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ABSTRACT:

Today the use of spaceborne Very High Spatial R#deal (VHSR) optical sensors for automatic 3D infiation extraction is
increasing in the scientific and civil communitidhie 3D Optical Metrology (3DOM) Unit of the Brutessler Foundation (FBK)
in Trento (Italy) has collected stereo VHSR sdteiinagery, as well as aerial and terrestrial da&a Trento, with the aim to create
a complete data collection with state-of-the-atasets for investigations on image analysis, autiora@ital surface model (DSM)
generation, 2D/3D feature extraction, city modeglland data fusion. The testfield region coverscityeof Trento, characterised by
very dense urban (historical centre), residentia endustrial areas, and the surrounding hills srgkp mountains (approximate

height range 200-2100 m) with cultivations, forestd bare soil.

This paper reports the analysis conducted in FBKthen VHSR spaceborne imagery of Trento testfield 3D information
extraction. The data include two stereo-pairs aeguby WorldView-2 in August 2010 and by GeoEyailSeptember 2011 in
panchromatic and multispectral mode, together withir original Rational Polynomial Coefficients (&R and the position and
description of well distributed ground points. Feference and validation, a DSM from airborne LiDABquisition is used. The
paper gives details on the project and the datelsatacteristics. The results achieved by 3DOM orviD&traction from
WorldView-2 and GeoEye-1 stereo-pairs are showncamdmented.

1. INTRODUCTION

The 3D Optical Metrology (3DOM) unit of the Brunoeksler
Foundation (FBK) in Trento (Italy) is building astéeld by
collecting high resolution (HR) and very high regmn (VHR)
satellite imagery, airborne and UAV images and aptiotos,
LIiDAR scans, and a network of circa 70 ground canpoints.
The testfield region is centred on the city of Toen
characterised by an historical centre, resideatmal industrial
areas and is surrounded by hills and steep mousntaiith a
variety of differently agricultural areas, foreatsd bare soil.
The aim is to build state-of-the-art datasets $b neethods and
algorithms for image radiometric analysis, triargian and
geo-referencing, automatic surface modelling, 2Df8Bture
extraction, change detection and data fusion.

This paper focuses on the processing of the vely fesolution
(VHR) satellite imagery available in the testfiior digital
surface model (DSM) extraction. Spaceborne VHR capti
sensors are able to scan any point of the Earfacguwith a
ground spatial resolution around half meter andwvsit time in
the order of few days; through their very agile o@nring
they can also acquire stereo data within the sabigjost using
the CCD line combination, by pointing at the sameaarom
two or more orbit positions (Poli and Toutin, 201Zhanks to
the improved acquisition technology, this new classvHR
sensors allows surface modelling up to buildingeleof detail,
in 2.5D (DSM) or even in 3D (object extraction) ([Pet al.
2009; Arefi and Reinartz, 2011; d’Angelo and ReinaP011;
Capalbo et al., 2012; Poli and Caravaggi, 2012).

The paper introduces the project, with information the
testfield characteristics and activity plan, andsalibes the
processing carried out on WorldView-2 and GeoEyseteo-
pairs. The images were oriented using the availgbtaind
control points and digital surface models were gateel with
area- and feature-based least-square image matchimg
DSMs were compared both qualitatively (visual asaly and

quantitatively, using the LIDAR as reference. Tlesults are
presented and commented.

2. TEST AREA AND DATA SOURCES

The test area is located in Trento, a city of abbib.000

inhabitants in the Trentino-Alto Adige region (Nwegst of
Italy). It lies on the banks of the river Adigetire homonymous
valley (North-South direction) and is surroundedttzmnd West,
by the Alps (Fig. 1). The testfield varies from anbareas with
residential, industrial and commercial buildings different

sizes and heights, to agricultural or forested saread rocky
steep surfaces, offering therefore a heterogenmdscape in
term of geometrical complexity, land use and covée city of

Trento lies circa 200 m a.s.l., while the nearbgksereach as
high as 2100 m.

2.1 Data sources

Several heterogeneous datasets were identifiedl@cted at
varying spatial resolution, ranging from satelliteagery to

aerial imagery, LIDAR data, GNSS surveyed pointkS Gata,

etc. A global overview about the extents of theaareovered by
each type of imagery data is given in Fig. 1. Fampleteness,
existing data available also from other institusioon the
territory (e.g. the Autonomous Province of Trentthe

Municipality of Trento, RSLab of the University @fento) are
mentioned in the following list.

