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ABSTRACT: 
The purpose of this work is to investigate the impact of Digital Elevation Model 

(DEM) vertical accuracy on the orthoimage production process. The study took place 

on a QuickBird image through using four different DEMs with different vertical 

accuracies, 9 GCPs and three sensor models. The four DEMs are: GPS based DEM; 

topographic map based DEM; Shuttle Radar Topography Mission (SRTM) based 

DEM; and Advanced Spaceborne Thermal Emission and Reflection (ASTER) based 

DEM. The used sensor models are: the Rigorous Sensor Model (RSM); Raional 

Functional Model (RFM) and refined RFM. The results show that the RFM (without 

GCPs) gives inaccurate results especially in case of high spatial resolution satellite 

images. The research recommends the use of rigorous model and the refined RFM for 

orthorectifying images accurately as the results showed that these two models give 

accurate, precise and stable results. ِِAs well, their results do not contain systematic 

errors.         

:الملخص العربى  

متـت  . اهلدف من هذا البحث هو دراسة تأثري الدقة الرأسية لنماذج األرض الرقمية على عملية انتاج الصور املقومة رأسـيا 
من خالل استخدام أربعة مناذج أرض رقمية من مصادر خمتلفة و ذات  Quickbirdالدراسة على صورة من القمر الصناعى 

مناذج األرض الرقمية األربعة مت احلصول . ضية خمتلفة النتاج الصور املقومة رأسيادقة خمتلفة، تسع نقاط حتكم، ثالثة مناذج ريا
، SRTMاخلرائط الطبوغرافية، بيانات القمر الصناعى ‘ GPSنظام حتديد املوقع بالرصد على األقمار الصناعية : عليها من

رتبطة بنوع القمر الصناعى، النماذج املعتمدة النماذج امل: النماذج الرياضية املستخدمة هى. ASTERبيانات القمر الصناعى 
على كثريات احلدود والبيانات الواردة مع صورة القمر الصناعى فقط دون استخدام نقاط حتكم ارضية، النماذج املعتمدة على 

كـثريات  أثبتت النتائج أن النماذج املعتمدة علـى  . كثريات احلدود وجمموعة من نقاط التحكم األرضى بغرض تقومي األداء
احلدود والبيانات الواردة مع صورة القمر الصناعى فقط دون استخدام نقاط حتكم ارضية تعطى نتائج غري دقيقة خاصـة ىف  

كذلك أوصى البحث باستخدام النماذج املرتبطة بنوع القمر الصناعى أو النمـاذج  . ة الدقةيحالة صور األقمار الصناعية عال
موعة من نقاط التحكم األرضى بغرض تقومي األداء النتاج صور مقومة رأسيا بدقة عاليـة،  املعتمدة على كثريات احلدود وجم

  .    كما أن عملية انتاج الصور املقومة رأسيا باستخدام هذين النموذجني ال يصحبها اخطاء منتظمة
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1. INTRODUCTION 
With the current growth in demand for digital spatial information, people pay more and 

more attention to digital products. The digital orthimages, one of the digital products, 

become very popular because of its diversity of use. They can be integrated directly 

into GIS database; this is extremely useful for providing a base for a new data set or for 

updating an existing one. They are also a more accurate and a more readily usable data 

source for all kinds of applications than conventional data sources [1].  

Many applications require the coverage of large areas in short time or in short periodic 

time intervals. Typical examples include environmental monitoring, natural hazards, 

resource management, change detection, planning etc. Ortho-images constitute the 

ideal product for such applications [2].  

To obtain orthorectified images of very high resolution imagery, whatever the raw data 

format, it is necessary to follow the steps of the process: (1) acquisition of images and 

metadata; (2) acquisition of the coordinates X, Y, Z of ground points, ground control 

points (GCPs) and independent check points (ICPs); (3) obtaining the image 

coordinates of these points; (4) computation of the unknown parameters of the 3D 

geometric correction model used; and (5) images orthorectification using a DEM [3]. 

