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Abstract

Stemming from the renewed desire to requalify the former Brembana Valley
railway route (inside one of the valleys of the Province of Bergamo and close
to the important city of Milan), from Bergamo to Villa d’Alme¢, in 2017, the
Bergamo Transport Company and other partners have signed a memoran-
dum of understanding. They have also entrusted a project company to de-
velop a technical and economic viability study, which would be an update of
a preliminary one presented in 2009. A private proposal for the realization of
a test survey, useful for the required engineering project, has been submitted
to the project company and accepted. For this reason, a team, comprising
different companies, and among them also the Geomatics group at the Uni-
versity of Bergamo, was formed so as to perform this task and develop it in a
degree thesis. The aim of the test survey is to evaluate a joint use of the new
available technologies, so as to possibly get faster, more economic and tho-
rough results, by performing a 3D metric analysis over two sub-areas se-
lected along the route. The paper describes this experience and the achieved
results. In particular, the areas of interest in the test project have been ana-
lyzed first thing with a GIS software and then surveyed with a multi-sensor
approach, ie. terrestrial laser scanner, GNSS techniques and UAV. The final
integrated results allowed providing a metric model of the morphological
and urban aspect for the territorial layout, useful also for further advanced
GIS analyses. The analysis of the reached precisions has provided satisfac-
tory results which agree with the metric requirements of the project. Further
meaningful considerations can be derived from this test survey: the imple-
mentation of different techniques has helped to overcome problems due to
hidden parts in complex objects, it has allowed to provide a faster survey and
to test different technologies and software packages. The results have been
quite satisfactory.
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1. Introduction

In July 2017, a joint venture [1], involving A.T.B. Spa (Bergamo Transport
Company) [2] and the partner territorial agencies, assigned to T.E.B. (Electric
Tramway of Bergamo) [3] which involved E.T.S. (Engineering and Technical
Services) group [4], the task to provide an economical and technical viability
study so to restore and requalify the abandoned old route of the Brembana Val-
ley Railway, from the town of Bergamo to Villa d’Almé. The project would be an
update of a preliminary one presented in 2009. This renewed interest has
stemmed from the conviction that the development of the infrastructure is going
to provide an economic and social welfare to the population living in the Valley
and in the Bergamo hinterland. Engineer Riccardo Begnis from Scan2BIM [5], a
company partner of the architectural design company R+TB [6], devoted to laser
scanner surveys and Building Information Modeling, then contacted E.T.S. [4].
The proposal has been to test, over some areas selected along the railway route
planned in the preliminary project, the joint use of the modern survey technolo-
gies, so as to evaluate the possibility to provide faster, more economic and tho-
rough results. With T.E.B. [3] and E.T.S. [4] approval and their selection of the
test areas, the survey project has been pursued by the architectural design com-
pany R+TB [6] with the collaboration of different teams [5] [7] [8], together
with the now retired Professor Colombo of the Geomatics group, School of En-
gineering at the University of Bergamo. Then, also two students, at the Univer-
sity of Bergamo-Engineering, were involved with the aim to study the argument
in their degree thesis.

For this reason, a test project has been studied by the teams involved [5] [6]
[7] [8] and the Geomatics group. The aim is to recreate the territorial and urba-
nistic 3D model of some areas of interest, selected along the railway route, with
the aid of the most up-to-date technologies.

This choice is meant to provide useful geo-referenced metric information for
the project of a new light tramway which will be called Tramway 2 or T.E.B. [3]
T2 line.

The hope is that this new line could be finally carried out; for this reason, as
above said, an agreement protocol has been signed [9].

The renewed interest to restore the whole route of the former Val Brembana
rajlway has allowed, as explained above, to test new survey techniques and their
implications, over two test sub-areas chosen by T.E.B. [3] along the route in the
preliminary project.

The two selected areas are placed in two commons quite close to the city of
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Bergamo, they closely represent the morphological layout of the territory in
which the railway route laid out and can be reached easily in a short time. It is
expected that the results will provide: a more complete 3D model of the two
sub-areas, useful information about the pros and cons of a joint-techniques sur-
vey and considerations about the different software packages to be employed for
the point clouds processing and further analyses.

