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Abstract In this study, the geometric accuracy comparison of
aerial photos and WorldView-2 satellite stereo image data is
evaluated with the different number and the distribution of the
ground control points (GCPs) on the basis of large scale map
production. Also, the current situation of rivalry between air-
borne and satelliteborne imagery was mentioned. The geomet-
ric accuracy of Microsoft UltraCam X 45 cm ground sampling
distance (GSD) aerial imagery andWorldView-2 data both with
and without GCPs are also separately analyzed. The aerial
photos without any GCP by only using global navigation sat-
ellite system (GNSS) and inertial measurement unit (IMU) data
with tie points give an accuracy of ±1.17 m in planimetry and
±0.71 m in vertical that means nearly two times better accuracy
than the rational polynomial coefficient (RPC) of stereo
WorldView-2. Using one GCP affects the accuracies of aerial
photos andWorldView-2 in different ways. While this situation
distorts the aerial photo block, it corrects the shift effect of RPC
in WorldView-2 and increases the accuracy. By using four or
more GCPs, ½pixel (∼0.23 m) accuracy in aerial photos and
1 pixel (∼0.50 m) accuracy in WorldView-2 can be achieved in
horizontal. In vertical, aerial photos have 1 pixel (∼0.55 m) and
WorldView-2 has 1.5 pixels (∼0.85 m) accuracy. These results
show that Worldview-2 imagery can be used in the production
of class I 1:5000 scale maps according to the ASPRS Accuracy

Standards for Digital Geospatial Data in terms of geometric
accuracy. It is concluded that the rivalry between aerial and
satellite imagery will continue for some time in the future.

Keywords Aerial photos .WorldView-2 . Geometric
correction . Geometric accuracy . Rational functions

Introduction

The race in space to monitor the earth resources forced the
sensors to use digital mediums to store data in spite of films to
get rid of the expenses caused by returning the satellite to the
Earth (Sandau 2010). This phenomenon brought about the
digital sensing. By then, spaceborne sensors have begun to
develop in terms of geometric, radiometric, spectral, and tem-
poral resolutions. Parallel to these developments, airborne
sensing has made significant improvement since 2000
(Leberl and Gruber 2003). Also by the introduction of fairly
large format digital aerial cameras, i.e., UltraCam Eagle by
Microsoft and DMC II 250 by Z/I Imaging, it has reached a
considerably high level in digital sensing arena (Gruber et al.
2012). So, spaceborne crossed paths with airborne.

The transition from analog aerial film cameras to digital
aerial cameras by the emergence of two new cameras, namely
ADS-40 by LH-Systems and DMC by Z/I Imaging in 2000,
was the milestone of airborne photogrammetry (Leberl and
Gruber 2003). With the direct acquisition of imagery, labora-
tory processing of the analog aerial films has left. Film dis-
positive and film scanning began to disappear and leave their
place to CCD solid-state detectors. So the main error sources
in photography were eliminated. It also decreased the person-
nel and investment costs (Sandau 2010).

The digital aerial cameras enabled users to acquire RGB
and NIR data simultaneously in one flight. By the help of

* Altan Yilmaz
altan.yilmaz@hgk.msb.gov.tr

1 General Command of Mapping, Ankara, Turkey
2 Computer Engineering, Cankaya University, Ankara, Turkey
3 Geophysical Engineering, Ankara University, Ankara, Turkey
4 Gazi University Polatli Vocational School of Technical Sciences,

Ankara, Turkey

Arab J Geosci (2016) 9: 324
DOI 10.1007/s12517-016-2386-x



superior radiometry and geometry, digital aerial imagery be-
gun to be used not only for compiling maps but also for re-
mote sensing applications (Sandau 2010).

Relatively small frame sizes of the digital aerial cameras
have improved greatly and have reached approximately same
level with the analog aerial cameras in the last 3 years with the
presentation of UltraCamEagle byMicrosoft and DMC II 250
by Z/I Imaging to the market (Gruber et al. 2012; Jacobsen
and Neumann 2012). It is also possible to acquire images with
a ground sampling distance (GSD) of 5 cm or better with large
format digital aerial cameras.