The role of the DEM is to eliminate terrain induced displacement so as to transform a 

central perspective to an orthogonal projection [1]. As the orthorectification process 

transforms the central projection of the image into an orthogonal view of the ground 

with uniform scale, thereby removing the distortion caused by terrain relief [4]. DEM 

quality is a very important element of the orthorectification process as it can greatly 

influence the accuracy of planimetry in orthoimages [1].  

Sensor models are a key component to represent the functional relationships between 

the image space and the object space, and are essential for single/multi imagery 

orientation [5]. Sensor models can be grouped into two classes, physical (rigorous or 

parametric) sensor models and generalized (generic or nonparametric) sensor models 

[6]. The choice of a sensor model depends primarily on the performance and accuracy 

required, and the sensor and control information available [7].  

On the other hand, generalized sensor model are generic, i.e., their model parameters 

do not carry physical meanings of the imaging process. Generally it is not essential to 

know sensor’s geometry for using generic models and it is possible to use them for 

different types of sensors [8]. In a generalized sensor model, the transformation 

between the image and the object space is represented as some general function 
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without modeling the physical imaging process. The function can be of several 

different forms, such as polynomials or rational functions [7]. 

However, there are few publications that address viability, accuracy and stability of 

such models. In reference [6] and for aerial optical images (frame sensor type) the test 

results show that both the rational function model and the polynomial model can reach 

reasonably good accuracy. Because the fitting accuracy of the cases with four-degree 

RFM is almost the same with those with six-degree RFM, high order forms are often 

not necessary. The iterative solution method to RFM provides a better accuracy than 

the direct solution method, but the direct solution method is usually adequate when 

enough control points are available. 

Reference [9] presents two mathematical models for stereo IKONOS imagery 

restitution. The mathematical models that were used in this research are based on the 

rational function model (RFM) and the 3D affine projection mode. It was found that 

sub-meter horizontal accuracy and 1.3-1.7m vertical accuracy can be obtained using 

either the refined RFM model or the 3D affine projection model for the stereo images. 

Reference [10] proposed a collocation-aided block adjustment for multi-sensor images. 

The Direct Georeferencing, which is one of the rigorous sensor model, and the rational 

function model are combined a mathematical model for block adjustment. Then the 

least squares collocation is included to compensate the systematic errors for those 

heterogeneous models. A digital elevation model is employed in the block adjustment. 

The test data set includes GeoEye, QuickBird, WorldView-1, Kompsat-2, and 

Formosat-2 satellite images. Experimental results indicate that the proposed block 

adjustment significantly improved both the absolute accuracy and relative discrepancy. 

The motivation behind this study is that there are several issues requiring consideration 

in respect of the orthorectification of satellite imagery: which model performs the best 

for orthorectification of satellite imagery; how does each model perform with DEMs 

that have different sources and different accuracies; and which DEM incorporated in 

the orthorectification process contribute to the quality of the results. The objective of 

this paper is to answer these questions, based on an intensive investigation of three 

models using four DEMs with different accuracies.  

This paper is organised as follows. Section 2 describes the study areas and data 

sources. Section 3 describes the experiments while Section 4 presents and evaluates the 

results. We conclude our results in Section 5. 
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2. STUDY AREA AND DATA SOURCES 
The study area has been selected at El-Sayeda Nafesa area in Cairo. The selected study 

area covers approximately 0.9Km x 0.7Km and located in the Nile valley zone, the 

main middle zone, of the plane coordinate system in Egypt. It is an urban area and the 

terrain varies from 32 m to 49 m above the mean sea level (M.S.L) through the area. 

2.1. Satellite image 
A 0.6 meter spatial resolution and pan-sharpened image over the area of study were 

collected in February, 2012 by QuickBird-2 satellite (QB02) and supplied in a TIFF 

digital format. The image is supplied in a product level LV2A and product type 

standard. This image is radiometrically adjusted to improve the radiometric quality by 

the producer before publishing.  

