickBird SALERNO image  
In this case it has to be accounted the width of the image and the not optimal spatial 
distribution of the ground points, due to wide forests (unable to offer any element suited to act 
as ground point) in the northern part of the area. LOOCV mADs are similar for both packages 
and approximately equal to HOV RMSEs, whilst LOOCV RMSEs are significantly higher 
(Table 6), probably due to heterogeneous ground points distribution. 

Table 6 Comparison between models and accuracy indexes (in pixels) for SALERNO image. 

Accuracy index SISAR OrthoEngine 

LOOCV North East Module North East Module

RMSE 2.39 1.14 2.65 2.37 1.29 2.70 

mAD 1.51 0.61 1.61 1.31 1.07 1.91 

Abs max 4.20 3.00 4.94 5.57 2.49 6.10 

HOV North East Module North East Module

RMSE 1.23 0.78 1.46 1.24 1.39 1.86 
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7 Conclusions 
The paper deals with the application of LOOCV (Leave-one-out cross-validation) in the 
evaluation of HRSI orientation accuracy. Two different rigorous models, SISAR and 
OrthoEngine have been compared: the former has been developed by the Geodesy and 
Geomatics Team at the University of Rome “La Sapienza”, the latter is a tool in a commercial 
well known package. Within SISAR an automatic LOOCV procedure has been implemented 
while OrthoEngine has been manually used.  

The LOOCV accuracy evaluated by means of a robust index mAD is comparable to that 
obtained in the HOV (hold-out validation) by means of the RMSE. The mAD usage in this 
case seems to be better than RMSE because of its ability in filtering possible outliers.  

The tests have been applied on four images (two EROS-A1 Basic and two QuickBird Basic 
images) and they show that the methodology could be of interest. Further investigations will be 
performed, particularly on critical cases.    

Acknowledgements 
This research was partially supported by grants of the Italian Ministry for School, University 
and Scientific Research (MIUR) in the frame of the project MIUR-COFIN 2005 – "Analisi, 
comparazione e integrazione di immagini digitali acquisite da piattaforma aerea e satellitare " – 
National Principal Investigator: S. Dequal. 

References 
Baiocchi V., Crespi M., De Vendictis L., Giannone F., 2004, A new rigorous model for the 
orthorectification of synchronous and asynchronous high resolution imagery. In Proceedings of the 24th 
EARSeL Symposium, Dubrovnik (Croatia), pp. 461-468. 
Chen L. C., Teo T. A., 2002, Rigorous Generation of Digital Orthophotos from EROS-A High Resolution 
Satellite Images. International Archives of Photogrammetry and Remote Sensing, Vol. 34, Part 4, pp. 620-
625. 
Crespi M., Giannone F., Poli D., 2006, Analysis of Rigorous Orientation Models for Pushbroom Sensors. 
Applications With Quickbird. Submitted for review to Proceedings of the ISPRS Commission I, WG V 
Meeting, 4 – 7 July, Paris. 
Golub G. H., Van Loan C. F., 1993, Matrix Computation, The Johns Hopkins University Press, Baltimore 
and London. 
Kaula W. M., 1966, Theory of Satellite Geodesy, Blaisdell Publishing Company. 
Kohavi R.,  1995, A Study of Cross-Validation and Bootstrap for Accuracy Estimation and Model 
Selection. Available online at: http://citeseer.ist.psu.edu/kohavi95study.html (last accessed 12 May 2006). 
NIMA 2000. The Compendium of Controlled Extensions (CE) for the National Imagery Transmission 
Format (Version 2.1), NITFS technical board. 
Noerdlinger P. D., 1999, Atmospheric refraction effects in Earth remote sensing. ISPRS Journal of 
Photogrammetry & Remote Sensing, 54 pp. 360–373. 
Press W. H., Teukolsky S. A., Vetterling W. T., Flannery B. P., 1992, Numerical Recipes in C: The Art of 
Scientific Computing, Cambridge University Press (ISBN 0-521-43108-5), http://www.nr.com (last access: 
April 10, 2006). 
Strang G., Borre K., 1997, Linear Algebra, Geodesy and GPS, Wellesley-Cambridge Press, Wellesley. 
Toutin T., Chénier R., Carbonneau Y., 2003, 3D models for high resolution images: examples with 
Quickbird, Ikonos and EROS. In Proceedings of ISPRS Commission IV Symposium, Joint International 
Symposium on Geospatial Theory, Processing and Applications, Ottawa, July 8-12-2002; pages 547-551. 
Toutin T., 2004, Geometric processing of remote sensing images: models, algorithms and methods (review 
paper). International Journal of Remote Sensing, 10 pp. 1893-1924. 