In order to relate the aerial imagery to the ground, the ori-
entation procedure follows the image acquisition. The orienta-
tion of aerial images is calculated by aerial triangulation in
aerial photogrammetry (Heipke et al. 2000). Ground control
points (GCPs) are needed to calculate the six unknowns (3D
coordinates of projection center and the rotation about three
axes) of exterior orientation in aerial triangulation. But the
boom in technology brought about the global navigation satel-
lite system (GNSS) and inertial measurement unit (IMU) into
aerial triangulation providing the elimination or decrease in the
number of GCPs. Photogrammetric flights by using GNSS and
IMU on board are nearly obligatory today. These systems al-
low determination of the exterior orientation parameters with-
out using GCPs, and this technique is called direct sensor ori-
entation (Wegman 2002). Before direct sensor orientation, the
attitude and shift differences between the IMU and the sensor
system (boresight misalignment) have to be determined over a
controlled reference area (Jacobsen 2004). The integration of
the GNSS/IMU data during the aerial triangulation process
provides better approximation values for the automatic proce-
dures. Because of the missing reliability and y-parallaxes dur-
ing model setup, direct sensor orientation has some disadvan-
tages. These disadvantages can be overcome by a simultaneous
adjustment of the directly determined exterior orientation pa-
rameters with image coordinates. This method is called inte-
grated sensor orientation (Jacobsen 2004). Especially in wide
area mapping projects, integrated sensor orientation can be
used to get synergy from classical aerial triangulation and
direct sensor orientation (Ip et al. 2007).

On the other hand, remote sensing satellites have acquired
data in digital since 1964 (Leberl and Gruber 2003). Three de-
cades after the launch of first civil earth observation satellite
Landsat-1 in 1972 with 80-m GSD (Sandau 2010), submeter
resolution optic remote sensing satellites have begun to emerge
in the market since 1999 with 82-cm resolution IKONOS (Zhou
and Li 2000). Since 2007, there have been satellites with GSDs
below half a meter, namely Geoeye-1 andWorldView-1/2. Then,
the resolution has reached 0.31-cmGSD at nadir by the launch of
WorldView-3 to the orbit in 2014 (Satimagingcorp 2015). So far,
there were restrictions of US government not to distribute satel-
lite imagery below 50-cmGSD. But this problem was overcome
whenDigitalGlobewas granted permission fromUSDepartment

of Commerce to acquire and supply imagery to its customers up
to 25-cm GSD in panchromatic and 1.0-m GSD in multispectral
(Satimagingcorp 2015).

Due to the different image acquisition structures of the
satellites, geometric correction of the satellite imagery is a
little bit complicated than the aerial imagery. While aerial
cameras take the image at one exposure, generally, optic re-
mote sensing satellites take each individual line at one expo-
sure due to its pushbroom acquisition character (Grodecki and
Dial 2003). In order to relate the satellite imagery to the
ground, the sensor model of the satellite has to be known.
The physical sensor model and the generalized sensor model
are widely used imaging geometry models of the remote sens-
ing satellites. The physical sensor model is modeled by the
collinearity condition as the aerial photos. The generalized
sensor models are the generic models of which parameters
do not indicate the physical parameters of imaging (Hu et al.
2004). As described in the ISO 19130 BGeographic informa-
tion—Imagery sensor models for geopositioning,^ there are
three main replacement sensor models, namely the simple
polynomial fitting, ratios of functions (often called the rational
functions model—RFM), and the universal real-time model
(USM). RFM is the ratio of two polynomials derived from the
physical sensor models (Di et al. 2003). The RFM has been
widely used in orienting the satellite imagery for nearly two
decades due to its capability of providing the full accuracy of
different physical sensor models. It is also sensor independent
and supplies real-time calculation to approximate the physical
sensor models. In this respect, the physical sensor model and
the RFM have pros and cons for modeling the satellite imag-
ery. The physical sensor models are generally used to deter-
mine the unknown parameters of the RFM for photogrammet-
ric works (Hu et al. 2004).

In order to handle the standard orientation procedures of the
satellite imagery, the rational function coefficients (RFCs) of
the RFM are provided to the users instead of the physical sensor
parameters. This is a good strategy not to hand in the sensor-
specific information to the customers to guarantee not to derive
the physical sensor parameters from the RFM (Tao and Hu
2002). Because the RFs are the ratios of polynomials, they are
also called as rational polynomial coefficients (RPCs).