2.2. Ground Control Points (GCPs) & Check Points (ChkPs) 
In order to evaluate the planimetric accuracy of the results, nearly 27 GCPs evenly 

distributed through the area of study and well defined on both the image and ground 

were selected. GPS observations were carried out using the fast-static measuring 

technique. All points were obtained in the Universal Transverse Mercator (UTM) 

system, where the projection information is: 
 

Project type UTM 
Reference Ellipsoid WGS-84

Zone Number 36 
 
In order to transform the ellipsoidal heights (h) to orthometric heights (H), the geoidal 

undulation (N) was obtained based on two benchmarks (BM) located near the study 

area. The two benchmarks are about 1.5km apart.  

In this regard, a digital level was used to determine the orthometric heights of another 

two fixed points based on the bench marks. In addition, the ellipsoidal heights (h) of 

the two fixed points were determined using the GPS fast-static measuring technique. 

Based on the computed orthometric heights and the measured ellipsoidal ones, two 

values for the geoidal undulation were obtained as illustrated in Table 2. Eventually, 

the UTM/WGS-84 coordinates of the 27 were obtained. 

In the case of planimetric accuracy assessment, nine points of the 27 collected points 

were used as GCPs as in Error! Reference source not found.(a), and 11 points were 

used as ChkPs as in Error! Reference source not found.. In addition, seven of the 27 

points have been discarded because of their relatively high RMSE. On the other hand 
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and in the case of vertical accuracy assessment, the whole set of 27 points were used as 

ChkPs.   

2.3. Digital Elevation Models (DEMs) 
In order to investigate the impact of DEM accuracy on the orthoimage production 

process, four different sources DEMs with different accuracies have been prepared and 

tested. 

Using the GPS RTK measuring mode, 4200 points were collected and applied to 

generate a DEM, Error! Reference source not found.(a), with a horizontal resolution 

or a grid size of 0.60 m. In the rest of the work, this DEM will be referred to as KGPS-

DEM. 

In this case, The DEM was prepared by digitizing spot heights on a topographic map 

for the study area as shown in Error! Reference source not found.. The used 

topographic map has been produced and prepared from aerial photographs acquired in 

August 1993 at a scale of 1:20000. The DEM was generated with a 0.60m horizontal 

resolution. In the rest of the work, this DEM will be referred to as Topo-DEM. 

SRTM provides a 3 arc sec. (90 m grid size) global DEM for free. In this work, a one 

tile GDEM is obtained. This GDEM is a one degree angle DEM covers an area of 108 

km × 108 km as shown in Error! Reference source not found. . After obtaining the 

SRTM DEM, the data had to be preprocessed using ENVI software in order to assign 

the DEM to the UTM/WGS-84 projection system. In the rest of the work, this DEM 

will be referred to as SRTM-DEM. 

A 30 m ASTER-GDEM for the study area has been obtained as it is available for free. 

Each ASTER scene covers an area approximately 60km x 60km. Once again, the data 

had to be preprocessed using ENVI software in order to assign the DEM to the 

UTM/WGS-84 projection system. In the rest of the work, this DEM will be referred to 

as ASTER-DEM. 

Before starting data processing, the accuracies of the used DEMs were evaluated based 

on a set of 27 control points. The results showed that, the vertical accuracies, 

represented by RMSEZ, of the produced DEMs were: 2.13m, 3.58m, 6.23m and 9.78m 

for KGPS-DEM, Topo-DEM, SRTM-DEM and ASTER DEM respectively. 
 

