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Abstract
With the launch of very high resolution (VHR) optical and synthetic aperture radar (SAR) remote sensing satellites such as IKONOS
and TerraSAR-X, a new era has begun in 3D spatial data acquirement. IKONOS provided the ﬁrst VHR data is still being preferred for
many remote sensing applications. TerraSAR-X is considered as a revolution in SAR imaging as a result of 1 m resolution imaging capability. The imaging principles of these satellites are quite diﬀerent and include advantages and disadvantages that have considerable
eﬀects on the quality of acquired 3D spatial data.
In this research, we aim to compare qualities of high resolution digital elevation models (DEMs) generated from IKONOS and TSX
imagery based on a reference model. Quality assessment was realized considering two main components as accuracy and visuality on
diﬀerent land classes. Results of comprehensive analyses indicate that the qualities of 3D data derived from IKONOS and TSX HS
are almost identical and DEMs of both satellites can be used for various applications.
Ó 2013 COSPAR. Published by Elsevier Ltd. All rights reserved.
Keywords: IKONOS; TerraSAR-X; DEM; Quality assessment; Comparison

1. Introduction
The digital surface model (DSM) is a three dimensional
(3D) digital cartographic representation of Earth surface
with X, Y planimetric coordinates and altitude Z. It is
the primary 3D product of space-borne remote sensing
containing points located on the top of visible non-terrain
objects such as buildings, forest, and vegetation. By eliminating these points, the digital elevation model (DEM) is
obtained that represents only the bare topography.
Although having similar concept, DEM diﬀers from digital
terrain model (DTM) that includes further information
derived from linear features such as breaklines and mass
points. DEMs are one of the most important data required
for geospatial analysis due to the fact that they represent
the 3D structure of the terrain. These models can be gener⇑ Corresponding author. Tel./fax: +90 3722572996.
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ated by conventional ground surveying, air-borne laser
scanning (ALS), photogrammetry and space-borne optical
and synthetic aperture radar (SAR) imagery. Among these
methods, ground surveying, aerial photogrammetry and
ALS are time consuming, expensive and they cover relatively narrow areas with respect to space-borne remote
sensing. Therefore, optical and SAR imagery have been
used widely for DEM generation (Jung Hum and Linlin,
2010; Toutin and Gray, 2000).
In order to generate DEMs from optical images, at least
two images forming a stereoscopic conﬁguration are
required. Then, image orientation and image matching
processes should be performed, respectively (Jacobsen,
2003). In SAR imagery, four diﬀerent methods such as clinometry, stereoscopy (radargrammetry), interferometry
and polarimetry (Toutin and Gray, 2000; Xi et al., 2009)
are used for DEM generation that include more sophisticated processing steps in comparison with optical imagery
(Hoja et al., 2006). These methods have respective
advantages and disadvantages against each other. Since
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interferometric DEM generation is a cost eﬃcient method
and it provides high accuracy products in regions of high
coherence we preferred to generate DEMs using interferometry rather than radargrammetry (Crosetto and Pérez,
1999; Gelautz et al., 2003; Yu et al., 2010). SAR interferometry (InSAR) is drawing attention of researchers with
the availability of suitable very high resolution (VHR)
(1 m) TerraSAR-X and COSMO-SkyMed interferometric image-pairs. In addition, TanDEM-X was launched to
acquire data of same interest area from slightly diﬀerent
looking angles by synchronizing TerraSAR-X using single-pass interferometry principle for the elimination of
atmospheric de-correlation.
Optical and SAR imagery have their own advantages
and disadvantages for DEM generation that are originated
from sensors they use. First of all, SAR systems are capable
of acquiring data independent of weather conditions and
time of data acquisition. However, optical sensors can only
operate at day time under cloud free weather conditions (de
Oliveira et al., 2011; Lee et al., 2005; Yamane et al., 2008).
Secondly, optical imagery provides more suﬃcient resolution for object recognition than SAR imagery. Moreover,
sun angle is an important parameter for optical imagery
that causes shadows. Similarly, incidence angle should be
taken into consideration for SAR imagery due to shadow,
layover and foreshortening eﬀects (Schreier, 1993).
Since the end of 1990s, with the advent of ﬁrst commercial VHR IKONOS imagery, scientists have conducted
many experiments on high resolution optical DEM generation. Currently, IKONOS is being widely used for high
resolution 3D data acquisition with other VHR missions
such as GeoEye Inc., Worldview, Quickbird and Orbview.
On the other side, SAR imaging technologies were
improved with high acceleration by means of VHR commercial SAR missions such as TSX. TSX, launched in
2007, is accepted as a revolution in space-borne SAR.
The primary objective of this study is to compare high
resolution DEMs of IKONOS and TSX. High resolution
DEM generation from IKONOS imagery has been studied
by many researchers, some of them are Cheng and Toutin
(2001), Dong and Song (2010), Ki In et al. (2003), Rau and
Chen (2005), Toutin (2004), Toutin and Cheng (2001). Similarly, there are quite a few publications on high resolution
DEM generation using TerraSAR-X imagery, some of
them can be listed as Dana et al. (2008), de Oliveira et al.
(2011), He et al. (2010), Kieﬂ et al. (2010). This paper differs from aforementioned researches by demonstrating a
robust statistical and visual evaluation of both DEMs that
are generated for the same test site in Istanbul with equal
grid spacing.
Towards these objectives, the paper is organized as follows: Section 2 describes the test site and the characteristics
of used IKONOS and TSX image-pairs. Section 3 summarizes the optical and InSAR digital surface model (DSM)
generation workﬂow and DSM-DEM conversion. Section 4
includes the quality assessment of DEMs and results and
Section 5 summarizes the conclusions.