The two testing areas, to be measured in a 3-Dimensional way, are quite wide
and of heterogeneous nature, Zie. with buildings, green areas, road infrastruc-
tures and other artefacts, such as the former Paladina railway station and the
bridge over the Rino river. The natural and fastest choice, to achieve the desired
mapping scale (which has been selected at 1:200 for the two artefacts and 1:500,
1:1000 for the territorial areas) and a suitable metric resolution, would have been
an image-based photogrammetric approach, with the employment of UAVs
(Unmanned Aerial Vehicles), so as to transport the shooting instruments.

This way, the land obstacles, related to the geometry of the objects, the acces-
sibility of the site and the speed of the survey acquisition, would have been
solved. Anyway, the existing artefacts, mentioned above, are quite complex 3D
objects, difficult to be managed only with the photogrammetric technique; for
this reason, a synergic employment, with the addition of a laser scanner, has al-
lowed to get the necessary spatial data for a global metric restitution at the de-
sired scale. In fact, it is nowadays possible to choose different surveying instru-
ments, applying both active and passive sensors in a synergic way. A survey with
a terrestrial laser scanner, working as active sensor with light radiation, allows to
get dense 3D point clouds which provide the geometrical and spatial informa-
tion useful to achieve a 3 Dimensional model, by registering data from the bot-
tom up [10]-[16].

However, to provide a more complete 3D model, it could be useful to add a
UAV aerial approach (usually an image-based survey) to the terrestrial laser ac-
quisition. In fact, this traditional aerial technique has been recently revalued
thanks to the meaningful software and hardware improvements [17]-[23].

It is important to underline that UAVs allow to carry digital photo cameras or
photogrammetric calibrated cameras and even the most recent light laser scan-
ners. UAVs are completely automated and auto-piloted thanks to the addition of
GNSS (Global Navigation Satellite System) devices for the trajectory manage-
ment while flying. They show a high versatility and for this reason they represent
a useful integration to achieve the desired results. Obviously each technique of-
fers its pros and cons [24] [25] and so a joint use of both could be considered the
best choice [26]-[32].

2. The Brembana Valley Railway: The History

The idea of establishing a railway in the Brembana Valley [33] in the Province of
Bergamo [34] (Figure 1) is quite ancient, stemming back to 1885 [35]. In that

year, the Province technical offices were appointed to study a project of a railway
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from the town of Bergamo to San Pellegrino. San Pellegrino Terme is a common
(Figure 2) of 4826 inhabitants, an area of 22.95 km” and at an altitude of 358 m
over the sea level [36]. Located in the Province of Bergamo and the Brembana
Valley, San Pellegrino was famous for its waters, which are also well known no-
wadays in all the world [37]. In 1902 a big thermal structure, together with a Ca-
sino (Figure 3), a Grand Hotel (Figure 4) and also a funicular service were in-
augurated. All these buildings well reflected the Liberty style, the Italian term for
Art Nouveau, of the epoch [38]. The main characters of this style are: friezes,
frescos, mosaics, curved lines and the employment of new materials such as iron,
glass, porcelain, clay and concrete [39]. The great amount of visitors and tour-
ists, mostly from Milan, was a boost for the economy of the common, and indi-
rectly of the Valley, which was certainly going to thrive. The widespread reputa-
tion of San Pellegrino acted as a leverage in the project of the Brembana Valley
rajlway and, in fact, two stops were contemplated in its territory.

A thorough research of publications describing the history of the Brembana
Valley railway has been accomplished, so as to achieve a better knowledge of the
steps which allowed to build this infrastructure [42] [43] [44] [45] [46].

The project, with the aim of providing the valley with an electric railway, was
approved on the 15™ of March 1903 and, on the 7" of February 1904, an as-
sembly was convened in which a new society, named Anonymous Society of
the Electric Railway of the Brembana Valley, shortly indicated as FVB, was
founded.

Also another railway was projected and constructed in the near Seriana Valley
and it was active from 1884 to 1967; however, the two lines have always been
separated and with different company names. Figure 5 shows the route of the
Brembana Valley railway in red on the left, together with the route of the Val
Seriana Railway, also in red on the right, twisting in the adjacent Seriana Valley.