But the provided RPCs might not yield enough accuracy to
compile maps according to some country-specific standards
(Di et al. 2003). For example, geolocation accuracy of 46-cm
resolutionWorldView-2 imagery is below 3.5 m (CE90) with-
out GCPs (14). In order to get the desired accuracy, generally,
users prefer to use 2D polynomial functions to correct the
ground coordinates derived from the vendor-provided RFCs.
At least four GCPs are required to solve a 1st order polyno-
mial, while only one GCP is enough for a 0th order polyno-
mial. This method does not improve RPCs, but only refines
coordinates derived directly from the RFCs based on used
GCPs (Di et al. 2003). Toutin (2006) attained that with only
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using a 0th order polynomial, IKONOS RPC can be refined as
well as 1st and 2nd order polynomial functions. On the other
hand, he showed that QUICKBIRD RPC can be refined by at
least 1st order polynomial. Detailed information for RPC re-
finement can be found in Di et al. (2003), Tao and Hu (2004),
and Zhen and Zhang (2009).

The geometric modeling of these satellites is important,
because they can be used to compile and update large scale
topographic maps (Poli 2012). According to draft ASPRS
Accuracy Standards for Digital Geospatial Data, 40–100-cm
GSD is required to fulfill the level of detail for 1:5000 scale
maps. Also, 62.5 cm or less RMSEx (root mean square error)
and RMSEy are the proposed accuracy levels for class I
1:5000 scale maps (ASPRS 2013). In this sense,
WorldView-2 satellite imagery seems to fulfill the require-
ments of large scale maps below or equal to 1:5000. Satellite
imagery is the best choice for map production especially for
the areas like borders that acquisition of aerial imagery is
problematic. There are many studies about the usage of satel-
lite imagery for map production or geometric accuracy of
these systems (Li 1998; Zhou and Li 2000; Wang et al.
2005). And generally, these subjects are studied in 2000s. In
the last 15 years, there is an important improvement in both
airborne and spaceborne imaging systems in terms of resolu-
tion, accuracy, quality, and accessibility. Also, there is a doubt
among map producers and users about the usage of satellite
imagery especially for large scale mapping. Generally, aerial
imagery is preferred in map production due to the controlled
stages of aerial photography. On the other hand, there are not
much studies comparing the aerial and satellite imageries. In
this study, the geometric accuracies of the stereo aerial photos
and stereo WorldView-2 imagery, which are very important
for map production, are investigated with and without GCPs
in a test area which reflects the general features of Anatolian
peninsula with a focus on the number and the distribution of
the GCPs. For the geometric correction of WorldView-2 im-
agery, similar procedures of aerial imaging like signing of the
work area before image acquisition are followed. And they are
compared on the 3D geopositioning accuracy basis for large
scale map production.

Study area and data

The study area is situated at the north of Konya, which is a city
at the inner part of Anatolia. The area shows the characteristic
of much of the inner Anatolia region, with agriculture and
urban lands dominating valley bottoms, naked fields and tiny
forests covering the steeper areas. The study area is
13.5 km×16 km, and elevation at the region changes from
1079 to 1961 m. The area is generally rural. At the southeast
of the study area, there is Konya Selcuk University Campus,
and at the northwest, there is a small village with some

agricultural areas. The location of study area in Turkey is
shown in Fig. 1. Also, the distribution of GCPs and, indepen-
dent check points (ICPs) is shown on the height map of the
study area in Fig. 2.

Microsoft Vexcel UltraCam X large format digital aerial
camera was used to capture 90 images with six strips (four
in east-west, two in north-south direction) on 23 April 2010.
UltraCam X has 14,430 pixels in cross track and 9420 pixels
in flight direction. Its pixel size is 7.2 μm, and focal length is
100.5 mm. The radiometric resolution of the camera is better
than 12 bit/channel. The data storage system is able to capture
up to 4700 images (Gruber 2008). The aerial photos have
60 % overlap, 30 % sidelap, and 45-cm GSD. The approxi-
mate image orientations have been determined by integrated
use of GNSS and IMU.