2. Test site and data sets
The test site covers 80 km2 area on the European side of
Istanbul surrounded by the Bosphorus, Marmara Sea and
Golden Horn. It is mostly occupied with buildings and
rarely open and forest regions. The elevation varies from
sea level to 90 m for bare topography. The reason why
we choose this site is availability of a suitable high resolution reference DEM derived by digital photogrammetry.
Fig. 1 depicts the landscape of test site and the frequency
distribution of terrain slope that was computed using all
points of 1 m gridded reference DEM. Terrain inclination
is one of the most signiﬁcant factors in accuracy assessment
of DEMs. In principle, the accuracy of a DEM decreases in
inclined parts of topography. According to Fig. 1, it can be
observed that %32 of the topography is nearly ﬂat in the
test site and the rest varies between 1.7° and 15.6° which
makes the test site suitable for accuracy assessment
applications.
For this study, high resolution panchromatic (PAN)
IKONOS and spotlight mode TSX image-pairs are used
that overlap with reference model borders. The world’s ﬁrst
commercial very high resolution optical satellite IKONOS
(means image in Greek) was launched in 1999 by GeoEye
Inc., USA. It has PAN and multispectral (MS) sensors
and is able to take images with a ground resolution of
1 m (PAN) and 4 m (MS) with 11.3 km swath width from
681 km orbital altitude. The height-to-base (h/b) ratio of
used stereo-pair was 1.6 (angle of convergence 35°) and
the sun elevation angle is 65.5° (Alobeid et al., 2009).
TSX is capable to operate two types of spotlight modes
called as spotlight and high resolution spotlight (HS),
respectively. Between these two types of spotlight mode
just the geometric azimuth resolution is diﬀerent in order
to increase the azimuth scene coverage of spotlight mode.
While images of spotlight mode cover 10 km  10km
(length and width) area with 2 m azimuth resolution,
TSX HS images resample 5km  10 km area and oﬀer
1 m azimuth resolution. During the observation of a particular ground scene the radar beam is steered like a spotlight
so that the area of interest is illuminated longer and hence
the synthetic aperture becomes larger. The maximum azimuth steering angle range is ±0.75° (Roth, 2003). Fig. 2
shows the image-pairs of IKONOS PAN and TSX HS
and the following Table 1 presents the characteristics of
TSX HS scenes.
3. DEM generation methodology
IKONOS and TSX DSMs were generated applying
optical stereoscopy and interferometric processing workﬂow respectively. The world’s ﬁrst commercial VHR optical satellite IKONOS was launched to space in 1999 by
GeoEye Inc., USA. It has PAN and MS sensors and is able
to take images with a ground resolution of 0.82 m (PAN)
and 3.28 m (MS) with 11.3 km swath width from 681 km
orbital altitude. The PAN IKONOS image-pair used in
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Fig. 1. Test ﬁeld and frequency distribution of terrain slope.