In July 1906 the new railway line, with a length of 25.92 km, from Bergamo to
San Pellegrino Terme was opened; later, in October a short new tract was added
up to the common of San Giovanni Bianco. At the beginning there were steam
trains and they lasted for only one year, when electric trains replaced them and
allowed to achieve a travel time of 54 minutes for a distance of 30.333 km, from
Bergamo to San Giovanni Bianco.

The people, living in the high part of the Brembana Valley fervently asked for
the railway extension, but this project was realized only after the first World
War, when other 10.500 km were added to the original line and the final stop
was established in the common of Piazza Brembana. All the stations and stops of
the route of the Brembana Valley Railway were positioned between the one in
Bergamo (Bergamo FVB) and the other one in the High Brembana Valley (Pi-
azza Brembana).

The implementation of this incredible project requested, in time, the building
of tunnels, viaducts, bridges, electric lines, new poles and also a new locomotive
and new wagons (Figure 6); new materials, quite innovative for the epoch, were

employed, such as steel and reinforced concrete [48].
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Figure 1. The Province of Bergamo in northern Italy [40].

Figure 2. The common of San Pellegrino Terme in The Province of Bergamo.
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Figure 4. The Grand Hotel of San Pellegrino Terme [41].

Figure 5. The Brembana Valley railway route (the red route on the left) and the Val
Seriana Railway (the red route one the right) [47].
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Figure 6. The locomotive and wagons over the Lenna viaduct bridge [49].

Many difficulties had to be faced and solved for its implementation, many of
them related to the mountainous landscape in which the railway was set. The
Brembana Valley railway had also the aim to fulfil the requests due to the rising
of the new processing plants for the exploitation of the abundant metal veins. In
fact, these factories allowed to employ local workers which before were obliged
to emigrate in search for a job to get a subsistence for them and their families. It
has also to be mentioned that the new railway would have helped to develop the
existing wood, material, cheese and meat factories, as well the climatic and
bathing resorts. In fact, the High Brembana Valley is characterized by many
quarries of marble and building stones, the high availability of wood, a beautiful
natural landscape, the mild climate in spring and the healthy properties of the
waters always summoning more and more tourists. Also the electric plants fer-
vently developed thanks to this new transport service. The new line was also a
mean to divert the traffic from the too much crowded provincial street.

Anyway everything started to change when a new public bus transport service
started to work in the Valley and became a serious and dangerous competitor; in
fact, in time, the railway timetable was highly reduced and it served only the lo-
cal workers. Finally, in 1966, the Brembana Valley railway was closed [50]. The
causes were many and, among them, the high level of decay of the line iron

structures, due to the money not invested in its maintenance.

3. The Restoration Preliminary Project

The aim of this work is to acquire the basic metric information useful for the
realization of a project for the rehabilitation of the former Brembana Valley
railway, from Bergamo to Villa d’Almé; in fact, the T.E.B. (Bergamo Electric
Tramway) company [3], together with A.T.B. (Bergamo Transport Company)
[2], wants to transform it into a light tramway. For this reason, after contacting
the project society E.T.S. [4] and with their and T.E.B. approval, some teams [5]
[6] [7] [8] and the Geomatics group at the University of Bergamo-Engineering]
were involved in a test project over two selected test sub-areas along the route.

Consequently, also a degree thesis has been started at the University of Bergamo,
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School of Engineering, by two students of the geomatics area.

This way, it is important to provide a thorough description of the areas af-
fected by the project. In fact, two small sub-areas of the global territorial layout,
with the former Paladina station and the bridge over the Rino river, were se-
lected as a testing approach described in this paper.

These two sub-areas are in two commons of the Province of Bergamo: Alme
[51] (sub-area 1 with the former Paladina station) and Villa d’Almé [52]
(sub-area 2 with the bridge over the Rino river). Figure 7 [4] and Figure 8 [4],
provided by E.T.S. [4], show the preliminary project layout with the planned
train stops, roads, railway tracks, electrical substations (SSE) and wagons stor-
ages, as explained in the legend in Figure 9. Also some areas have been devoted
to urban standard, such as public space, parking lot and green area open to the
public, to be established according to the settlements in the surroundings.The
demarcation of the areas, to be surveyed with the UAV, is outlined in red.