The spaceborne data are summarised in Table Inelodlé:

- WorldView-2 (WV?2) stereo-pair: the processing levsl|
Stereo 1B, i.e. the images are radiometrically sadsor

corrected, but not projected to a plane using a map

projection or datum, thus keeping the original asitjan
geometry. The available channels are the panchiomag
and eight multispectral ones. In addition to thendard
multispectral bands (blue, green, red, near infare



Figure 1. [Left] Approximate spatial extents ofedite and aerial imagery over the Trent testfidl

oy T

extents of each imagery type

projected onto the DSM: WorldView-2 stereo-pairdjfeGeoEye-1 stereo-pair (yellow), Quickbird scef@gen and cyan), aerial

(white) and UAV (violet). SPOT imagery is not deeid, as it com

prises the whole area. [Right] Distion of ground points with

respect to WorldView-2 (red) and GeoEye-1 (yellimvagery extent, with corresponding metadata andggaphic information.

WorldView-2 scans in the coastal (400-450 nm), opell
(585-625 nm), red edge (705-745 nm) and near edf-2r
(860-1040 nm) spectral ranges. The images covaremnof
17.64x17.64 km and have an overlap of 100%. Thgawna
were provided with Rational Polynomial Coefficients
(RPCs). )

- GeoEye-1 (GE1) stereo-pair: the stereo images haoeo
overlap and are provided as GeoStereo productjghtitey
are projected to a constant base elevation. Théabla
bands are the panchromatic one and four multisplectr
bands (blue, green, red, and near infrared). Thegas
cover an area of 10x10 km. For each image the RRCs
provided.

t

Trento GNSS permanent station in order to achiele s
decimetre accuracy.

12 ground points, located on building corners aodfs
acquired in January 2012 by Total Station.

GIS vector data for the whole province of Trentmnsisting
(mainly) of a topographic map at nominal scale :40000,
and a set of 447 cadastral maps in vector formatminal
scale of 1:1000.

Table 1. Characteristics of satellite imagery i thirento

estfield. PAN: panchromatic, MS4: multispectral l¢ands),

MS8: multispectral (8 bands), GSD: Ground Sampkddice.

- Quickbird images: two single scenes were acqyimeda(d) Acquisition AVG. |isa W size v
October 2005 and 17 July 2006, respectively. The Sensor date  |Bands|GSD i k) | Licensee
panchromatic and multispectral channels are aveilab [m]

- SPOT-5 images: a scene was acquired over Trent®lon | Quickbird | 30 Oct 200% EAAS": g'i 14,75 7,51 | Univ. Trentq
August 2008 with the HRG sensor (2.5 m GSD, PAN 0-6
panchromatic) and VEGETATION sensor (10 m GSD, Quickbird | 17 Jul 2008 \,c, | 54 |15,08) 9,20 Univ. Trentd
multispectral). SPOT5-VEG| 31 Aug 2006 MS4 | 10.0| 36,2836,13| Univ. Trento

The airborne data include: SPOTEHRG |31 Aug 206| PAN | 2.5 |36,2:]36,0¢| Univ. Trentc

- Araster-based DSM (with the filtered DTM) deriviedm a Wv2 |22 Aug 2010 PAN | 091147 64l 1764 FBK
LIDAR flight in 2006/7 at ca. 1.3 pointsfriThe DSM has a MS8 | 2.C
grid space of 1 m (2 m in some scarcely inhabited wwv2 22 Aug 201 ;’g’; 02'501 17,64/17,64] FBK
mountainous areas). The height accuracy for thginadi PAN 0'50
LIDAR data is given as,=15 cm for the DSM, and,=30 GE1 28 Sep 201 o4 | 5 o [10.00110,00  FBK
cm for the DTM. The LIDAR DSM was considered the PAN | 0.50
reference dataset for the geometric analyses. GE1 28 Sep 2011\ 1oy | 5 ¢ |10,00110,00  FBK

- A set of 230 digital orthophotos produced in 2068 2009,
with a ground sample distance (GSD) of 50 cm.
- A block of 10 nadir aerial images acquired in 200¢h a

3. PROCESSING OF VHR SATELLITE IMAGES

Other data include:

RMKTOP15 analogic camera over the city of TrentoThe WV2 image pair was acquired 22 August 2010iac
(overlap of 60% along track and 30% across tratke  10:40 am (GMT). The first image was recorded inwind
digitised images have an average GSD of ca. 12 cm. scanning mode with an average in-track viewing engl15.9,
A block of about 180 UAV images acquired in Januarywhile the second one was acquired in reverse stgarmode
2012 with a Microdrones MD4-200 mounting a Pentaxwith an average in-track viewing angle of -1’4.Cloud cover
Optio A40 digital camera (overlap of 80% along kand in both images is 10% or less. The forward-lookingge was
40% across track). The images have an average &8& o delivered in 4 tiles, while the backward-lookingage was
3cm. delivered in 5 tiles. A scale and radiometric exbngd changes
between the two images is given in Fig. 2 (top).

