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Today the use of spaceborne Very High Resolution (VHR) optical sensors for automatic 3D information
extraction is increasing in the scientiﬁc and civil communities. The 3D Optical Metrology (3DOM) unit of
the Bruno Kessler Foundation (FBK) in Trento (Italy) has collected VHR satellite imagery, as well as aerial
and terrestrial data over Trento for creating a complete testﬁeld for investigations on image radiometry,
geometric accuracy, automatic digital surface model (DSM) generation, 2D/3D feature extraction, city
modelling and data fusion. This paper addresses the radiometric and the geometric aspects of the VHR
spaceborne imagery included in the Trento testﬁeld and their potential for 3D information extraction.
The dataset consist of two stereo-pairs acquired by WorldView-2 and by GeoEye-1 in panchromatic and
multispectral mode, and a triplet from Pléiades-1A. For reference and validation, a DSM from airborne
LiDAR acquisition is used. The paper gives details on the project, dataset characteristics and achieved
results.
Ó 2014 International Society for Photogrammetry and Remote Sensing, Inc. (ISPRS). Published by Elsevier
B.V. All rights reserved.
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1. Introduction
Today an increasing number of Earth-observation platforms
are equipped with Very High-Resolution (VHR) optical imagers
characterized by a ground resolution less than 1 m, enabling the
discrimination of ﬁne details, like buildings and individual trees.
These sensors attract more and more users from various ﬁelds
and have enormous potential in mapping and land monitoring.
The radiometric and geometric quality of the satellite images can
be compared with original digital aerial images at same resolution.
At processing level, the orientation of the images has been
simpliﬁed by using rational polynomial functions, supported by
almost all commercial photogrammetric and remote sensing
software. The on-board direct measurement of sensor position
and attitude and regular self-calibration procedures has been
improved, allowing, in some cases, image processing and DSM
generation without ground control information (Cheng and
Chaapel, 2008; Jacobsen, 2011; Poli and Caravaggi, 2013). From a
spectral point of view, multispectral bands are available in the
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visible and infrared domains for more robust analyses and
discrimination of spectral signatures. For instance, WorldView-2,
fully operational since January 2010, offers very high spatial and
spectral information, with four additional spectral bands centred
in the red-edge, yellow, coastal and near-infrared wavelengths,
while WorldView-3, whose launch is expected in 2014, will bring
the spatial and spectral resolution to extraordinary levels, by
providing panchromatic images at a spatial resolution of 0.31 m,
eight multispectral bands at 1.24 m and eight additional SWIR
(Short Wave InfraRed) bands at a spatial resolution of 3.7 m
(DigitalGlobe, 2012). Complementing the high spatial resolution,
VHR sensors are mounted on highly agile platforms, which enable
rapid targeting, high revisit time and the stereoscopic coverage
within the orbit for 3D information recovery and DEM generation.
The radiometric characteristics and the geometric accuracy of
VHR optical sensors have been separately addressed in various
publications (Choi, 2002; Helder and Choi, 2003; Cheng and
Chaapel, 2008; Crespi and De Vendictis, 2009; Jacobsen, 2011;
Deilami and Hashim, 2011), as well as the potential of their stereo
acquisition for surface modelling (D́Angelo and Reinartz, 2011;
Hobi and Ginzler, 2012; Aguilar et al., 2013; Poli and Caravaggi,
2013) and automatic building extraction (Flamanc and Maillet,
2005; Poli et al., 2009; Sirmacek et al., 2012). The scope of this
work is twofold. First, to analyse both the radiometric and

http://dx.doi.org/10.1016/j.isprsjprs.2014.04.007
0924-2716/Ó 2014 International Society for Photogrammetry and Remote Sensing, Inc. (ISPRS). Published by Elsevier B.V. All rights reserved.

Please cite this article in press as: Poli, D., et al. Radiometric and geometric evaluation of GeoEye-1, WorldView-2 and Pléiades-1A stereo images for 3D
information extraction. ISPRS J. Photogram. Remote Sensing (2014), http://dx.doi.org/10.1016/j.isprsjprs.2014.04.007

2

D. Poli et al. / ISPRS Journal of Photogrammetry and Remote Sensing xxx (2014) xxx–xxx

geometric characteristics of three last generation VHR sensors by
applying the same operations on stereo scenes acquired on the
same area; and secondly, to use quantitative indicators for their
analysis, in order to provide a reliable comparison between the
sensors performances.
In this context, the testﬁeld built and maintained by the 3D
Optical Metrology (3DOM) unit of the Bruno Kessler Foundation
(FBK) in Trento (Italy) was used. The testﬁeld includes stereo
images from three VHR satellite optical sensors as well as aerial
and terrestrial data for integration and validation. The VHR sensors
comprise GeoEye-1 (GE1, launched in 2008), WorlView-2 (WV2,
2010), and the more recent Pleaiades-1A (PL1, 2011). Preliminary
results on the evaluation of WV2 and GE1 stereopairs and PL1 triplet were published in the ISPRS Archives in (Agugiaro et al., 2012;
Poli et al., 2013), respectively. With respect to these publications,
the current paper gives comparisons between the three sensors,
taking into account their radiometric characteristics and their performances in digital surface modelling and automatic building
extraction.
The paper is structured as follows. After the presentation of the
testﬁeld and data (Section 2), the radiometric properties of the
images are investigated (Section 3), then the geometric processing
for image orientation and Digital Surface Models (DSMs) generation is described (Section 4). The quality of the DSMs is investigated in Section 5, using a LiDAR DSM as reference, while their
potential for automatic building extraction is discussed in Section 6. Concluding remarks will close the paper.