For this reason, the choice has been that of a multi technique and multi reso-
lution survey, so as to provide a scale 1:200 for the two artefacts and 1:500,
1:1000 for the territorial areas.

From the acquired 3D dense point clouds, it will be then possible to provide
the needed documentation for the two sub-areas, as requested by E.T.S. [4] and
by the project team [5, 6, 7, 8 and the Geomatics group at the University of Ber-
gamo-Engineering], listed hereafter.

For the territorial layout:

- RGB geo-referenced ortho-images;
- DEM, DTM, DSM;

- terrain contour lines at 1 m interval.

Via_der <
el Sentior

Figure 7. The project layout of the sub-area 1 in the Alme settlement [4].
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Figure 8. The project layout of the sub-area 2 in the Villa d’Almé common [4].

TN

= = Wagons Storage

S Electrical Substation

—_— Planned Stop

Planned Road

Figure 9. The legend of Figure 6 and Figure 7.

For the artefacts:
- plans, elevations and sections;
- orthographic projection of the elevations.

This documentation will be geo-referenced in the system WGS84 UTM Zone
32N and it will provide the needed scale level.

4. The Geographic and Territorial Layout

A first territorial enquiry has been conducted with the aid of GIS techniques
which allow collecting and process together many different kinds of geographic
data. This means that these data need to be referenced in a common geographic
reference system and only then they can be managed so as to provide the final
requested information. In fact, GIS techniques allow getting a deep knowledge of

the territorial layout, this way allowing making cognitive surveys, decide strate-
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gies, urban planning and interventions. In this work the Esri [53] ArcGIS soft-
ware release 10.6, and its extensions, has allowed to study and analyse the terri-
torial layout of the two selected sub-areas. The Province of Bergamo (Figure 10)
extends over an area of about 2745 km® and has a variable morphology; the
northern part (64%) is mostly mountain and here the main Valleys can be
found: Brembana Valley, Seriana Valley and Cavallina Valley.

Going south, there is a band with hills (12%) and then there is the plain area
(24%) which is part of the Padana Plain.

The two selected sub-areas are in two neighbouring commons which are in a
north-west position in respect to the town of Bergamo (Figure 11):

- the smaller common of Alme¢, (1.96 km?®) where the building of the former
Paladina railway station is located;

- the larger common of Villa d’Almeé (6.36 km?), where the structure of the
bridge over the Rino river is located.

This way, in this initial phase of the work, GIS analyses have allowed getting a
thorough knowledge with regard to the layout of the commons which contain
the two (meaningful) sub-areas involved in the light tramway construction.

For this reason, some layers have been downloaded, as shapefiles, in the
WGS84 UTM Zone 32N reference system, from the Lombardy Geoportal [55]
and then analyzed with the package ArcGIS ArcMap release 10.6 [53]. At first, a
Lombardy ortho-image [56] has allowed to see the imagery of the two commons
in Esri ArcMap (Figure 12).

Figure 10. The Province of Bergamo territory [54].
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0 02585 17 Kilometers
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Figure 11. The neighbouring commons of Almé (under) and Villa
d’Almeé (above) in the Province of Bergamo.

Figure 12. The Almé (under) and Villa d’Almé (above) commons in
fuchsia and the Lombardy ortho-image [56] in background.
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Secondly, a DEM layer (Figure 13) has been developed in ArcMap and has
allowed getting a deep morphological knowledge. Figure 13 shows that the two
commons have quite a different morphology and their orthometric height
ranges between 234 and 599 m: Alme, the smaller one, is mostly characterized by
flatlands, while Villa d’Alme, the bigger one, shows a more complex landscape,

with plain areas and hills.

5. The Facilities

As said before, the construction of the Brembana Valley railway required many
components, both structural, like bridges and stations, and infrastructural, like
the railway tracks.

The aim of the project, described in this paper, has been the survey of two
sub-areas where two structural elements can be found: the former Paladina sta-

tion and the bridge over the Rino river, which are described hereafter.