3. METHODOLOGY 
In this research, the orthorectification of the satellite image has been performed 

through utilizing three different sensor models: (i) Rigorous sensor model (RSM); (ii) 
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Rational functional model (RPCs only); and (iii) Refined rational functional model 

(RPCs with GCPs). The input data for the orthorectification process are: (i) The 

QuickBird satellite image of the study area; (ii) nine GCPs evenly distributed through 

the test area; (iii) four DEMs with different vertical accuracies (KGPS, TOPO, SRTM 

and ASTER); and (v) three sensor models (RSM, RFM and Refined RFM). Figure 4 

summarizes the different alternatives for the orthorectification process. From figure 4 

it’s clearly seen that the experimental work includes twelve alternatives for the 

orthorectification process.  

3.1. Rigorous sensor model (RSM) 
A physical sensor model represents the physical imaging process. The parameters 

involved describe the position and orientation of a sensor with respect to an object 

space coordinate system. Physical models fully reflect the geometry of viewing [7]. 

Such models are based on platform-specific data, which are the satellite orbital 

parameters, the attitude angles and the interior orientation parameters of the sensor. 

The initial values, possibly provided as metadata, must be refined by estimating their 

corrections using a suitable number of GCPs [11]. This method has a great robustness 

over the full image with the use of only a few GCPs [12]. One of the difficulties of 

rigorous models is their dependency to sensor. As well, for using rigorous models it is 

necessary that imaging parameters such as orbital parameters, satellite ephemeris, earth 

curvature, atmospheric refraction and lens distortion be known. 

3.2. Rational Function Model (RFM) 
The Rational Function Model (RFM) based on Rational Polynomial Coefficients 

(RPCs) is one of the generalised models in use in place of rigorous models [13]. The 

RFM has better interpolation properties. It is typically smoother and can spread the 

approximation error more evenly between exact fit points. The RFM has the added 

advantage of permitting efficient approximation of functions that have infinite 

discontinuities near, but outside, the interval of fitting, while a polynomial 

approximation is generally unacceptable in this situation. With adequate control 

information, the RFM can achieve a very high fitting accuracy. This is the primary 

reason why the RFM has been used as a replacement sensor model [7]. 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, and its 

lack of reliability in the presence of outliers and the possibility of heavy distortions in 
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areas distant from GCPs [11].  

The RFM expresses each of the x and y image coordinates as a ratio of two polynomial 

functions. It can be represented as follows: 

, ,
, ,

∑ ∑ ∑
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    (1) 
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, ,

∑ ∑ ∑
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    (2) 

Where,  
x,y Image coordinates 

X,Y,Z Ground coordinates 

aijk, bijk,cijk,dijk Polynomial coefficients (total 80) 

m1,m2,m3,n1,n2,n3 0-3 , where i+j+k ≤ 3 
 
A detailed description of how the RFM works can be found in (Tao et al., 2000).  
 

3.3. Refined rational functional model (RPCs with GCPs) 
Usually, the RF model is generated based on a rigorous sensor model. After a rigorous 

sensor bundle adjustment is performed, multiple evenly distributed image/object grid 

points can be generated and used as control points (CPs). Then, the RFCs are 

calculated by these CPs [14]. A least-squares approach is used to estimate the RFM 

model coefficients (RPCs) from a three-dimensional pseudo grid of points and 

orientation parameters. Since sensor orientation is directly observed, there would be 

some systematic error in orientation parameters. Thus the refinement of RFM is 

required. First, we use the ground coordinate of GCP to compute the image coordinate 

through RFM. Second, we determine the affine coefficient by two sets of image 

coordinates as shown in equation (4-14). Finally, we refine the result of RFM through 

affine coefficients [15].  

 
Sample a a  . Sample  a  . Line  

 0) 
                           Line b b  . Sample  b  . Line  

Where:  

SampleGCP, LineGCP: are image coordinates of GCP, 

SampleRFM, LineRFM: are image coordinates determined by RFM and 

a  ~ b : are affine coefficients. 
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4. RESULTS AND ANALYSIS 
To figure out the impact of DEM accuracy on the orthorectification process, the 

planimetric accuracy of the produced orthoimages were analysed considering the 

applied sensor model.  