(a)

(b)

(c)

(d)

Fig. 2. Image-pairs of IKONOS PAN (a and b) and TSX HS (c and d).
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Table 1
Characteristics of TSX HS image-pair.
Characteristics

TSX HS image 1 (Fig. 2c)

TSX HS image 2 (Fig. 2d)

Sensor Id
Sensor mode
Start date
End date
Polarization
Polarization channel
Looking direction
Pass direction
Centre incidence angle
Length and width of scene
Azimuth resolution

SAR
HS
2008-05-05T15:57:33,985
2008-05-05T15:57:34,738
Single
HH
Right looking
Ascending pass
40.9752891207
5 km  10 km
1m

SAR
HS
2008-10-06T15:57:42,522
2008-10-06T15:57:43,262
Single
HH
Right looking
Ascending pass
41.0898290780
5 km  10 km
1m

the study was taken in 1st of March 2002 with 1 m ground
sampling distance (GSD). The height-to-base (h/b) ratio is
1.6 (angle of convergence 35°) and the sun elevation angle
is 65.5°. In DSM generation, ﬁrstly, IKONOS PAN stereo
images were named as left and right image and image
matching process was applied using clear and homogeneous distributed match points. During this process, correlation coeﬃcient was preferred as 80% and number of
match points was increased iteratively until required correlation coeﬃcient is reached at the regions that have low
correlation. In image matching, the crucial issue is to determine optimum number of match points. While low number
of match points cause low correlation, redundant match
points result in longer processing time.
As a result of this process, epipolar images were created
that are capable of providing elevation at each match point.
Using interpolation, elevation information was propagated
over images. After orientation of these images with GCPs,
IKONOS DSM was generated with 3 m grid spacing considering 1 m GSD. Regarding Büyüksalih and Jacobsen
(2006) and our former experiences, we chose the spacing
of DSM as 3 times of GSD that provides suﬃcient results
for neighboured point matching. During entire process,
least square with regional growing algorithms were applied.
Interferometric processing for DSM generation is more
sophisticated in comparison with optical imagery. Depending upon the characteristics of SAR data such as imaging
mode, azimuth resolution, time interval between master
and slave images, incidence angle etc. several critical
thresholds and parameters have to be chosen at the processing steps. In the study, the interferometric processing
chain consists of steps listed in Fig. 3.
At the co-registration and baseline estimation, ‘c’ and ‘d’
in Fig. 2 were preferred as the master and slave images,
respectively. Master and slave images are overlapped to
achieve sub-pixel accuracy in the slant range geometry.
The normal baseline, perpendicular to the master and slave
orbit, is computed based on the orbital parameters. Also, it
is one of the crucial parameters that has to be considered
for DSM generation by InSAR. The shorter normal baseline is better for the clear determination of interferometric

fringes, however it decreases the sensitivity of changes in
elevation and the accuracy of achieved height value. On
the other hand, the longer baseline is more responsive to
the changes in elevation and theoretically higher elevation
accuracy can be obtained (Yu et al., 2010; Hua et al.,
2012). However, if the magnitude of the normal baseline
exceeds the threshold values, the noise increasingly aﬀects
the interferogram and accordingly the description of the
topography and DSM generation become complicated.
Anyway, the critical baseline should not be exceeded.
Under these circumstances, an optimal value for the normal baseline maximizes the signal-to-noise ratio (Bamler,
1997; Bamler, 2006; Ferretti et al., 2007; Gatelli et al.,
1994). Table 2 tabulates the entire baseline estimation
parameters of TSX HS image-pair.
It is clear from Table 2, the normal baseline of TSX HS
image pair does not exceed critical baseline, computed by
the acquisition geometry and the characteristics of the
SAR sensor. The 2p ambiguity height represents the height
diﬀerence of an interferometric fringe (2p cycle) and is
inversely proportional to the normal baseline (Gatelli
et al., 2009). An increase of this value obstructs the deﬁnition and delineation of small changes in height. All along
the coarse master–slave co-registration, the range and azimuth shifts are taken into consideration in the range and
azimuth direction. Regarding baseline estimation parameters especially normal baseline and 2p ambiguity height,
higher quality DSM can be presumed. However, other
steps of interferometric processing particularly phase
unwrapping are very eﬀective on the ﬁnal DSM quality.
The main parameters of interferometric processing workﬂow are listed in Table 3.
During the interferometric processing, use of another
DSM that covers entire test site allows the assignment of
a reference cartographic system. In this research, SPOT-5
HRS DSM was employed for the interferogram generation
and ﬂattening. As a result of interferometric processing
chain, DSM has been generated with 3 m grid spacing that
is equivalent with IKONOS DSM for better comparison.
Fig. 4 depicts the grey value shaded 3 m gridded IKONOS
and TSX DSMs without exaggeration.
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Fig. 3. Interferometric processing steps.

