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ABSTRACT: The main aim of this research is to investigate the impact of vertical accuracy of digital
elevation models (DEMs) on the orthoimage production process. The study took place on a QuickBird
image by using four different DEMs with different vertical accuracies, nine ground control points (GCPs),
and three sensor models. The four DEMs are global positioning system (GPS)-based DEM, topographic
map–based DEM, Shuttle Radar Topography Mission-based DEM, and advanced spaceborne thermal
emission and reflection-based DEM. The used sensor models are the rigorous sensor model, rational
functional model (RFM), and refined RFM. The results show that the RFM without GCPs gives inaccu-
rate results especially in case of high spatial resolution satellite images. The research recommends
using the 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.
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Introduction

To obtain orthorectification to very high-
resolution imagery, whatever the raw
data format, it is necessary to follow the

following steps: (1) acquisition of images and
metadata; (2) acquisition of the coordinates X,
Y, and Z of ground control points (GCPs) and
independent check points (IChkPs); (3) obtaining
the image coordinates of these points; (4) compu-
tation of the unknown parameters of the 3D geo-
metric correction model used; and (5) images
orthorectification process using a digital eleva-
tion model (DEM) (Aguilar et al. 2005). The
role of DEM is to eliminate terrain-induced dis-
placement so as to transform a central perspec-
tive to an orthogonal projection (Li et al. 2002),

as the orthorectification process transforms the
central projection of the image into an orthogo-
nal view of the ground with a uniform scale,
thereby removing the distortion caused by ter-
rain relief ( Junfeng and Jinfeng 2006). DEM
quality is a very important element of the
orthorectification process as it can greatly influ-
ence the accuracy of planimetry in orthoimages
( Junfeng and Jinfeng 2006). 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 (Li et al. 2009). Sensor
models can be grouped into two classes, physi-
cal (rigorous or parametric) sensor models and
generalized (generic or nonparametric) sensor
models (Tao et al. 2000). The choice of a sen-
sor model depends primarily on the perfor-
mance and accuracy required, and the sensor
and control information available (Tao and Hu
2001). Generalized sensor models are generic,
that is, their 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 (Hosseini 2008).

Ali A. EL Sagheer, Khaled M. Zaki, Mahmoud S. Gomaa,
and Ayman M. Marrei, Shoubra Faculty of Engineering, Sur-
veying Department, Benha University, Banha, Egypt. Tel:
002 0552353186, 002 01118051307, 002 01001336662, and
002 01027609390. E-mails: <ambehairy@gmail.com>,
<drkhaledzaky@yahoo.com>, <dr.farag.7@hotmail.com>,
and <eng_msadek2013@yahoo.com>.

Surveying and Land Information Science, Vol. 76, No. 1, 2017, pp. 49-57



In a generalized sensor model, the transformation
between image and object space is represented
as some general function without modeling the
physical imaging process. The function can be
of several different forms, such as polynomials
or rational functions (Hosseini 2008).

Previous Studies

However, there are few publications that address
viability, accuracy, and stability of such models.
Tao et al. (2000) test the aerial optical images
(frame sensor type). The test results show that
both rational function model and polynomial
model can reach reasonably good accuracy.
Because the fitting accuracy of the cases with
four-degree rational functional model (RFM) is
almost the same as those with six-degree RFM,
high-order forms are often not necessary. The
iterative solution method to RFM provides a bet-
ter accuracy than the direct solution method, but
the direct solution method is usually adequate
when enough control points are available.
Elashmawy et al. (2005) present two mathemat-

ical models for stereo IKONOS imagery restitu-
tion. The mathematical models that were used in
this research are based on the RFM and the 3D
affine projection mode. It was found that sub-
meter horizontal accuracy and 1.3-1.7 m vertical
accuracy can be obtained using either the refined
RFMmodel or the 3D affine projection model for
the stereo images.
Chang et al. (2010) proposed a collocation-

aided block adjustment for multisensor images.
The direct georeferencing, which is one of the
rigorous sensor model (RSM), 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 used 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 sig-
nificantly 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 orthorecti-
fication process contribute to the quality of the
results. The objective of this article is to answer
these questions, based on an intensive investi-
gation of three models using four DEMs with
different accuracies.

Study Area and Data Sources

The study area has been selected at El-Sayeda
Nafesa area in Cairo. This area covers approxi-
mately 0.9 + 0.7 km and located in the Nile valley
zone (the main middle zone) of the plane coor-
dinate system in Egypt. It is an urban area and the
terrain varies from 32 to 49 m above the mean
sea level.

Satellite Image

A pan-sharpened image with 0.6 m spatial resolu-
tion over the study area was collected in February
2012 by QuickBird-2 satellite (QB02) and supplied
in a tagged-image file format (TIFF) digital format.
The image is supplied in a product level LV2A
and standard product type. This image is radio-
metrically adjusted by the producer before pub-
lishing to improve the image radiometric quality.