Another image data for the study is stereo WorldView-2
imagery. One of the latest high-resolution satellites,
WorldView-2 was launched on 8 October, 2009, joining the
Digital Globe Corporate’s satellite array consisting of
WorldView-1 which was launched in 2007 and QuickBird
which was launched in 2001. The high-resolution images pro-
vided by the WorldView-2 can be used for a wide range of
applications including mapping, disaster relief, defense and
intelligence, and classification. WorldView-2 operates at an
altitude of 770 km with an inclination angle of 97.2° for a
maximum orbital period of 100 min. The satellite has been
planned to have a lifespan of 7.5 years. The ability of the
satellite to swing rapidly from one target to another allows
broad imaging of many targets (Satimagingcorp 2015). Such
ability also allows WorldView-2 to collect much more imag-
ery than the total collection capacity of QuickBird and
WorldView-1. Another unique characteristic of WorldView-
2 is the ability to revisit any place on earth in 1.1 days due to
its increased agility and high altitude.

Another advertised quality ofWorldView-2 is the advanced
geopositional technology which provides a significant im-
provement in accuracy. The given accuracy specification is
6.5 m CE90 without GCP refinement. Such a high accuracy
without any ground control is promising. WorldView-2 also
became a commonly used satellite because of its high spatial
and spectral resolution and geometric accuracy. Many tests
have been carried out to assess the abilities of this system. In
a study performed by Cheng and Chaapel (2010), Pan-
sharpening and geometric correction of WorldView-2 satellite
were tested. Without any GCP, they got an accuracy of
2.6 m in X and 1.3 m in Y with maximum errors of
5.7 m in X and 3.1 m in Y. With only one GCP, they
achieved an accuracy of 0.7 m in X and 1.0 m in Y
with maximum errors of 1.4 m in X and 1.4 m in Y. In
another study conducted by Deilami and Hashim (2011),
very high-resolution optical satelli tes including
WorldView-2 were tested for digital elevation model
(DEM) generation.
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Fig. 1 Study area

Fig. 2 GCP and ICP distribution
on study area height map

324 Page 4 of 9 Arab J Geosci (2016) 9: 324



WorldView-2 imagery is supplied by the NIK Company
which is the distributer of European Space Imaging GmbH
(EUSI) in Turkey. Images are acquired with the approximately
2-min time difference. The images have 16-bit radiometric
resolution, and their product level is stereo 2A. Imagery-1 of
the stereo pair was acquired by an off-nadir viewing angle of
26° 18′ on 17 June 2010 at 09:02:59Z while Imagery-2 of the
stereo pair was acquired by an off-nadir viewing angle of −26°
06′ on 17 June 2010 at 09:04:39Z.

Field work

Thirty-two ground points are signed and measured before the
acquisition of aerial photos andWorldView-2 imagery. Firstly,
approximate point locations were chosen over maps with a
good horizontal and vertical distribution. After, points were
marked by painting on concrete ground or stones, and they
were measured by TOPCON HIPer Pro GPS receiver for 1 h.
Coordinates of the points were calculated with better than
±5 cm planimetric accuracy (circular error, CE) and ±8 cm
vertical accuracy (linear error, LE) by post-processing de-
pending on a constant GPS station.

Geometric correction of imagery

Geometric correction of aerial photos

GNSS data are acquired by dual frequency GNSS receivers
using differential carrier phase measurements for the aircraft
with 1-s interval. A short baseline (i.e., 5 km) between aircraft
and reference station is used. The reference station is a station
of Turkish National Permanent GNSS Network making ob-
servations continuously for 24 h. AeroOffice 5.1 and GrafNav
8.1 software are used for GNSS/IMU process. The boresight
misalignment values are set during this process. Images are
processed in Microsoft Vexcel UltraMap 3.0 software from
level-0 raw data to level-3 pan-sharpened imagery.

Although theoretically it seems possible to calculate the
exterior orientation parameters of aerial photos without any
control points by only using GNSS/IMU data, aerial triangu-
lation would somewhat be meaningless (Khoshelham 2009).
The block would especially have y-parallaxes that will deteri-
orate stereo map compilation (Ip et al. 2007). The exterior
orientation parameters calculated from direct georeferencing
will contain systematic drifts and shifts. These projection cen-
ter coordinates can be refined by using GCPs in aerial
triangulation.