Fig. 1. Location of satellite imagery in Trento testﬁeld. Yellow: GE1 stereopair; red:
WV2 stereopair; orange: PL1 triplet; violet: SPOT-5/HRG single scene; blue and
green: quickbird single scenes; white: aerial images; pink: UAV. (For interpretation
of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)

2. Data description
2.1. Test area and data sources
The test area is located in Trento, a city of about 115.000 inhabitants in the Northeast of Italy. It lies on the banks of the river Adige in the homonymous valley (North–South direction) and is
surrounded East and West by the Alps (Fig. 1). The testﬁeld region
includes very dense urban (historical centre), residential and
industrial areas, the surrounding hills and steep mountains with
cultivations, forests and bare soil, offering therefore a heterogeneous landscape in term of geometrical complexity, land use and
cover. The height ranges from 200 m in the valley to 2100 m on
the mountain tops.
The testﬁeld contains several datasets at varying spatial resolution, ranging from satellite to aerial imagery, LiDAR data, GNSS surveyed points, GIS data, etc. The spaceborne data includes imagery
acquired in stereo or single mode from WV2, GE1, PL1A, SPOT-5/
HRG and Quickbird. For the purposes of this paper, the investigations are focused only on the images acquired in stereo mode from
GE1, WV2 and PL1 sensors. Other data used in this work are about
70 ground points and a LiDAR DSM. The ground points were surveyed in spring/summer 2011 by means of a GNSS receiver and
post-processed using the Trento GNSS permanent station in order
to achieve sub-decimetre accuracy. The points are well distributed
in the project area (Fig. 2). The DSM (with the ﬁltered DTM) was
derived from a LiDAR ﬂight in 2006/7 at ca. 1.3 points/m2. The
DSM has a grid space of 1 m (2 m in some scarcely inhabited
mountainous areas). The height accuracy for the original LiDAR
data is given as rz = 15 cm for the DSM, and rz = 30 cm for the
DTM.

15° in forward direction and 20° in backward direction (Fig. 3).
Cloud cover in both images is 4% or less. The stereo images have
100% overlap and are provided as GeoStereo product, that is, they
are projected on a constant base elevation. The available bands are
the panchromatic with spatial resolution of 0.50 m and four multispectral bands (blue, green, red, and near infrared) with spatial resolution of 2.00 m. The images cover an area of 10  10 km. For each
image Rational Polynomial Coefﬁcients (RPCs) were provided.

2.2. GeoEye-1. stereopair

2.3. WorldView-2. stereopair

The GE1 stereopair was acquired on 28 September 2011 at
about 10:20 am (GMT). Both images were recorded in reverse
scanning position, with a nominal in-track viewing angle of about

The WV2 stereopair was acquired on 22 August 2010 at about
10:40 am (GMT). The ﬁrst image was recorded in forward scanning
mode with an average in-track viewing angle of 15.9°, and the

Fig. 2. Location of ground points in the GE1, WV2 and PL1 extent in Google Maps.
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Fig. 3. Zoom in the GE1 stereo satellite images on the same building block. Left: forward-looking, right: backward-viewing images.

second one in reverse scanning mode with an average in-track
viewing angle of 14.0°. The average spatial resolution is 0.51 m
for panchromatic channels and 2.00 m for the multispectral ones.
An example for changes in scale and radiometry between the
two images is given in Fig. 4. Cloud cover in both images is 10%
or less. The forward-looking image was delivered in 4 tiles, while
the backward-looking image was delivered in 5 tiles. The image
processing level is Stereo 1B, i.e. the images are radiometrically
and sensor corrected, but not projected to a plane using a map projection or datum, thus keeping the original acquisition geometry.
The available channels are the panchromatic one and eight multispectral. In addition to the standard multispectral bands (blue,
green, red, near infrared), WV2 scans in the coastal (400–
450 nm), yellow (585–625 nm), red edge (705–745 nm) and near
infrared-2 (860–1040 nm) spectral ranges. The images cover an
area of 17.64  17.64 km and have an overlap of 100%. The images
were provided with RPCs.
2.4. Pléiades-1A triplet
Pléiades is the most recent satellite mission providing optical
images for civil use at VHR on any point of the Earth surface. The
Pléiades system consists of a constellation of two satellites: Pleaiades-1A, launched on December 17, 2011, and Pléiades-1B,
launched on December 2, 2012. The satellites ﬂy on the same
near-polar sun-synchronous orbit at an altitude of 694 km with a
180° phase and descending node at 10:30 am. Each satellite carries
a CCD camera, called HiRi, which is a Korsch telescope with aperture diameter of 65 cm and focal length of 12.9 m. Each HiRi
acquire images in pushbroom mode using 5  6000 pixel arrays
and 20 integration lines (TDI) for the panchromatic band (480–
830 nm) and 5  1500 pixel arrays for the multispectral bands
(blue, green, red and near infrared). The sensor can reach a ground