GCPs and ChkPs

To evaluate the planimetric accuracy of the
results, 27 GCPs were selected evenly distributed
through the study area and well defined on both
the image and ground. GPS observations were
carried out using the fast-static measuring tech-
nique. All points were obtained in the Universal
Transverse Mercator (UTM) system, where the
projection information is as follows:

To transform the ellipsoidal heights (h) to
orthometric heights (H), the geoidal undulation

Project type UTM

Reference ellipsoid WGS-84

Zone number 36

Point H (m) h (m) N (m) Nmean

P1 63.739 79.061 15.322 15.3325

P2 57.407 72.750 15.343

Table 1. Determination of the geoidal undulation (N) of
the test area.
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(N) was obtained based on the two benchmarks
shown in Table 1 located at about 1.5 km from
the study area. 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 GPS.
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 coordi-
nates of the 27 points were obtained. In the case
of planimetric accuracy assessment, 9 points of
the 27 were used as GCPs as in Figure 1A, and
11 points were used as check points (ChkPs) as in
Figure 1B. In addition, seven points have been
discarded because of their relatively high root-
mean-square error (RMSE). On the other hand
and in the case of vertical accuracy assessment,
the whole set of 27 points were used as CPs.

Digital Elevation Models

To investigate the impact of DEM accuracy on
the orthoimage production process, four differ-
ent sources DEMs with different accuracies have
been prepared and tested. By real-time kinematic
(GPS-RTK) measuring mode, 4200 points were
collected with a horizontal resolution or a grid
size of 0.6 m and applied to generate a DEM
(Figure 2A. This DEM will be referred to as kine-
matic GPS (KGPS)-DEM.
Another DEM was prepared by digitizing spot

heights on a topographic map for the study area
as shown in Figure 2B. 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 0.6-m
horizontal resolution. This DEM will be referred
to as Topo-DEM.
Shuttle Radar Topography Mission (SRTM) pro-

vides a 3 arc-sec (90-m grid size) global DEM

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

Topo-DEM 3.581 13.831 3.862329

SRTM-GDEM 6.228 12.910 2.072897

ASTER-GDEM 9.780 13.033 1.332618

Table 2. Results of the orthorectification process in the case of RFM (RPCs only).

Figure 1. Locations of the selected (A) GCPs and (B) ChkPs.
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(GDEM) for free. A one-tile GDEM is obtained.
This GDEM is a one-degree angle DEM that covers
an area of 108 + 108 km as shown in Figure 2C.
After obtaining the SRTM DEM, the data had to
be preprocessed using ENVI software to assign the
DEM to the UTM/WGS-84 projection system. This
DEM will be referred to as SRTM-DEM.
A 30-m advanced spaceborne thermal emission

and reflection (ASTER)-GDEM for the study area
has been obtained for free. Each ASTER scene
covers an area of approximately 60 + 60 km.
The data had to be preprocessed using ENVI
software to assign the DEM to the UTM/WGS-84
projection system. This DEM shown in Figure 2D
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 show that, the

vertical accuracies, represented by RMSEZ of the
produced DEMs were 2.13, 3.58, 6.23, and 9.78 m
for KGPS-DEM, Topo-DEM, SRTM-DEM, and
ASTER-DEM, respectively.

Methodology

In this research, orthorectification of the satellite
image has been performed through using three
different sensor models: (i) RSM, (ii) RFMs only,
and (iii) refined RFMs 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 accu-
racies (KGPS, TOPO, SRTM, and ASTER); and
(v) three sensor models (RSM, RFM, and refined

Figure 2. The four different sources DEMs.
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RFM). Figure 3 summarizes the different alter-
natives for the orthorectification process. From
Figure 3, it is clearly seen that the experimental
work includes 12 alternatives for the orthorecti-
fication process.

Rigorous Sensor Model

A physical sensor model represents the physi-
cal imaging process. The parameters involved
description of the position and orientation of
the sensor with respect to an object space coor-
dinate system. Physical models fully reflect the
geometry of viewing (Tao and Hu 2001). Such
models are based on platform-specific data,
which are the satellite orbital parameters, the atti-
tude angles, and the interior orientation parameters
of the sensor. The initial values, possibly pro-
vided as metadata, must be refined by estimat-
ing their corrections using a suitable number
of GCPs (Giannone 2006). This method has a

great robustness over the full image with the
use of only a few GCPs (Aguilar et al. 2007).
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 refrac-
tion, and lens distortion be known.

Rational Function Model

RFM based on rational polynomial coefficients
(RPCs) is one of the generalized models (Volpe
and Rossi 2003). The RFM has better interpola-
tion properties. It is typically smoother and can
spread the approximation error more evenly
between exact fit points. The RFM has the advan-
tage of permitting efficient approximation of
functions that have infinite discontinuities near,
but outside, the interval of fitting, while a poly-
nomial 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, Tao and Hu 2001) 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 areas distant
from GCPs (Giannone 2006). The
RFM expresses each of the x and
y image coordinates as a ratio of

Figure 3. The different alternatives for orthorectification process.