GCPs in a block adjustment are generally selected at the
corners in order not to extrapolate the projection center coor-
dinates of the aerial photos. Also, using a GCP in block cen-
ters may help to detect any deformation. For this reason, aerial

block triangulation was run by using different numbers and
configurations of GCPs in a rectangular block.

Inpho Match AT 5.4 software is used for automatic aerial
triangulation. At first, images’ approximate exterior orienta-
tion parameters from GNSS/IMU and GCPs are imported in
the software. Secondly, image coordinates of GCPs are mea-
sured on the images. The control points are defined as GCP or
ICP during bundle block adjustment. At first, no GCPs are
used, and all the control points are used as ICPs. Only auto-
matically collected tie points and approximate projection cen-
ter coordinates calculated by GNSS/IMU process are used in
bundle adjustment. Secondly, GCP no. 606, GCP no. 601,
GCP no. 507, and GCP no. 703 placed on the corners are used
as GCP, and all the other points are used as ICPs in four
different occasions. Thirdly, GCP no. 607 placed in the middle
of the block is used as GCP, and all the other points are used as
ICPs. Fourthly, GCP nos. 606 and 703, GCP nos. 601 and 507
placed on the cross corners are used as GCPs, and all the other
points are used as ICPs in two different occasions. Fifthly,
GCP nos. 606, 601, 703, and 507 placed on the cross corners
are used as GCPs, and all the other points are used as ICPs.
Lastly, GCP nos. 606, 601, 507, and 703 placed on the corners
and 607 placed in the middle are used as GCPs, and all the
other points are used as ICPs. For self-calibration, 12 param-
eters are selected in the software. The bundle adjustment is
performed for each situation according to the number and
distribution of control points. The results are presented in
Table 1. BS^ is the horizontal RMSE in Table 1.

As seen in Table 1, it can be said that no or only one GCP
may be enough for aerial triangulation when using GNNS and
IMU accompanying with aerial imagery. It can be seen in
Table 1 that by using no GCP may yield as good accuracy
as one GCP in planimetry while it is nearly 2.5 times worse in
height. It is due to the nature of GNSS. If only planimetric
coordinates are of importance, using no GCP will be a good
choice. But, using GCPs at least in the block corners are need-
ed to accurately define GNSS corrections. In case one GCP is
used, the block accuracy will be susceptible to the quality of
IMU data and GCP itself. The drift and shift effects cannot be
modeled properly by using only one GCP. Getting far away
from a GCP will produce larger residuals theoretically. If one
GCP is used in aerial triangulation, the center of the block will
be the best location due to its distance to the whole block. In
case of no GCP, ICPs should be used in the center of the block
in order to define the deformation. Using GCPs in the block
corners will yield a much reasonable error distribution by
spreading errors throughout the whole block.

Geometric correction of WorldView-2 imagery

Leica Photogrammetry Suite (LPS) software 9.2 version is
used in the geometric correction of WorlView-2 imagery.
Firstly, the project is defined, and rational functions as
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geometric model category and WorldView rational polynomi-
al coefficient (RPC) as geometric model are selected.

Two different approaches are followed at the block mea-
surements. At the first approach, all 32 points are used as GCP
or ICP that means the sum of numbers of GCPs and ICPs is
always 32. At the beginning, 25 points were measured as GCP
and the other 7 as ICP. Later, the number of GCPs is de-
creased, and the remaining control points were used as ICP.
At the second approach, again, all 32 points are used as GCP
or ICP at the beginning (25 GCPs and 7 ICPs). Later, the
number of GCPs is decreased but the number and distribution
of ICPs were kept constant and same 7 ICPs were used for the
accuracy assessment of different numbers and distributions of
GCPs. Also, in both approach, 1st or 0th order polynomial
corrections were tested. The satellite orbits are very stable
and smooth, so high degrees of polynomials are not preferred.
When the higher polynomial degrees are used, the num-
ber of needed GCPs increases and geometry may be
distorted with inadequate GCPs. For this reason, gener-
ally, 1st or 0th order polynomial corrections are used
for the geometric correction of satellite imagery with
RPC model. Especially to see the effect of GCP posi-
tion, when the only one GCP is used, this point is
selected both in the middle and corner of the images.