resolution of 0.7 m in panchromatic mode and 2.8 m in multi-spectral mode in vertical direction. The availability of two satellites
allows for a 1-day revisit time worldwide. With comparison to
GE1 and WV2, Pléiades offers larger ﬁeld of view and acquisition
capability at similar ground resolution. One interesting aspect of
the Pléiades constellation is the acquisition mode, which can be
target collection, single-pass strip mapping, stereo and tri-stereo
and corridor acquisition. The images of the Trento testﬁeld were
acquired in the tri-stereo mode for 3D information. According to
this acquisition scheme, the satellite rotates around its axis and
the HiRi camera scans a target area from three different viewing
directions during one pass, thus resulting in a triplet. The maximum length of a stereo/tri-stereo coverage depends on the desired
base-to-height ratio (B/H). In case of B/H equal to 0.6, the maximum length is 315 km for stereo and 135 km for tri-stereo coverage (Gleyzes et al., 2012). Within the Pléiades evaluation program
organized by ASTRIUM GEO, the FBK-3DOM unit received a Pléiades-1A triplet over Trento for research purposes. The triplet covers an area of about 392 km2. The images composing the triplet,
hereafter called images 1, 2 and 3, were acquired on 28 August
2012 in the morning in North–South direction within 90 s, proving
the high agility of the camera. The average viewing angles of the
three images are, respectively, 18°, 13° and 13° in along-track
direction with respect to the nadir and close to zero in across-track
direction (Fig. 5), while their mean GSD varies between 0.72 m and
0.78 m, depending on the viewing direction.
Table 1 summarizes the main characteristics of the images.
Thanks to the fast scanning, the illumination conditions remain
almost constant during the acquisitions. The Pléiades images
were provided at raw processing level, with basic radiometric
and geometric processing. This product is indicated for investigations and production of 3D value-added products (Gleyzes et al.,
2012).

Fig. 4. Zoom in the WV2 stereo satellite images on the same building block. Left: forward-looking, right: backward-viewing images.
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3. Radiometric analysis
The radiometry of an image is satisfactory when the relationship between the ground reﬂectance of the target and the grey
level of the pixel on the image is correct (Crespi and De
Vendictis, 2009). The sensors addressed in this work provide for
images with radiometric resolution of 12 bit/pixel (GE1 and PL1)
and 16 bit/pixel (WV2), so higher dynamic range and signal-tonoise ratio with respect to traditional scanned 8-bit/pixel images
can be expected. For the radiometric quality analysis of GE1,
WV2 and PL1 sensors, some aspects relevant to automatic surface
modelling and object extraction are considered: the presence of
radiometric effects through visual inspection, the noise level and
the geometrical resolution and sharpness, described by the Modulation Transfer Function (MTF).

Table 1
Characteristics of Pléiades-1A panchromatic triplet on Trento testﬁeld.

Along-track (°)
Across-track (°)
GSD (m)
Size (columns)
Size (rows)
Acquisition time

Image 1

Image 2

Image 3

12.35
1.83
0.72  0.73
41,427
36,199
10:22:15

12.69
3.00
0.74  0.73
41,149
36,348
10:23:01

17.38
1.78
0.78  0.74
40,436
34,446
10:22:06

3.1. Visual assessment
Visual inspection of the images was used to identify any
radiometric inconsistences due to operational aspects of image
acquisition, in combination with the landscape characteristics. As
an example, in GE1 and WV2 images some saturation and spilling
effects were observed, as reported in Figs. 6 and 7. They generally
appear only in one image of a stereopair, and are due to the
presence of reﬂective surfaces, in combination with the imaging
incidence angle. Contrary, none of these effects were observed in
PL1 images.
Large radiometric changes between two or more images are
critical during automatic homologous (tie) point identiﬁcation
and of course during image correlation, thus causing mismatches
and wrong height estimation.
3.2. Image noise analysis
The term ‘‘noise’’ in this section refers to the non-homogeneities
in the image and was evaluated on non-homogeneous areas. Over
these areas, the noise variation is considered as function of intensity
(noise for CCD-images is not additive but intensity-dependent).
The noise analysis has been conducted measuring a normalized
standard deviation (Pateraki, 2005) in a 5  5 pixel window. As
GE1 and PL1 images were acquired with radiometric resolution
of 12 bits, and the WV2 images with 16 bit resolution, the grey values were divided into 5 bins for GE1 and PL1 (0–255, 256–511,
512–1023, 1024–2047, 2048–4095) and 9 bins for WV2 (0–255,
256–511, 512–1023, 1024–2047, 2048–4095, 4096–8191, 8192–
16,383, 16,384–32,767, 32,768–65,535). For each bin the mean
normalized standard deviation was computed and used as noise
value.
In Tables 2–4 the noise estimation values of the panchromatic
and multi-spectral bands of the seven images are reported. In some
cases, the lack of values in a bin does not allow the measure of the
standard deviation (N/A values in the table).

Fig. 6. Examples of artefacts found in GE1 images.