Processing step

Parameter

TSX HS

made structures. In this study, a DEM was used as a reference for evaluation process. That’s why generated DSMs
need to be converted to DEMs by the elimination of
non-terrain points that are identiﬁed depending upon the
terrain inclination and object heights. In order to eliminate
these points, Morphological Filters, Shift Invariant Filters,
Splines Approximation and Linear Prediction can be used.
Even though Morphological Filters are applied much more
than others, we preferred Linear Prediction algorithm due
to the fact that it is a more robust technique (Jacobsen and
Passini, 2010). Linear Prediction algorithm based on the
following equation:

Interferogram generation

Multilooking
(Rg  Az)
Reference DSM

22

lðuÞ ¼ sðuÞ þ nðuÞ;

SPOT-5
HRS
SPOT-5
HRS
Goldstein
22

where l(u) stands for random observable function, s(u) is
signal function and n(u) is the noise function. Linear prediction is a method which estimates subsequent values of
signal depending on previous data. This method has been
applied for several applications such as speech processing,
geophysics, and neurophysics (Makhoul, 1975; Maragos
et al., 1984).
RASCOR software, developed by Dr. Karsten Jacobsen
from Leibniz University Hannover, Institute of Photogrammetry and Geoinformation (Jacobsen, 2004), was
employed that is feasible for ﬁltering regular gridded
DSMs. The gaps that are occurred from ﬁltering were fulﬁlled by ‘moving surface’ which is a universal interpolation
method with mostly smooth contour course in ﬂat terrains
with high accuracy, lower tendency towards a formation of
plateaus. Fig. 5 illustrates a sample part of generated IKONOS DSM before and after DSM-DEM conversion
process.
The selected test site has an intensive settlement area
and building heights show irregular distribution. For

Table 2
Baseline estimation parameters of TSX HS image-pair.
Baseline estimation parameters

TSX HS

Normal baseline (m)
Critical baseline (m)
2p ambiguity height (m)
Range and azimuth shifts (pixels)
Doppler centroid diﬀerence (Hz) (Critical: 3514.78)

136.21
15,770.57
45.95
2030.48/618.91
154.00

Table 3
Parameters of interferometric processing.

Interferogram ﬂattening

Reference DSM

Filtering and coherence
generation
Phase unwrapping

Method
Coherence Rg/Az
window size
Algorithm

Orbital reﬁnement and reﬂattening
Phase to height conversion and
geocoding

Coherence threshold
Decomposition level
Number of GCPs
RMSZ of GCPs
Grid spacing of ﬁnal
DSM

Region
growing
0.25
3
12
<10 m
3m

3.1. DSM-DEM conversion
Distinctly from DEM and digital terrain model (DTM)
the DSM represents the three dimensional Earth surface
involving buildings, vegetation, forest, and entire man-

ð1Þ
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(a)

(b)

Fig. 4. Generated IKONOS and TSX DSMs (a = IKONOS DSM, b = TSX HS DSM, viewing direction = 180° (0° = North, 90° = East), viewing
inclination = 35°).

instance, a building block may contain both very tall and
very short buildings. In this type of land use, it is impossible to ﬁlter out non-terrain points 100% successfully using
ﬁltering algorithms.

system BLUH (Bundle Block Adjustment Leibniz University Hannover) (Jacobsen, 2004) to expose advantages and
disadvantages of IKONOS and TSX HS DEMs against
each other. For visual analysis, LISA software (Linder,
2009) was employed.