Also, 63 tie points were measured. The imagery
block is triangulated with different GCP/ICP numbers
and distributions, and polynomial orders and accuracies
are calculated. The results are given in Table 2. It can
be seen from Table 2 that even the use of one GCP
supplies very good accuracy. In all GCP numbers and
distributions, accuracies in X and Y directions are nearly
1 pixel or better. The number of GCPs and polynomial
order especially affects the accuracy in Z. When more
GCPs are used, 1st order polynomials achieve higher
accuracy in Z. But adversely when the less GCPs are
used, 0th order polynomials achieve higher accuracy in

Z. Use of more than nine GCPs does not affect the
overall accuracy remarkably in any direction. When
one GCP is used, points selected at the corners decrease
the accuracy and a point in the middle should be
preferred.

The comparison of geometric accuracies

The comparison of geometric accuracies of the aerial
photos and WorldView-2 imagery is shown in Table 3.
In Table 3, similar GCP distributions are compared at
the same row. The graphic representations of the accu-
racies are given in Fig. 3.

The results show that aerial photos have generally two
times better accuracies than WorldView-2 imagery without
any GCPs or with two or more GCP cases. Only in one
GCP case, WorldView-2 gives better results. Use of more than
one GCP remarkably changes the accuracy of aerial imagery.
For WorldView-2, the use of GCP affects the accuracy, but
change according to the number of GCPs is not very clear and
regular as aerial imagery.

Subpixel accuracy in horizontal can be accomplished for
aerial photographs by using two or more GCPs. For
WorldView-2 imagery, generally, an accuracy of 1 pixel can
be reached by using one or more GCPs. In vertical, both types
of imagery give an accuracy of 2 pixels.

By using no GCP, WorldView-2 gives ellipsoid height due
to the nature of RPC. By using 0th order 2D polynomial, the
ellipsoid height can be shifted to orthometric height. For both
systems, at least one GCP should be used to get orthometric
heights or generated height may be corrected with an appro-
priate geoid model.

For WorldView-2 imagery, 1st order polynomials give
slightly better results when high number of GCPs is used.
But when GCP number is decreased nearly fewer than 10,
0th order polynomial gives better results. These results can

Table 1 Aerial triangulation results

Distribution of the GCP ICP/GCP no. Control point RMSE (m) Check point RMSE (m)

X Y S Z X Y S Z

No GCP 28/0 0.964 1.044 1.421 2.423

At the corner (no. 606) 27/1 1.161 1.673 2.036 1.067

At the corner (no. 601) 27/1 1.037 1.264 1.635 0.580

At the corner (no. 507) 27/1 1.519 1.492 2.129 1.350

At the corner (no. 703) 27/1 1.250 1.642 2.064 0.697

In the middle (no. 607) 27/1 0.983 1.031 1.425 1.069

Cross corners (nos. 606, 703) 27/2 0.138 0.174 0.222 0.602

Cross corners (nos. 601, 507) 27/3 0.160 0.190 0.248 0.577

At the corners (nos. 606, 703, (nos. 601, 507) 24/4 0.044 0.060 0.074 0.209 0.174 0.156 0.234 0.634

At the corners and in the middle (nos. 606, 703, (nos. 601, 507, 607) 23/5 0.044 0.055 0.070 0.218 0.159 0.163 0.228 0.496
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be explained with the higher number of unknowns of the 1st
order polynomial that should be solved. The affect of using
higher order of polynomials and breaking points according to
the number of GCPs can be tested in a region having more
GCPs in further studies.

Results

In this study, aerial photographs and WorldView-2 imagery
are geometrically corrected with different numbers and distri-
butions of GCPs, and accuracies are investigated by ICPs.