In case of the RFM, Table  shows that the planimetric accuracies of the produced 

orthoimages are not accurate, not precise and not stable. One possible reason is that the 

RFM depends on ratios of polynomials. The coefficients of the polynomials (RPCs) 

which are provided with the image are only approximate values. These results indicate 

that without GCPs, RFM cannot be used to orthorectify images when accurate results 

are expected. 

A significant improvement was recorded in case of the Rigorous sensor model. The 

RMSEXY ranges from 0.03m to 1.23m while the absolute shift in north direction ranges 

from 0.563m to 2.689m. On the other hand, Error! Not a valid bookmark self-

reference. shows that there is a strong correlation between DEM vertical accuracy and 

the planimetric accuracy of the produced orthoimage. The higher the DEM RMSEZ 

(low vertical accuracy), the higher the RMSEXY of the generated orthoimage (low 

planimetric accuracy). In essence, this relation can be expressed as a ratio (RMSEXY / 

RMSEZ). Under such an observation, the planimetric accuracy of the generated 

orthoimage is around the quarter of the vertical accuracy of the used DEM. This ratio 

approximately equals to the tangent of the off-nadir angle of the QuickBird image 

which equals 15.5˚ and this is consistent with reference [16] who showed that a 

discrepancy ∆h in the height information of a DEM is influencing the position ∆L in an 

orthoimage by a ratio of: ∆L = ∆h * tan (local nadir angle). 

As compared with the Rigorous sensor model, the refined RFM (table 5) increases the 

accuracy only slightly with RMSEXY ranges from 0.501m to 2.593m. However, the 

strong correlation between DEM vertical accuracy and the planimetric accuracy of the 

produced orthoimage still can be observed. As well, the previously observed ratio 

between RMSEXY and RMSEZ is still existed.  

 
Figure 5 shows that the orthorectification process is greatly affected by the vertical 

accuracy of the applied DEM and they are directly correlated. In general, the two 

sensor models gave very close results. From the practical point of view, the results of 

the Refined RFM are more stable and more precise than that of the Rigorous sensor 
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model. 

It is worth mentioning that in case of RFM (RPCs only), the orthoimages derived from 

SRTM and ASTER DEMs are found to have planimetric accuracies on the order of 

12.91-13.03m respectively. This level of accuracy is comparable to the level of 

accuracy obtained by KGPS-DEM and Top-DEM, 13.68 and 13.83 respectively. These 

results indicate that the RFM (RPCs only) is not sensitive to the vertical accuracy of 

the used DEMs.    

On the other hand, in case of RSM and refined RFM the accuracies derived from 

SRTM and ASTER DEMs are significantly lower than the accuracies obtained by 

KGPS-DEM and Top-DEM. However, these lower accuracies still can be used to 

produce base maps with excellent planimetric accuracies when flat areas are to be 

mapped. 

In addition, the presence and value of systematic errors were evaluated. Figure 6 shows 

the spatial distribution of the used check points for the comparison. In case of RFM 

(RPCs only), the spatial distribution of the differences clearly indicates a systematic 

error in the orthophoto production process. In case of Rigorous sensor model, the 

spatial distribution of the differences indicates systematic errors at the majority of 

points, while few points indicate no errors. In case of Refined RFM, the spatial 

distribution of the differences indicates that the differences are not systematic, and 

hence no systematic biases have been occurred during the generation of the 

orthophotos. 

5. CONCLUSIONS 
The research goal was to find out the impact of DEM’s vertical accuracy on the 

planimetric accuracy of the generated orthoimage. A QuickBird satellite image of a 

level LV2A (standard), four different DEMs with different vertical accuracies, nine 

GCPs and three sensor models have been applied. The results showed that the 

planimetric accuracy of the produced orthoimage is greatly affected by the vertical 

accuracy of the used DEM. In other words, the higher the DEM vertical accuracy, the 

higher the produced orthoimage planimetric accuracy. On the other hand, the 

planimetric accuracy of the produced orthoimages is around 0.25 of the vertical 

accuracy of the used DEM.  