4. Quality assessment of DEMs and results
4.1. DEM co-registration
The quality consists of two main parameters such as
accuracy and visuality. The accuracy of a DEM can be
summarized as horizontal and vertical error with respect
to a ground truth. Moreover, accuracy has two main components: absolute and relative accuracy. While absolute
accuracy indicates the general accuracy (Lin et al., 1994),
relative accuracy exhibits the interior conformity of a
DEM based on the relationship of neighboring pixels in
comparison with a reference model. Three crucial criteria
should be taken into consideration on selection of a reference DEM: higher accuracy, smaller grid spacing and overlap on the same interest area without remarkable
distortion. The reference DEM chosen for the study was
obtained from 1:1000 scaled maps produced by digital photogrammetry. This model was generated between 2007 and
2009 with 1 m grid spacing and 10 cm to 1 m vertical accuracy. The reference is named as ‘REFDEM’ for the rest of
paper.
The accuracy is not the only satisfactory parameter to
interpret the quality of a model. In addition, a qualiﬁed
DEM has to illustrate the topographic features of the terrain in a realistic manner. At this point, visuality comes
into prominence. For instance, SRTM C-band DSM with
3 arcsecond (90 m) grid spacing exhibits 2.5–5 m vertical
accuracy for Istanbul (Sefercik, 2010;Yastikli et al., 2006)
but the visual quality is low in terms of topographic representation capability. In this study, owing to use IKONOS
and TSX HS stereo-pairs with 1 m ground resolution, high
visual quality is expected from generated DEMs.
At the accuracy assessment, a group of comprehensive
analysis has been performed by means of DEM validation

The ﬁrst condition of an accurate validation is the exact
superimpose of evaluated DEM and the reference DEM
without any horizontal shift. The main cause of horizontal
shifts is the reference DEMs in national coordinate systems
that are inﬂuenced by local datum eﬀects. Similarly, the stereo-images used for DEM generation may have horizontal
shifts because of measured GCPs in national coordinates
which are used in geometric correction. Due to these facts,
DEM co-registration process was performed between evaluated DEMs and REFDEM to eliminate horizontal shifts.
The main parameters applied for DEM co-registration
can be summarized as follows; (1) the shift and the possible
scaling were determined by least square adjustment. The
shifts between two data sets can be also determined by different matching methods such as hierarchical correlationbased matching and mutual information (MI) based
matching (Schneider et al., 2012). (2) The reference points
corresponding to the evaluated DEM were determined by
bilinear interpolation. (3) Instead of using the entire ﬁle
for determination of shifting amount, only the ﬁrst 2 million points are respected in the adjustment and these shifts
were generalized for all points. (4) Depending upon the terrain inclination, diﬀerent number of iterations is required
for enabling the reﬁnement at the automatic shift. The iteration stops if there is no more improvement at the root
mean square error ‘Z’ (RMSZ). 15 iterations were used
for shifting. (5) Maximum accepted DZ was selected as
50 m and blunder points which have more than 50 m height
diﬀerence between evaluated DEMs and REFDEM were
ignored in the process. These are mostly the residual points
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Fig. 5. DSM-DEM conversion process.

that could not be eliminated by ﬁltering and occur because
of very low coherence of image-pairs resulted from image
distortions. Table 4 shows the original RMSZ, adjusted
DX and DY by automatic shifting (shift amount) and ﬁnal
RMSZ.
4.2. Absolute vertical accuracies
Absolute accuracy indicates the general accuracy of a
model in comparison with a reference model. Since terrain
inclination and land use have considerable eﬀects on RMS
height diﬀerences, accuracy analysis were performed on different land classes as open, road networks, ﬁltered forest
and built-up areas separately. For instance, water surfaces,
steep and mountainous regions, and ﬁltered intensive forest
areas result in problematic and noisy parts on DEMs. On
the other hand, open, nearly ﬂat and ﬁltered built-up areas
exhibit higher coherence and accuracy. Accordingly, the
test site was classiﬁed (Fig. 6) manually in CAD context.
Absolute accuracy of a layer cannot be deﬁned with a
constant value, it varies depending on inclination of the terrain. The absolute accuracy of a layer on the ﬂat terrain

Table 4
Original RMSZ, adjusted shifts and ﬁnal RMSZ.
DEM

Original RMSZ (m)