Considering the GE1 images, the noise values are quite small
and similar all over the bins. In both scenes the bands R and NIR,
and the ﬁnal 2 bins (1024–2047 and 2048–4095) have too few values to extract a signiﬁcant noise value.
In case of WV2, the panchromatic and the 8 multi-spectral
bands were analysed. The small noise values conﬁrm a good quality of the data. The values calculated for the same band in the two
images are generally very similar. A different behaviour is observed
only in case of Red-Edge band in two bins characterized by high
radiometric values. Except for the near IR 1 and 2 bands, the information is nested in the central part of the bins, i.e. from 2048 to
32,767. In case of near IR 1 and 2, the information is shifted to
the lower bins. Finally the ﬁrst and last bins are almost unused
and cannot be considered for the radiometric analysis.

Fig. 5. Zoom in building area in the three Pléiades images over Trento, acquired with along-track acquisition angles 18° (left),

13° (centre) and 13° (right).
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Table 4
Noise estimation values for each bin of panchromatic and multispectral bands of
Pléiades triplet.

Fig. 7. Examples of artefacts in WV2 images.

Table 2
Noise estimation values for each bin of the four multispectral bands of GE1 stereopair.
Channel

Image

0
255

256
511

512
1023

1024
2047

2048
4095

Pan
Pan
Red
Red
Green
Green
Blue
Blue
NIR
NIR

1
2
1
2
1
2
1
2
1
2

2.16
2.11
2.44
2.36
2.45
2.33
2.52
2.40
2.62
2.52

2.24
2.03
2.56
2.47
2.68
2.59
2.66
2.51
2.49
2.46

2.40
2.50
2.64
2.56
2.68
2.53
2.66
2.52
2.50
2.45

2.51
2.55
N/A
0.68
2.84
1.63
2.81
2.69
0.60
0.92

2.58
2.57
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Channel

Image

0
255

256
511

512
1023

1024
2047

2048
4095

Pan
Pan
Pan
Red
Red
Red
Green
Green
Green
Blue
Blue
Blue
NIR
NIR
NIR

1
2
3
1
2
3
1
2
3
1
2
3
1
2
3

2.26
2.06
2.27
2.07
1.93
2.10
2.14
1.97
2.17
2.56
N/A
2.57
1.60
1.33
1.58

2.28
2.06
2.30
2.26
2.03
2.33
2.40
2.18
2.44
2.49
2.50
2.50
2.08
2.05
2.07

2.60
2.60
2.60
2.52
2.57
2.04
2.60
2.16
2.60
2.51
2.40
2.57
2.39
2.10
2.39

2.61
2.61
2.69
N/A
N/A
N/A
2.62
2.79
N/A
2.63
N/A
N/A
2.43
2.57
2.63

2.60
2.63
2.70
N/A
N/A
N/A
2.62
2.80
N/A
2.65
N/A
N/A
2.50
2.63
2.75

For all the considered data, the radiometric analysis shows a
quite good noise robustness and DN stability. This information
can be easily related to the goodness and the accuracy of the
DSM derived.
3.3. MTF analysis

For PL1 images both panchromatic and multispectral information was investigated. Also in this case, the triplet shows small
noise values that do not vary signiﬁcantly between bins. The small
differences in noise values between images 1, 2 and 3 are likely due
to the acquisition angle differences. Taking into account the R, G, B
and NIR channels, again, small noise values are observed. In case of
image 2 the information is concentrated in the bins 2 (255–511)
and 3 (512–1023), respectively. In general the radiometric analysis
showed that all the Pléiades images are highly homogeneous, have
low noise level and do not present saturation effects. It is interesting to notice that, as for the GE1 data, the R band concentrates all
the information in the ﬁrst 3 bins. However, in order to understand
the meaning of this distribution in the considered scenario, further
analysis needs to be conducted.

The Modulation Transfer Function (MTF) is used to estimate the
spatial performance of an imaging sensor. In case of on-orbit MTF
estimation, the edge method is generally used (Choi, 2002; Helder
and Choi, 2003; Kohm, 2004; Leger et al., 2004; Crespi and De
Vendictis, 2009). According to this approach, an edge is ﬁrst
selected in an image and its location determined with sub-pixel
accuracy, then the edge is interpolated using cubic splines and
averaged by the sub-pixel edge location to obtain an Edge Spread
Function (ESF). The ESF is differentiated to obtain the Line Spread
Function (LSF), which is Fourier-transformed and normalized to
obtain the corresponding MTF. For the radiometric analysis, two
parameters are analysed: the MTF value at the Nyquist frequency
and the Full-Width Half-Maximum (FWHM), which directly measures the width of the blurring function.
For the VHR sensors in the Trento testﬁeld, artiﬁcial edge targets were not available and the analysis was conducted on natural
and man-made targets, identiﬁed along agricultural ﬁelds and
building roofs, showing a sharp transition between dark and bright
areas. Only the panchromatic bands of the images were analysed.