For aerial photos, the geolocation error using only
GNSS, IMU data, and also automatically collected tie
points without any GCPs is less than 1 m in X, Y,
and Z directions, which are a very good result, can be
used in many applications. It is possible to use GCPs to
correct the errors in the GNSS and IMU data. But using
only one GCP, the accuracy is subject to pointing and
measuring of that point. Especially using one GCP at
the corner may distort the block and may decrease the
accuracy. Using four or more GCPs which is an ideal
block configuration increases the accuracy to approxi-
mately 1/3 pixel size in X and Y directions and 1 pixel
size in Z direction. Using GNSS during image

Table 2 WorldView-2 triangulation results

GCP/ICP no. Approach no. Poly. order Control point RMSE (m) Check point RMSE (m)

X Y s Z X Y s Z

25/7 1 and 2 1 0.190 0.248 0.312 0.745 0.230 0.294 0.373 0.754

0 0.215 0.260 0.337 0.825 0.208 0.312 0.375 0.863

17/15 1 1 0.225 0.263 0.346 0.832 0.194 0.254 0.320 0.671

0 0.258 0.275 0.377 0.875 0.169 0.280 0.327 0.785

17/7 2 0 0.258 0.275 0.377 0.875 0.208 0.339 0.398 0.810

13/19 1 1 0.267 0.230 0.352 0.750 0.221 0.287 0.362 0.740

0 0.297 0.259 0.394 0.842 0.181 0.289 0.341 0.832

13/7 2 0 0.297 0.259 0.394 0.842 0.236 0.298 0.380 0.843

11/21 1 1 0.283 0.245 0.374 0.693 0.210 0.273 0.344 0.795

0 0.315 0.276 0.419 0.755 0.167 0.276 0.323 0.871

11/7 2 0 0.315 0.276 0.419 0.755 0.228 0.301 0.378 0.847

9/23 1 1 0.337 0.278 0.437 0.669 0.283 0.256 0.382 0.956

0 0.312 0.312 0.441 0.813 0.257 0.257 0.363 0.855

9/7 2 0 0.312 0.312 0.441 0.813 0.282 0.306 0.416 0.842

5/27 1 1 0.038 0.231 0.234 0.600 0.231 0.400 0.462 1.028

0 0.218 0.238 0.323 0.846 0.230 0.410 0.470 0.833

5/7 2 0 0.218 0.238 0.323 0.846 0.187 0.509 0.542 0.868

4/28 1 1 0.040 0.123 0.129 0.163 0.225 0.491 0.540 1.135

0 0.239 0.131 0.273 0.713 0.234 0.498 0.550 0.874

4/7 2 0 0.239 0.131 0.273 0.713 0.194 0.598 0.629 0.844

3/29 1 1 0.025 0.007 0.026 0.007 0.230 0.353 0.421 1.031

0 0.155 0.334 0.368 0.522 0.269 0.337 0.431 0.868

3/7 2 0 0.164 0.161 0.230 0.691 0.264 0.543 0.604 0.842

2/30 1 0 0.266 0.013 0.266 0.689 0.342 0.354 0.492 1.033

2/7 2 0 0.106 0.071 0.128 0.336 0.298 0.291 0.417 0.909

1/31 (corner) 1 0 0.000 0.000 0.000 0.000 0.231 0.510 0.560 1.391

1/31 (middle) 1 0 0.000 0.000 0.000 0.000 0.230 0.277 0.360 1.134

1/7 (corner) 2 0 0.000 0.000 0.000 0.000 0.167 0.286 0.331 1.570

1/7 (middle) 2 0 0.000 0.000 0.000 0.000 0.162 0.270 0.315 1.412

0/32 (3D) 1 0 0.000 0.000 0.000 0.000 1.881 1.345 2.312 2.540

0/32 (2D) 1 0 0.000 0.000 0.000 0.000 1.877 1.346 2.310 0.000

0/7 (3D) 2 0 0.000 0.000 0.000 0.000 1.889 1.213 2.245 2.550

0/7 (2D) 2 0 0.000 0.000 0.000 0.000 1.889 1.213 2.245 0.000
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acquisition provides better approximation for defining
exterior orientation parameters for automatic tie point
collect ion. Adding IMU data makes the direct
georeferencing possible by providing directly the exteri-
or orientation parameters. But, there still exists some system-
atic errors that have to be corrected. The systematic errors
(GNSS drifts and shifts) can be detected and eliminated by a
suitable GCP distribution over the block. In case of direct
georeferencing, ICPs should be used in the center of the block
in order to define the deformation. Using GCPs in the cross
corners will yield as good accuracy as block corners. But in
order to stay on the safe side, for a reasonable error distribu-
tion throughout the whole block and overcome any deforma-
tion of the block, it is recommended to use four GCPs on the
block corners and one more in the middle of the block.