Shift amount (m)
DX

DY

IKONOS
TSX HS

14.09
14.40

23.18
9.18

186.77
175.16

Final RMSZ (m)

6.24
7.42

will not be equal with the absolute accuracy on the mountainous terrain. Mountainous terrain causes a decrease on
the accuracy. The relationship between absolute accuracy
and terrain inclination is formulated in following equation
(Jacobsen and Passini, 2010):
li ¼ a þ b  tanðaÞ;

ð2Þ

where li is absolute accuracy of layer i, a is constant value,
b is the multiplication factor of terrain inclination and
tan(a) is slope of terrain.
All along the absolute accuracy analysis, requested
parameters were selected with respect to the topographic
conditions of test site. Accordingly, the maximal accepted
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(a)

(b)

(d)

(c)

Fig. 6. Land classes on test site (a = open, b = built-up, c = road network, d = forest).

DZ was chosen as 50 m for the elimination of noisy pixels
(points) that have abnormal height diﬀerences considering
REFDEM. The maximal accepted tangent of terrain inclination was selected as 2.00 (63°). Two iterations have
been employed for scaling height values corresponding to
the determined Z-scale and Z-shift (ﬁrst iteration) and
the elimination of systematic bias (second iteration). The
results of absolute accuracy analysis for separate layers
are represented in Table 5. First of all, these results show

that IKONOS and TSX HS DEMs have similar absolute
accuracy (7 m) regarding to entire test site. Secondly, it
can be inferred that ﬁltered built-up areas has a great
impact on the general absolute accuracy because of land
cover percentage. In addition, the absolute accuracy of ﬁltered built-up areas is not aﬀected by terrain inclination
that indicates they are located on the ﬂat topography. Considering open, ﬁltered forest and road network layers, it is
obvious that absolute accuracy of IKONOS DEM is better

Table 5
Absolute accuracies of layers (‘SZ’ = standard deviation of Z (accuracy), NAP = ‘not accepted points’ (DZ is more than 50 m), ‘a’ = slope).
Reference DEM

REFDEM (1 m)

Evaluated DEM

IKONOS (3 m)

TSX HS (3 m)

Layer % NAP

Entire test site
(100%)
0.00
Open
(21.99%)
0.00
Forest
(6.45%)
0.00
Built-up
(60.92%)
0.01
Road network
(10.64%)
0.01
Entire test site
(100%)
0.00
Open
(21.99%)
0.00
Forest
(6.45%)
0.02
Built-up
(60.92%)
0.01
Road network
(10.64%)
0.01

SZ (m)
tan(0) = 0 (%33)

tan(6) = 0.05 (%13)

tan(15) = 0.10 (%7)

6.35

6.35

6.35

3.58 + 6.81  tan(a)

3.92

4.26

2.74 + 6.73  tan(a)

3.08

3.41

6.16

6.16

6.16

6.20 + 9.11  tan(a)

6.66

7.11

7.19

7.19

7.19

6.10 + 8.43  tan(a)

6.52

6.94

5.75 + 18.49  tan(a)

6.67

7.60

7.09

7.09

7.09

7.47 + 8.49  tan(a)

7.89

8.32
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Fig. 7. Frequency distribution of DZ values between evaluated DEMs and REFDEM. For IKONOS DEM; standard deviation based on negative part:
10.12 m, standard deviation based on positive part: 2.80 m. For TSX HS DEM; standard deviation based on negative part: 7.29 m, standard deviation
based on positive part: 7.66 m.