The GEL1 stereo pair was acquired 28 September 20titca

About 70 ground points, acquired in spring/sumn@12oy 10:20 am (GMT). Both images were recorded in revers

means of a GNSS receiver and post-processed useng t



scanning position, with a nominal in-track viewiaggle of
about 15° in forward direction and -20° in backwalitection
(Fig. 2, bottom). Cloud cover in both images is 4fbless.
Some small errors occurred in the images (saturasipilling),
due to the presence of reflective surfaces, in éaatibn with
the incidence angles. Fig. 3 and Fig. 4 show sommples.

Figure 2. Zoom in the stereo satellite images am $hme
building block. [Top] WV2 forward-looking (left) a&h
backward-viewing (right) images. [Bottom] GE1 fomdg(left)
and backward (right) images.
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Fiure 3. Example of artefacts found in GE1 ima

3.1 Orientation and DSM generation

For the geometric processing of the WorldView-2 @®bEye-

1 stereo-scenes, the commercial software SAT-PPT¢MHite
image Precision Processing) by 4DiXplorer AG
(http://www.4dixplorer.com was used. Information about the
software functionalities and the approaches for gena
orientation and DSM generation is given in Poliakt(2009).
The images were oriented based on the RPC-based|,nyd
estimating the parameters modelling an affine fransation to
remove systematic errors in the given RPCs. ThHenason is
run simultaneously for the two stereo images oheqaeir in a
block adjustment. For this operation, a selectibravailable
ground points visible in both images was used. A-inel
accuracy was reached in the orientation both for2Vedd GE1
stereo-pairs.

The DSMs were generated with a multi-image leagasg)
matching, as described in Poli et al. (2009), usirgyid space
equal to 2 times the GSD, which leads to 1 m gegenet
resolution surface models. Few seed points wereuatign
measured in the stereo images in correspondendeeight
discontinuities to approximate the surface. The [BShere
neither manually edited nor filtered after theingeation. Fig. 5
shows the DSM obtained from GELlin its full extendawo
zooms in the city centre and in hilly rural area.

For 3D realistic visualization, the GE1 panchroma#nd
multispectral channels of the forward image wenesparpened
and orthorectified on the GE1 DSM. The result isvamin Fig.

6

Figure 5. DSM from the GE1 stereo-pair. [Top] vigation in
colour-shaded mode in SAT-PP software. [Bottom]raaaver
Trento (left) and a steep rural area (right).



Figure 6. 3D visualizatiorin ERDAS VirtualGlSof thetextured
model of Trento produced using GE1 stereo images.

3.2 DSM quality analysis

In general, the DSMs were successfully generatmech fV\v2
and GEL1 stereo images. In the mountain area oweise-south
side of Trento, characterised by steep mountairts large
height difference, the shape of valleys, mountades and
ridges and even roads is well modelled. In urb@asrbuilding
agglomerations, blocks with different heights, tbad network,
some infrastructures (i.e. bridges), and riversvae# outlined.
In rural areas, adjacent fields, vegetation, anddings are
recognised on flat or hilly terrain (Fig. 5).

For quality evaluation, we compared the WV2 and GEIMs
with the LIDAR one in three areas, and computedstagistics
of the height differences, in terms of minimum aneximum
values, mean value, standard deviation and rootnnsgaare
error (RMSE). Table 2 shows the test area locatitwe
reference LIDAR DSM, the GE1 and WV2 DSMs and ttrere
maps, together with the frequency histograms aatissts.