The RFM without using GCPs gives inaccurate results as the research showed that the 

RMSEXY of the four orthoimages produced using the RFM were: 13.68m, 13.83m, 
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12.91m and 13.03m using KGPS-DEM, Topo-DEM, SRTM-DEM and ASTER-DEM 

respectively. This remarkable low accuracy because the disuse of GCPs as the RFM 

depends only on the approximate RPCs provided with the satellite image. The refined 

RFM is recommended when accurate results are expected. As the results showed that 

the planimetric accuracies of the four orthoimages produced using this model were: 

0.50m, 1.00m, 1.33m and 2.59m using KGPS-DEM, Topo-DEM, SRTM-DEM and 

ASTER-DEM respectively.    

Based on the results obtained in this research, several recommendations could be 

suggested for future work. It is recommended to carefully consider DEM’s vertical 

accuracy for orthorectifying satellite images especially when high resolution satellite 

images are used. As well, it is recommended to use either rigorous model or refined 

RFM with suitable number of GCPs to get reliable orthorectification results. Finally, it 

is recommended to evaluate further sources of DEMs such as SAR and LiDAR data. 
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Figure 1: The QuickBird satellite image of the study area. 

 
 
 

(a) GCPs (b) ChkPs 

Figure 2: Locations of the selected GCPs and ChkPs. 
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(a) The GPS/RTK based DEM. (b)Topographic map based DEM. 

 
 

 
 

(c) The SRTM based DEM. (d) ASTER based GDEM 
 

Figure 3: The four different sources DEMs. 
 

 
                   Figure  0: the different alternatives for orthorectification process. 
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Figure 5: The impact of DEMs accuracies on the produced orthoimage in the case 

of rigorous model and refined RFM. 
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Figure 6: Vector plot of errors for the performance of different models with different 
DEMs. 
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Table 1: The benchmarks used to obtain the geoidal undulation (N). 
Benchmark ID Orthometric height (m)

BM1 12865 64.235 
BM2 12866 58.977 

 
Table 2: Determination of the geoidal undulation (N) at the test area. 

point H (m) h (m) N (m) N  
P1 63.739 79.061 15.322 15.3325P2 57.407 72.750 15.343

 
Table 3: Results of the orthorectification process in the case of RFM (RPCs only). 

Sensor 
model DEM GCPs 

DEM 
RMSEZ 

(m) 

Orthoimage 
RMSEXY (m) 

Ratio 
(RMSEXY 
/ RMSEZ ) 

RFM 

KGPS-DEM This 
sensor 

model uses 
no GCPs 

2.129 13.684 6.427431 
Top-DEM 3.581 13.831 3.862329 

SRTM-GDEM 6.228 12.910 2.072897 
ASTER-GDEM 9.780 13.033 1.332618 

  
Table 4: Analysis of results of the four DEMs with the Rigorous sensor model. 

Sensor 
model DEM GCPs 

DEM 
RMSEZ 

(m) 

Orthoimage 
RMSEXY (m) 

Ratio 
(RMSEXY  
/ RMSEZ ) 

RSM 

KGPS-DEM 

9 

2.129 0.563 0.265 
Topo. DEM 3.581 0.876 0.245 

SRTM-GDEM 6.228 1.648 0.265 
ASTER-GDEM 9.780 2.689 0.275 

 
Table 5: Analysis of results of the four DEMs with the refined RFM. 

Sensor 
model DEM GCPs 

DEM 
RMSEZ 

(m) 

Orthoimage 
RMSEXY (m) 

Ratio 
(RMSEXY / 
RMSEZ ) 

Refined 
RFM 

KGPS-DEM 

9 

2.129 0.501 0.235 
Topo. DEM 3.581 0.997 0.279 

SRTM-GDEM 6.228 1.332 0.214 
ASTER-GDEM 9.780 2.593 0.265 

 
 

 

 

 