Table 3
Noise estimation values for each bin of panchromatic and multispectral band of WV2 stereopair.
Channel

Image

0
255

256
511

512
1023

1024
2047

2048
4095

4096
8191

8192
16,383

16,384
32,767

32,768
65,535

Pan
Pan
Coastal
Coastal
Blue
Blue
Green
Green
Yellow
Yellow
Red
Red
Red-Edge
Red-Edge
Near-IR1
Near-IR1
Near-IR2
Near-IR2

1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
1.55
1.43
1.58
1.35

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
2.37
2.33
2.26
2.24
2.27
2.25

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
2.43
2.57
2.31
2.27
2.25
2.24

2.50
2.45
2.40
2.45
2.52
2.50
2.38
2.36
2.35
2.38
2.45
2.32
2.30
2.32
2.43
2.53
2.60
2.54

2.54
2.50
2.55
2.40
2.43
2.52
2.44
2.45
2.46
2.50
2.51
2.48
2.53
2.48
2.44
2.45
2.36
2.35

2.60
2.60
2.50
2.52
2.50
2.50
2.48
2.49
2.52
2.51
2.47
2.46
2.30
N/A
N/A
N/A
N/A
N/A

2.58
2.60
2.56
2.54
2.56
2.55
2.53
2.54
2.52
2.58
2.55
2.61
2.58
N/A
N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
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The ﬁrst step consisted in manually identifying various natural
and man-made linear structures. In order to perform the MTF analysis in along-track and across-track direction, the chosen edges
have been selected with an orientation as much parallel to the ﬂying direction (along-track) and its perpendicular (across-track)
(Fig. 8).
In the available images several edges were selected:
– Twenty edges in both directions in the overlapping area of the
GE1.
– Twenty-ﬁve edges in both directions in the overlapping area of
the WV2.
– Twenty edges in both directions in the overlapping area of the
PL1.
– The MTF values at Nyquist frequency and the FWHM values
have been estimated for all the considered edges. The results
were combined into average values for the along- and acrosstrack direction as shown in Table 5.
For all sensors, the MTF values at Nyquist frequency range from
0.23 to 0.26 in across-track direction and between 0.18 and 0.22 in
along-track direction, thus showing a better resolution in the CCD
line direction than the ﬂying direction. This behaviour is reﬂected
in the FWHM values, which range from 1.41 to 1.51 pixels in
across-track direction and between 1.56 and 1.58 pixels in the
along-track direction. The results are in line with the investigations
carried out on the panchromatic band of WorldView-1 in (Crespi and
De Vendictis, 2009) using MTF on natural edges. Reference values for
direct comparison of GE1 and PL1 analysis based on ESF on natural
targets are less evident. In case of GE1, the MTF value at Nyquist
frequency measured on artiﬁcial target is reported as 0.16+ / 0.01
(http://calval.cr.usgs.gov/wordpress/wp-content/uploads/Podger_
2012_JACIE_GeoEye-1_Image_Quality.pdf). In case of PL1, the
on-board in-ﬂight MTF is assessed as 0.15 in the Pléiades Imagery
User Guide (Astrium, 2012), presumably with artiﬁcial targets.
By comparing the MTF and FWHM values to the image acquisition angles, a trend is observed, the radiometric quality being
slightly worse when increasing off-nadir angels (in absolute value).
The two stereopairs and the triplet were acquired in one pass
with time difference in the order of seconds between the single
images. Therefore the sun illumination remains constant in terms
of azimuth and elevation during the stereopair and triplet acquisition and can be hardly considered responsible for any differences
in the MTF and FWHM values. The sun illumination conditions
are quite similar between the three datasets, too.
4. Image orientation and DSM generation
The geometric analysis was conducted on the VHR panchromatic bands of the three images, using opticalSCAPE software

(sarmap, 2013). The software, developed by sarmap AG in collaboration with 4DiXplorer AG (4DiXplorer, 2013), works in ENVI environment and supports the processing of spaceborne images in term
of radiometric processing, image orientation, automatic DSM generation, DSM fusion, orthoimage generation and pan-sharpening.
opticalSCAPE includes the geometric operations already available
in SAT-PP software (4DiXplorer, 2013), but improved in terms of
usability and performance.
The same processing line was followed for GE1 and WV2 stereopairs and PL1 triplet. The sensor model used for image orientation
was based on Rational Polynomial Functions, whose coefﬁcients
(RPC) were available for each scene as metadata information. RPFs
are a generic alternative to rigorous sensor models and describe
the relationship between image and ground coordinates, through
rational polynomials (Poli and Toutin, 2012). The accuracy of the
orientation described by the given RPC was evaluated in correspondence with the available ground points. The number of points
used for the analysis is different for each sensor, because it
depends on the data extent and visibility in the scenes. In fact,
due to the different acquisition angles and sun illumination conditions, some points were not visible.
In general, the coordinate difference was in the range 3–12 m
for Pléiades, 3–10 m for WV2 and 4–8 m for GE1, and larger discrepancies were located in steeper areas. Generally these errors
show a systematic behaviour and are caused by uncertainties
about the exterior orientation parameters, but can be reduced by
estimating correction parameters in a bundle adjustment with a
suitable number of ground control and tie points. In case of GE1,
WV2 and PL1 scenes, the RPC correction model was based on an
afﬁne transformation (six parameters). For each dataset, a block
adjustment was run using a minimum of four ground control
points (GCPs) and six parameters were estimated for the RPCs of
each scene. The number of GCPs and Check Points (CPs) for each
dataset together with the results achieved in terms of Root Mean
Square Errors (RMSE) are summarized in Table 6. As shown, satisfactory accuracies in the 3D geolocation for the stereopairs and the
triplet were achieved.
The DSMs were then generated with a multi-image least-square
matching algorithm, as described in (Zhang, 2005; Poli et al., 2009),
based on a multi-resolution and multi-feature approach. The algorithm starts from an initialization given by the tie points measured
during image orientation and by some seed points manually measured in the stereo pairs in correspondence with critical height discontinuities to approximate the terrain’s shape. The algorithm
extracts and matches interest points, feature lines and regularly
distributed points (every 5 px) which are then converted into 3D
object coordinates and interpolated with a grid space of 1 m.
The grid is produced in order to create a regular point cloud of
the surveyed terrain. For each DSM, an average number of 25 seed
points was initially measured. Critical areas included steep slopes