In the error maps the height differences in thgegpl m, 1 m]
were plotted in white, as they are within the imgi¢ precision
of the sensors, while large positive and negativers were
highlighted in red (LIDAR above the DSM) and blueSM
above LiDAR), respectively. From the analysis of thSMs
behaviour in the historic centre of Trento, chagdsed by
small adjacent units and narrow streets, the heigtite roofs is
estimated quite well. Errors are encountered betvbeddings,
as narrow streets are not visible in the steremspdue to
shadows or occlusions. In these cases the two D8dlabove
the LIDAR one, as they do not model the streetlleéliee two
large red spots (highlighted in red and blue intHi2AR DSM)
occur on churches, both in GE1 and WV2 DSMs. Thichiiag
failure is likely due to the homogeneous materigédifor the
roof cover, the shadowing, and, eventually, theucstire
geometry. The manual measurements of seed poirttseomvo
buildings would certainly help the matching proceduThe
values in the statistics confirm the analysis. Mkaht profiles
indicates that both DSMs follow well the LIDAR pilef both
on buildings and in open areas (i.e. square), btiegGE1l
DSM slightly more accurate than WV2 one. The maiglgrror
in correspondence of the church roof cover is etide the
profile, too. In the train station test area, agtiere is a general
agreement between the two DSMs and the LIDAR oonmeS
differences are due to the presence of trees (llcle, LIDAR
is below the DSMs) and to a change in the area ¢naxde,
LIiDAR is above the DSMs), that is, a building wasmblished
between LIDAR and WV2/GE1l acquisitions. Regardihg t
third test area (Trento Fersina), significant heidtiferences
occur in correspondence of trees (blue areas) ahdelen tall
buildings. The height profiles in one problematieaconfirm
that the tall buildings are identified in the DSMs height

peaks, but they are not completed separated, asdhebetween
them is occluded in the images or in shadow (FigTHe error
frequency histograms of GE1 and WV2 DSM follow amal
distribution, with small lateral peaks due to thentoned
errors. The quality of GE1 DSM seems slightly betten the
WV2 one, as its histograms have smaller width aighéer
central peaks.

Figure 7. Example of occlusion between tall buigdinn GE1
stereo-pair: forward view [left] and backward vigvght].

4. CONCLUSIONS AND OUTLOOK

This paper presented the testfield set up in Tréytdhe 3D
Optical Metrology (3DOM) Unit of Bruno Kessler Falation
(FBK) of Trento, ltaly, with the aim to investigatptical
imagery, perform automatic digital surface modglli2D/3D
feature extraction and data fusion using statdwefart
spaceborne, aerial and terrestrial data. With tegéo
spaceborne optical imagery, the testfield includesy high
resolution (VHR) stereo imagery acquired by WoldVvi2 and
GeoEye-1 sensors. The images were processed withPEA
commercial software and two DSMs were extractede Th
quality of the DSMs was assessed using a LIDAR D&M
reference. In general, the DSMs model well theasmrfin flat,
hilly and mountainous areas, where cliffs, ridged eoads are
well defined. In urban areas, building blocks a¥eognised in
the historic city centre, characterised by smaltsunlosed to
each other, and individual buildings are visiblerasidential
and industrial areas. With respect to LIDAR, thsre general
agreement. Significant differences (larger thanr)Obetween
LIDAR and optical DSMs are encountered in case ipf (
occlusions, mainly due to tall buildings or narretveets, (ii)
homogenous texture (shadows, special roof covefig),
temporal changes between LIDAR and WV2/GE1 imagey,
temporary objects like construction sites, and gr@sence of
vegetation (trees, forests), where optical sensois LIDAR
respond differently. The statistics on three testas shows
mean values close to zero and standard deviatitreirange of
6-8m due to the above mentioned problems. Fromrst fi
analysis, the performance of GE1 and WV2 sensossisar,
but deeper investigations will be conducted.

The work on the VHR spaceborne resolution imageryhie
Trento testfield is planned to be further extenddgdcarrying
out more radiometric investigations, DSM generatigsing
other matching approaches and DSM analyses usiefggence
DSM from other optical sensors and excluding aredth
temporal changes.

The other aerial images of the testfield Trento emeently
being processed in order to evaluate automatedalaeri
triangulation methods, image-matching algorithmsnfmade
feature extraction procedures (Nex and Remondif@2pand
finally to estimate the PV potential on buildingdfe (Agugiaro
et al., 2012).



Table 2. Quality evaluation of WV2 and GE1 DSMshwrigspect to the LIDAR DSM: orthophoto with testas contour (light blue)
and profile transect (yellow), LIDAR DSM, GE1 DSMV2 DSM, error planimetric distribution, error tegrams (GEL1 in blue,
WV2 in green), statistics (minimum, maximum, mequstandard deviatios, RMSE) and height profiles. Measures are in metres
Trento Centre Trento Train Station Trento Fersina

Orthcphotc

LIDAR DSM

GE1 DSV

Error map GE

min: -44.4, max: 26.% m 2.3 min: -28.1, max: 53.5 m 1.7 min: -46.3, max: 28/8 m: 0.5
s:6.6 RMSE: 6.9 s:6.9 RMSE: 7.1 s: 7.4 RMSE: 7.9

WV2 DSM
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