than TSX HS DEM. And these layers are aﬀected by terrain inclination for both DEMs. IKONOS PAN operates
between 0.4–0.9 lm wavelengths that includes both visible
and near infrared zones in electromagnetic spectrum which
makes it very sensitive for the separation of green objects.
During image matching process, utilizing the additional
information provided by near infrared, the points on the
top of forest areas can be determined and used for DSM
generation. Therefore the higher performance can be
expected for IKONOS in comparison with TSX in forest
layer. For ﬁltered forest layer in TSX HS DEM, the inﬂuence of terrain inclination is the highest and the absolute
accuracy decreases with high acceleration as terrain slope
increases. Forest areas are generally problematic for SAR
imagery taken by sensors operating in short wavelengths
result in low coherence. TSX also operates X-band SAR
sensor with 3 cm wavelength and cannot be able to penetrate forest and vegetation. In open and road network
areas, the object recognition capability of IKONOS is definitely better than TSX. This fact can also be observed in
image matching and increase the accuracy.
According to Table 5, Fig. 7 shows the frequency distribution of DZ values between evaluated DEMs and REFDEM. The height diﬀerences and the corresponding
number of points can be seen in this graph. The main point
should be considered in this graph is convergence to symmetric frequency distribution that indicates the minimum
inﬂuence of residual ground objects. TSX HS DEM shows
a symmetric trend and standard deviation based on negative and positive parts (left and right side of zero, respectively) are so similar. On the other hand, IKONOS DEM
exhibits double-peak distribution and standard deviation
based on negative and positive parts are quite diﬀerent.
This situation indicates that the number of lower points
is more than higher points in comparison with REFDEM.

That means IKONOS DEM mostly situated under the
terrain.
Table 5 and Fig. 7 expose the absolute vertical accuracy
of IKONOS and TSX HS DEMs numerically. However,
the height diﬀerences between these DEMs and REFDEM
have to be visualized for a better understanding. By generating diﬀerential DEMs (DIFFDEMs) that illustrate the
height diﬀerences between evaluated models and REFDEM in color scale, defective parts can be observed obviously. We generated them by subtracting of evaluated
DEMs from REFDEM separately that are shown in
Fig. 8. DIFFDEMs can give an idea for further applications. For instance, areas within the circles (Fig. 8) contain
15–20 m absolute vertical errors and they are not appropriate for applications that need high precision. VHR spaceborne sensors such as IKONOS and TSX are especially
designed for urban mapping. However, densely built-up
urban areas like Istanbul are diﬃcult to study on due to
imaging geometry of space-borne sensors. In optical case,
diﬀerent look angles of scenes and sun elevation cause
shadows that result in occluded buildings. Similarly, SAR
imagery has problems because of pure noise in shadow
regions and ubiquitous layover at this type of terrain, leading to limited visibility of objects (Soergel et al., 2003). This
limitation complicates the co-registration and coherence
generation steps of interferometric processing for DSM
generation.
Except for defective parts in minority that are randomly
distributed, it is observed that the absolute vertical accuracy of evaluated DEMs is quite coherent (orange areas)
with REFDEM and varies around ±2 m.
During absolute accuracy analysis, blunders that are
excluded depending on DZ > 50 m were visualized as white
spots in Fig. 9. And, both IKONOS and TSX HS DEMs
indicate same regions as excluded parts. That means,
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Fig. 8. DIFFDEMs between evaluated DEMs and REFDEM (a = IKONOS, b = TSX HS).

REFDEM includes erroneous parts in these regions with a
high probability.
4.3. Relative vertical accuracies
In addition to absolute accuracy, relative accuracy
exhibits the interior conformity of a DEM using the relationship of neighboring pixels. The relative accuracy is crucial for morphologic details because the more uniform
contour-lines mean the more regular relationship between

(a)

neighboring pixels. In general, SAR imagery yields better
relative accuracy in comparison with absolute accuracy.
The morphologic details are not inﬂuenced by an error of
phase unwrapping, leading to an absolute error of the
DSM, but not to a relative error of closely neighbored
points. The relative vertical accuracy is computed based
on following equation:
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
P
2
ðdxi  dxj Þ
; dl < d < du;
ð3Þ
RSX ¼
2n

(b)

Fig. 9. Excluded points during absolute accuracy analysis (a = IKONOS, b = TSX HS).
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Table 6
Relative accuracies of IKONOS and TSX HS DEMs.
Distance (m)