Fig. 8. Example of edge selection in GeoEye images: (left) sample in along-track, (right) sample in across-track direction.
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Table 5
Radiometric analysis of panchromatic bands: image acquisition information and MTF and FWHM values.
Image

Date UTC time

GE1_1
GE1_2
WV2_1
WV2_2
PL1_1
PL1_2
PL1_3

28/9/2011 10:20 am

Sun illumination

22/10/2010 10:40 am
28/8/2012 10:22 am

Off-nadir

Azimuth

Elevation

164.6
164.6
163.2
163.6
157.8
158.2
157.8

40.9
40.9
54.9
54.9
51.8
51.8
51.8

15.0
20.0
15.9
14.0
12.4
12.7
17.4

Edges across-track

Edges along-track

MTF at Nyquist

FWHM (pixels)

MTF at Nyquist

FWHM (pixels)

0.23
0.24
0.26
0.24
0.23
0.24
0.24

1.51
1.48
1.42
1.44
1.42
1.41
1.42

0.20
0.22
0.21
0.18
0.19
0.18
0.20

1.58
1.56
1.55
1.58
1.57
1.56
1.56

of the south–west mountain and north–east valley as well as the
river or bridges above streets. The DSMs were neither manually
edited nor ﬁltered. In case of PL1 triplet, three surface models were
generated: two DSMs were obtained using two image combinations (images 1–2 and images 2–3) and the third one using the
three images simultaneously (multi-image matching). Fig. 9 shows
part of the DSM generated from the PL1 triplet.
5. DSM quality analysis
The DSMs extracted from GE1, WV2 and PL1 were analysed
using different procedures.
5.1. Visual inspection and shape analysis
By visual inspection, in the mountain area on the west–south
side of Trento, characterized by steep mountains and large height
differences, the shape of valleys, mountain sides and ridges and
even roads are well modelled. In urban areas the road network,
building blocks and large single buildings can be clearly recognised
in the surface model, as well as the shape of large buildings
(Fig. 10, left and Fig. 11, left). In rural areas, adjacent ﬁelds, vegetation, and buildings are recognised on ﬂat or hilly terrain. The surface is well modelled even on homogeneous areas, like rural
ﬁelds, that are critical for image matching (Fig. 10, right and
Fig. 11, right).
5.2. Comparison with LiDAR DSM
The quality of the three surface models was also evaluated
using the LiDAR DSM as reference (1 m resolution). The analysis
was focused on three test areas: 1. Trento city centre, characterized
by small buildings close to each other, 2. Trento train station, with
large ﬂat buildings and open areas and 3. Fersina residential area,
with separated buildings and open areas. The height differences
between the DSM generated from GE1, WV2 and PL1 and the
LiDAR DSM were computed, together with their statistics (minimum and maximum values, mean and median value, standard
deviation and root mean square error (RMSE)). Table 7 shows the
test area location, the reference LiDAR DSM, the GE1, WV2 and
PL1 DSMs, the error maps, and the corresponding histograms and
statistics. In the error maps the height differences in the range

Table 6
Results of image orientation (in meters) in East, North and height directions.
Dataset

GE1
WV2
PL1

Number of GCPs

5
7
7

Number of CPs

12
15
15

RMSE
E

N

h

0.35
0.42
0.60

0.46
0.38
0.58

0.50
0.51
0.73

Fig. 9. DSM from the Pléiades triplet visualized in colour–shaded mode.

[ 1 m, 1 m] were plotted in white, as they are within the intrinsic
precision of the sensors, while large positive and negative errors
were highlighted in red (LiDAR above the DSM) and blue (DSM
above LiDAR), respectively.
From the analysis of the error maps and statistics, there is a
good agreement between the DSMs generated from the VHR satellite scenes and the LiDAR one.
In the historic centre of Trento, characterized by small adjacent
units and narrow streets, the height of the roofs is estimated quite
well in the image-based DSMs, but the height of narrow streets
between buildings is overestimated (DSM above LiDAR), as narrow
streets are not visible in the stereo-pairs and triplet (occlusions) or
in dark shadows. In theory, these situations should occur to a limited extent using a triplet, as in case of Pléiades, but, as mentioned
above, the current triplet does not include a nadir scene.
The red spots in Trento city centre occur in correspondence
with two churches and are due to matching failure caused by the
special homogeneous material used for the roof cover. Manual
measurements of seed points on the two buildings could solve
the problem.
Some other blunders in the test areas are due to the presence of
temporary objects, like construction sites, changes in the urban
environment between the acquisition dates of LiDAR scans and
images and presence of trees, not included in the LiDAR DSM. This
is the case for the red blunder near the train station, highlighted in
blue.
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Fig. 10. Zoom in the images (above) and in the PL1 DSM (below) over city centre (left, with a large building highlighted in blue) and rural areas (right). (For interpretation of
the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 11. Zoom in the images (above) and in the GE1 DSM (below) over Trento (left) and a steep rural area (right).