Figure 4. The impact of DEM accuracies on the produced orthoimage in the
case of rigorous model and refined RFM.
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two polynomial functions. It can be represented
as follows:

x ¼ P1 X ;Y ;Zð Þ
P2 X ;Y ;Zð Þ ¼

(
m1

i¼0(
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n2

j¼0(
n3
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where x and y are image coordinates, X, Y, and Z
ground coordinates, aijk, bijk, cijk, and dijk poly-
nomial coefficients (total 80), and m1, m2, m3, n1,
n2, n3 ranges from 0 to 3, where i + j + k £ 3.
Tao et al. (2000) describes in details how the

RFM works.

RFMs with GCPs

Usually, the RF model is generated based on a
RSM. 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 rational func-
tion coefficients (RFCs) are calculated by these
points (Di et al. 2003). A least-squares approach
is used to estimate the RFM model coefficients
(RPCs) from a 3D pseudo grid of points and
orientation parameters. Because sensor orienta-
tion 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 (3).
Finally, we refine the result of RFM through
affine coefficients (Wu et al. 2008).

SampleGCP ¼ a0þa1:SampleRFMþa2:LineRFM ð3Þ

LineGCP ¼ b0þb1:SampleRFMþb2:LineRFM ð4Þ

where SampleGCP and LineGCP are image coordi-
nates of GCP, SampleRFM and LineRFM are image
coordinates determined by RFM, and a0-b2 are
affine coefficients.

Results and Analysis

To figure out the impact of DEM accuracy on the
orthorectification process, the planimetric accu-
racies of the produced orthoimages were ana-
lyzed considering the applied sensor model. In
case of the RFM, Table 3 shows that the planimet-
ric 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 RSM. The RMSEXY ranges from 0.03 to
1.23 m while the absolute shift in north direction

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 3. Analysis of results of the four DEMs with the RSM.

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

Table 4. Analysis of results of the four DEMs with the refined RFM.
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ranges from 0.563 to 2.689 m. On the other
hand, Table 4 shows that there is a strong corre-
lation between DEM vertical accuracy and the
planimetric accuracy of the produced orthoimage.
The higher the DEM RMSEZ (low vertical accu-
racy), the higher the RMSEXY of the gener-
ated orthoimage (low planimetric accuracy).
In essence, this relation can be expressed as a
ratio (RMSEXY/RMSEZ). Under such an obser-
vation, the planimetric accuracy of the gener-
ated 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 the study by
Jacobsen (2003), which showed that a discrep-
ancy △h in the height information of a DEM is

influencing the position △L in an orthoimage by
a ratio of

DL ¼ Dh · tan local nadir angleð Þ:
As compared with the RSM, the refined RFM
(Table 4) increases the accuracy only slightly with
RMSEXY ranges from 0.501 to 2.593 m. However,
the strong correlation between DEM vertical
accuracy and the planimetric accuracy of the pro-
duced orthoimage still can be observed. As well,
the previously observed ratio between RMSEXY

and RMSEZ still exists.
Figure 4 shows that the orthorectification pro-

cess 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

Figure 5. Vector plot of errors for the performance of different models with different DEMs.
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results of the refined RFM are more stable and
more precise than that of the RSM.
It is worth mentioning that in case of RFM

(RPCs only), the orthoimages derived from SRTM
and ASTER-DEMs are found to have planimet-
ric accuracies on the order of 12.91-13.03 m,
respectively. This level of accuracy is comparable
to the level of accuracy obtained by KGPS-DEM
and Topo-DEM, 13.68 and 13.83 m 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 Topo-
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 sys-

tematic errors were evaluated. Figure 5 shows
the spatial distribution of the used ChkPs for the
comparison. In case of RFM (RPCs only), the spa-
tial distribution of the differences clearly indicates
a systematic error in the orthophoto production
process. In case of RSM, the spatial distribution of
the differences indicates systematic errors at the
majority of points, whereas few points indicate no
errors. In case of refined RFM, the spatial distribu-
tion of the differences indicates that the differ-
ences are not systematic, and hence no systematic
biases have been occurred during the generation
of the orthophotos.

Conclusions and

Recommendations

The research goal was to find out the impact of
DEM’s vertical accuracy on the planimetric accu-
racy of the generated orthoimage. A QuickBird
satellite image of a level LV2A (standard), four
different DEMs with different vertical accura-
cies, nine GCPs, and three sensor models has
been applied. The results showed that the plani-
metric 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 accu-
racy 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 13.68, 13.83, 12.91, and 13.03 m using
KGPS-DEM, Topo-DEM, SRTM-DEM, and ASTER-
DEM, respectively. This remarkable low accu-
racy because of the disuse of GCPs as the RFM
depends only on the approximate RPCs pro-
vided with the satellite image. The refined
RFM is recommended when accurate results are
expected, as the results showed that the planimet-
ric accuracies of the four orthoimages produced
using this model were 0.50, 1.00, 1.33, and 2.59 m
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 con-
sider DEM’s vertical accuracy for orthorectifying
satellite images especially when high-resolution
satellite images are used. As well, it is recom-
mended to use either rigorous model or refined
RFM with suitable number of GCPs to get reliable
orthorectification results. Finally, it is recom-
mended to evaluate further sources of DEMs
such as synthetic aperture radar (SAR) and Light
Detection and Ranging (LiDAR) data.
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