1
2
3
4
5
6
7
8
9
10

IKONOS

TSX HS

General

Open

Forest

Built

Road

General

Open

Forest

Built

Road

.53
.92
1.27
1.59
1.88
2.13
2.36
2.57
2.75
2.91

.88
1.26
1.52
1.71
1.86
1.98
2.08
2.15
2.21
2.26

.78
1.15
1.44
1.68
1.88
2.05
2.20
2.32
2.42
2.50

.83
1.31
1.71
2.06
2.37
2.64
2.87
3.07
3.24
3.39

2.15
3.05
3.58
4.00
4.30
4.56
4.76
4.93
5.07
5.18

.64
1.11
1.52
1.87
2.19
2.46
2.70
2.92
3.11
3.27

1.57
2.32
2.87
3.32
3.70
4.02
4.28
4.50
4.69
4.85

1.72
2.50
3.10
3.59
4.00
4.34
4.64
4.87
5.07
5.18

.97
1.48
1.89
2.23
2.52
2.77
2.98
3.16
3.32
3.46

2.33
3.30
3.90
4.34
4.63
4.85
5.01
5.14
5.26
5.36

Fig. 10. Relative accuracies of evaluated DEMs in general test site.

Fig. 11. Contour lines generated from evaluated DEMs (a = IKONOS, b = TSX HS, contour interval = 10 m).

In the formula, RSX represents relative standard deviation, d is distance between points, dl and du are lower and
upper distance limits respectively. In this study, the relative
accuracy of evaluated DEMs was calculated from each ﬁrst

pixel to tenth pixel based on height diﬀerences from REFDEM. During the calculation, grid interval of REFDEM is
employed. That means, the distance from ﬁrst pixel
increases gradually with 1 m and reaches up to 10 m. The
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relative vertical accuracies of IKONOS and TSX HS
DEMs are shown in Table 6. The results are quite similar
in general test site (Fig. 10) as a conclusion of suﬃcient ﬁltering. And, the averages of height diﬀerences for neighboring pixels against REFDEM are around 30 cm. Built-up
areas and road network are dominant on the overall relative accuracy of test site with 70% coverage. In parallel
with absolute accuracies, open and ﬁltered forest layers
of IKONOS DEM have better relative accuracy in comparison with TSX HS DEM.
Contour-lines are one of the main parameters that indicate the quality of a DEM product. The structure of
acquired contours is another way to understand the relative
accuracy of a height model. Several factors have a strong
inﬂuence on contour formation; the most important factor
is the grid spacing of image-pair used for DEM generation.
If the grid spacing is larger, fewer points will be used for
DEM generation that leads smoother contour lines.
Another signiﬁcant factor is the noise of DEM because
of residual ground objects after ﬁltering that causes small
contour islands. Contour-lines produced from both evaluated models are represented as in Fig. 11. Considering colorful labeling, extracted contour-lines from both DEMs are
quite similar at ﬁrst sight. In detail, contour-lines of IKONOS seem smoother and contain less contour islands. On
the other hand, while noisy parts exist because of contour
islands, contour-lines of TSX HS DEM tend to describe
the terrain in more detail.
5. Conclusion
In this research, quality comparison of 3D data of VHR
optical and SAR imagery was presented. To be able to perform comparison analysis in equal conditions, we preferred
an IKONOS PAN and a TSX HS image-pair with 1 m resolution and generated DEMs with 3 m grid spacing for
both.
In order to generate DSMs from IKONOS and TSX
image-pairs we used stereoscopy and interferometry,
respectively. SAR imagery oﬀer high coherence in open
and built-up areas as our test site. Considering this fact,
we preferred interferometry rather than radargrammetry.
To employ interferometry for DSM generation, the normal
baseline, 2p ambiguity height, and coherence have to be
suitable for processing. The TSX data set we used satisﬁes
these conditions.
IKONOS and TSX DEMs yield similar absolute vertical
accuracy for the entire test site and dominant ﬁltered builtup area. In terms of open, ﬁltered forest and road network
layers, accuracy of IKONOS DEM is more preferable than
TSX DEM. The results were visualized by diﬀerential
DEMs that exhibit the defective parts of evaluated DEMs.
Relative accuracy is particularly important for morphologic details. The uniform contour-lines reveal in the case
of regular relationship exists between neighboring pixels.
Contour-lines extracted from IKONOS DEM are
smoother and contain less contour islands when compared

to TSX DEM. On the other hand, while noisy parts exist
because of contour islands, contour-lines of TSX DEM
tend to describe the terrain in more detail.
As a general conclusion, acquired results veriﬁed that
the quality of IKONOS and TSX DEM is almost identical.
And TSX HS DEM may be preferable for various applications where IKONOS PAN DEM is used.
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