The statistics of each test area and the error frequency distributions conﬁrm the analysis. The minimum and maximum values are
due to the above-mentioned situations and affect the value of the
average and RMSE, but the median results are close to zero.
The analysis of the height proﬁles (last row in Table 7) conﬁrms
that the Pléiades DSM (orange line) follow well the LiDAR DSM (red
line) on buildings and open areas, but overestimates the height
of narrow streets between buildings. The matching error in

correspondence with the church roof cover (city centre) and the
urban change (train station area) are also evident in the proﬁles.
Regarding the third test area (Trento Fersina), signiﬁcant height
differences occur in correspondence with trees (blue areas) and
between tall buildings. The height proﬁles in one problematic area
conﬁrm that the tall buildings are identiﬁed in the DSMs as height
peaks, but they are not completed separated, as the area between
them is occluded in the images or in shadow.
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Table 7
Quality evaluation of GE1, WV2 and PL1 DSMs with respect to the LiDAR DSM: orthophoto with test areas contour (light blue) and proﬁle transect (yellow),
LiDAR DSM, GE1 DSM, WV2 DSM, PL1 DSM, error map, error histogram, statistics (minimum, maximum, mean l, standard deviation r, RMSE) and height
proﬁles. All values are in meters.

Trento train station

Trento Fersina

Error frequency distribution

Error map GE1

GE1 DSM

Lidar DSM

Orthophoto

Trento centre

min: -44.4, max: 26.5
σ: 6.6

μ: 2.3
RMSE: 6.9

min: -28.1, max: 53.5
σ: 6.9

μ: 1.7
RMSE: 7.1

min: -46.3, max: 28.8
σ: 7.4

μ: 0.5
RMSE: 7.9
(continued on next page)
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Table 7 (continued)

Trento train station

Trento Fersina

Error frequency WV2

Error map WV2

WV2 DSM

Trento centre

min: -53.9, max: 26.7

min: -39.0, max: 58.4
σ: 7.1

μ: 0.7
RMSE: 7.4

min: -43.7, max: 27.7
σ: 8.5

μ: 0.3
RMSE: 8.5

Error map of PL1 DSM

Pléiades PL1 DSM

σ: 7.1

μ: 1.9
RMSE: 7.4

(continued on next page)
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Table 7 (continued)

Trento train station

Trento Fersina

Error frequency of PL1 DSM

Trento centre

μ: 1.4
RMSE: 6.1

min: -33.1, max: 54.7
σ: 6.4

μ: 1.0
RMSE: 6.5

min: -42.9, max: 24.2
σ: 6.7

μ: 0.3
RMSE: 8.5

Profiles: Lidar, GE1, WV2, PL1

min: -42.4, max: 24.2
σ: 5.9

The statistics of the comparison to the LiDAR DSM on the three
study areas for the three sensors as summarized conﬁrm the
analysis.
5.3. Comparison between Pléiades triplet and pair DSMs
To complete the analysis, the DSM obtained from the PL1 triplet
was compared to the two models obtained from stereopairs. From
the visual inspection there is a good agreement between the stereo
and triplet DSM. The height differences with respect to the reference Lidar DSM were computed and no signiﬁcant differences in
the statistics were observed. The advantage of using one additional
view is visible in speciﬁc situations, when local blunders due to
occlusions occur. For example, the yellow circles in Fig. 12 highlight an example of local errors in the DSM generated from images
1 and 2, that do not occur in the DSM generated from images 2 and
3. Other similar situations were observed. The advantage of working with a triplet is that those situations are mitigated or completely solved by combining the three views. It should also be
underlined that the stereo conﬁguration of the current triplet is
not optimal, as two scenes were acquired with forward viewing
and one scene with backward viewing. The availability of a nadir
scene would probably reduce the occlusions and increase the
matching performance.

the previous section, GE1, WV2 and PL1 DSMs showed very similar
characteristics in urban areas, both from visual inspection and
quantitative evaluation, so for our evaluation only one DSM, the
GE1 DSM, was employed. The aim was to derive almost automatically LoD1 and LoD2 building models of a small urban area and
compare it to the results achieved using the 1 m-grid DSMs from
the aerial images (25 cm GSD) and LiDAR available for the Trento
testﬁeld. The DSM was coupled with two sources of topographic
maps (at different nominal scales):
– A map at scale 1:10,000 including building footprints and a
rough classiﬁcation of the building types (residential, religious,
commercial/industrial, etc.). The building footprints are given
for the single building or, sometimes, as a generalized group
of adjacent buildings. This map was used for the LOD1
generation.
– A map at scale 1:1000 including buildings represented individually or, sometimes, segmented into sub-footprints, each one
representing a speciﬁc building part. This map was used for
the LOD2 generation.
– The building models were generated using the Building REConstruction (BREC) software by VirtualCitySystems (BREC, 2014).
BREC is a software that generates 3D buildings models in
LoD1 and LoD2 starting from a DTM and a DSM (e.g. from airborne LiDAR) and 2D building (e.g. cadastral) footprints as input
data.