For WorldView-2 imagery, the geolocation error
using only supplied RPCs without any GCPs is less
than 2 m in both X and Y directions. It is possible to
use GCPs to correct the errors in the supplied RPCs and

thus improving the geolocation accuracy. Even the use
of only one accurate GCP increases the accuracy nearly
to 0.5-m level. The total horizontal RMSEs change be-
tween 0.320 and 0.629 m, and vertical RMSEs change
between 0.671 and 1.570 m by using one or more
GCPs. Use of more than ten GCPs does not affect ac-
curacy level significantly. The affect polynomial order
of the geometric correction is also tested. Generally,
the use of 0th order polynomials is enough, and 1st
order polynomials only change the accuracy 1 to
2 cm. Hence, 0th order polynomial refinement to the
RPC model can be used for geometric modeling of
WorldView-2 data. GCP distribution affects the accuracy
5 to 20 cm since the measurement of some GCP image
coordinates may not be very precise . Simi lar
geolocation accuracies with different GCP distributions
can be expected with better quality image measurement.
For further studies, tests may be conducted in wider
areas with large terrain variations.

Table 3 The comparison of
geometric accuracies Distribution of the GCP GCP

no.
Aerial photos RMSE (m) WorldView-2 RMSE (m)

x y s z x y s z

No GCP 0 0.964 1.044 1.421 2.423 1.881 1.345 2.312 2.540

In the middle 1 0.983 1.031 1.425 1.069 0.230 0.277 0.360 1.134

Cross corners 2 0.138 0.174 0.222 0.602 0.342 0.354 0.492 1.033

Cross corners 3 0.160 0.190 0.248 0.577 0.230 0.353 0.421 1.031

At the corners 4 0.174 0.156 0.234 0.634 0.234 0.498 0.550 0.874

At the corners and in the
middle

5 0.159 0.163 0.228 0.496 0.230 0.410 0.470 0.833

Fig. 3 Geometric accuracies. a Planimetric. b Height
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Conclusion

This paper compares the geometric accuracies of the aerial
photos and WorldView-2 data having similar GSD with dif-
ferent GCP numbers and distributions by means of ICPs.

GCP RMSE used in geometric correction reveals internal
accuracy, in other words, modeling accuracy and GCP
measurement/marking accuracy on the ground and imagery.
On the other hand, ICP RMSE shows outer accuracy,
meaning, geopositioning accuracy of the features on
Earth (Toutin 2004).

Unless using any GCP, GNSS and IMU data together with
tie points for aerial photos yield two times better accuracy than
the RPC modeling of stereo WorldView-2. Using one GCP
affects the accuracies of aerial photos and WorldView-2 in
different ways. While this situation distorts the aerial photo
block, it corrects the shift effect of RPC on WorldView-2 and
increases the accuracy. By using four or more GCPs, ½pixel
accuracy in aerial photos and 1 pixel accuracy in WorldView-
2 can be obtained in horizontal plane. Also by using four or
more GCPs, 1 pixel accuracy in aerial photos and 1.5 pixel
accuracy in WorldView-2 can be obtained in vertical.

WorldView-2 fulfills requirements for draft ASPRS
Accuracy Standards for Digital Geospatial Data of 1:5000
scale topographic maps. It is also allowed but not recommend-
ed being used in even larger scales, i.e., 1:2500.

Both image sources can be used in many applications. But,
especially in applications requiring higher accuracy and a sta-
ble block, aerial photos may be preferred. Especially for scales
larger than 1:5000, the use of aerial photography is recom-
mended. Also, it should be taken into consideration that the
control point requirement for WorldView-2 in wide areas will
be higher in order to maintain similar accuracies with aerial
photos. In urgent situations and unreachable areas,
WorldView-2 or similar high-resolution satellite imagery will
be a good choice for users.

However, the satellite imagery is so close to aerial imagery
in 3D geometric geopositioning accuracy, and it has not su-
perseded aerial imagery yet. It seems that the rivalry will con-
tinue for some time in the future.
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