6. Building model generation from DSM
Once the quality of the DSM was evaluated, further investigations were done to study the potential of DSMs from VHR spaceborne sensors for automatic building extraction. As concluded in

The LOD1 models are shown in Fig. 13. The results achieved
with the different DSMs are very similar, as the planimetry is
deﬁned by the topographic map. The height differences can be
detected from a simple visual inspection. In particular the GE1
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Fig. 12. Zoom in PL1 DSMs from stereopair 1–2 (left) and 2–3 (right). The yellow circles highlights differences in the two DSMs. (For interpretation of the references to colour
in this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 13. LoD1 building models obtained using 1:10,000 topographic map and DSM from GE1 (a), airborne images (b) and LiDAR (c).

Fig. 14. LoD2 building models obtained using 1:1000 topographic map and DSM from GE1 (a), airborne images (b) and LiDAR (c).

Table 8
Mean of the residual values in height (difference between topography and automated reconstruction) and percentage of correctly reconstructed buildings in the test area (judged
by visual inspection).
Sensor

3D DATA

GE1
Airborne
Lidar

Mean of the residuals with respect to topographic survey

Percentage of correctly modelled buildings

1:1000 (m)

1:10,000 (m)

1:1000 (%)

1:10,000 (%)

1.94
1.82
0.64

2.06
1.98
0.51

41
59
67

32
47
61

model tends to overestimate the correct height value of little buildings located very close to higher ones, in accordance to the conclusions from the previous section (smoothing effect in the graphs of
Table 5).
The LOD2 building models are shown in Fig. 14. Even from a simple visual inspection it can be observed that the roof reconstruction
is very different according to the input data: the results achieved
using the airborne and the LiDAR data look better than the results
achieved using the GE1 DSM. This is mainly due to the higher level
of noise of the satellite DSM. For a more quantitative analysis, 17

building models of different shapes and dimensions were compared
to the real dimensions of buildings measured by topographic survey. The means of the residual values in height are reported in
Table 8. From their analysis it clearly emerges that the higher level
of accuracy in the topographic map inﬂuences the height accuracy
of the resulting 3D building model. Table 8 also reports the percentage of correctly reconstructed buildings according to their input
data (stated by a visual inspection aided by orthophotos). More
details about the procedure adopted are given in (Macay Moreia
et al., 2013).
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7. Conclusions
The aim of the paper was to investigate the radiometric and
geometric characteristics of three VHR optical sensors carried on
satellite platforms. For this scope, the satellite data contained in
the testﬁeld on Trento (Italy) were used: a stereopair acquired by
GeoEye-1 (GE1) on 28 September 2011, a stereopair acquired by
WorlView-2 (WV2) on 22 August 2010, and one triplet acquired
by Pleaiades-1A (PL1) on 28 August 2012.
From a radiometric point of view, all the data considered
showed a good noise robustness and DN stability in both panchromatic and multispectral bands and homogenous values from MTF
analysis. Some saturation and spilling effects were observed in
GE1 and WV2 images.
For the geometric analysis, the image orientation given by the
Rational Polynomial Coefﬁcients was improved with an afﬁne
transformation and ground control points. Two DSMs were generated from the GE1 and WV2 stereopairs, while three DSMs were
generated from the PL1 triplet: two from two stereo image combinations and one from the three images simultaneously. The ﬁve
DSMs were not manually edited nor ﬁltered in post-processing.
In general the DSMs model well the terrain with different topography (ﬂat, hilly and mountains) and 3D features on it (buildings,
infrastructures, roads), but local blunders can be removed, or at
least reduced, when the triplet is used, instead of two scenes.
The quality of the DSMs was assessed quantitatively using a Lidar
DSM as reference. The statistics on three study areas shows mean
values close to zero and RMSE in the range of 6.1–8.5 m. The three
surface models give similar results in terms of minimum and maximum values, mean value and RMSE, Pléiades being slightly better
than the other two. It should be taken into account that the results
are affected by (1) presence of trees and forests, as they are not
modelled in the LiDAR DSM, (2) temporal changes between LiDAR
and satellite images (building removal or construction, construction sites, etc.). In general there is a good agreement between the
three surface models generated by GE1, WV2 and PL1. For the three
optical sensors, errors occurred in case of occlusions (i.e. narrow
streets in urban areas), shadows (i.e. close to tall buildings) and
other homogeneous textures (i.e. special roof covers), presence of
trees (not modelled in the LiDAR DSM) and changes in land cover
between LiDAR and images acquisition dates.
The surface reconstruction from Pléiades triplet could be
improved with more suitable acquisition geometry. In fact we
expect that a conﬁguration with one nadir and two off-nadir
scenes (one forward, one backward viewing) will bring signiﬁcant
improvements in the automatic DSM generation, instead of the
conﬁguration of the current triplet, with three off-nadir scenes. A
nadir scene is also preferred at the ortho-rectiﬁcation stage.
The DSM analysis is conﬁrmed by the comparison of the LOD1
and LOD2 building models extracted automatically from the GE1
DSM and the LiDAR DSM and a DSM from aerial images, in combination to 1:10,000 and 1:1000 maps respectively.
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