5.1. The Former Paladina Station

The route of the FVB started from the station in Bergamo, which is a testimony
of the Liberty style, so popular in those times and also all the other stations along
the line where built with the same style.

The station of Paladina (Figure 14) is one of them; it is 9.5 km far from the
station in Bergamo and it is located in the Almé common, which is adjacent to
the common of Paladina.

The building, nowadays, shows the signs of abandonment and neglect, but it
well reflects the beautiful architectural style of the epoch. It is placed with the
longer side fronting the former FVB tracks, now hidden under a thick grass
cover. The main damages are to the stucco of the facades and also to all the
wooden parts of the roof under the imbrexes, which are now protected with im-
permeable tarps.

A sketch of the building has been edited in ArcGIS ArcMap [53] and Figure
15 shows it in cyan, over the Lombardy ortho-image [56] background. The sur-
rounding area is industrial and commercial; close to the structure, some factories
have been built, because of the strategic position near the county road connect-

ing the town of Bergamo to the Brembana Valley.

5.2. The Bridge over the Rino River

The bridge (Figure 16) is located in the Villa d’Almé common, where once
flowed the Rino river, which is now buried and from which the name was de-
rived.

The structure is that of an arch bridge and it has been abandoned since 1967;
it is one among the first bridges to be built in reinforced concrete, since previ-
ously they had been built with iron beams, squared stones or also red bricks (at-
tached with concrete). The bridge span is 27 m long. Also here a sketch of the
structure has been edited in ArcGIS ArcMap [53] and Figure 17 shows it in
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cyan, over the Lombardy ortho-image [56] back-ground. The surrounding area
is residential, but there are also some areas which can change their designated

use according to the needs of the community.

0 02 04 0.8 Kilometers
S T T T T T - |

Figure 13. The Almé (lower) and Villa d’Alme (above) commons morphology.

Figure 14. The Liberty style building of the Paladina station [57].
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Figure 17. The outline of the bridge over the Rino river.
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6. The Survey Project

This step has required a long and thorough analysis to identify the best fitting
instruments and technologies for achieving the requested results for the two
sub-areas to be surveyed. The new rediscovered interest in the ancient science of
photogrammetry has caused a new interest in close range survey, based on im-
ages, allowed by the new less expensive digital photo-cameras and the new
Computer Vision software packages [17]-[23]. Anyway, the turning point has
been the employment of UAVs, simply called drones [58], equipped with digital
cameras. They are completely automated and auto piloted, thanks to GNSS posi-
tioning devices mounted on board. The great advantage, if compared to the
more classic photogrammetric acquisitions (from airplane or satellite), is the
possibility to shoot images at a lower relative height and therefore with a higher
level of detail. If compared to the active sensors techniques, which have been up
to date in the last decades with the employment of laser scanners [10]-[16],
UAVs allow an agile, easy and close range acquisition of complex objects, Ze.
with not easily visible parts, such as roofs, etc. The two survey techniques, based
on active and passive sensors, complete each other and well integrate, also in
synergy with the GNSS satellite positioning technologies. In fact, they both have
advantages and disadvantages [24] [25] and their combined employment is the
way to overcome their bad sides and to allow a data enrichment due to the com-
bination of the good ones [26]-[32]. In this work, the areas are quite wide and
constructions, infrastructures, green coverages, etc. can be found. Table 1 lists

the two sub-areas main properties.

Table 1. The two sub-areas main characteristics.

THE TWO SUB-AREAS MAIN PROPERTIES

D Sub-area 1 Sub-area 2 (the bridge over
(former Paladina station) the Rino river)
Geographic Position Almé Common Villa &’ Almeé Common
e Urban Residential, Industrial and Urban Residential and
Land Use Description .
Rural Industrial
Property Description Private and Public Property Private and Public Property

. Urban roads and Medium Voltage  Urban roads and Medium
Existing Infrastructures

Electric Lines Voltage Electric Lines
Railway Structures Former Paladina station Bridge over the Rino river
Planned Stops Paladina Villa d’Alme
SSE 5 (Railway Electrical SSE 6 (Railway Electrical

Planned Infrastructures
ne Substation) and Wagons Storage Substation) and Wagons Storage

Cadastral Particles to be

. Yes Yes
expropriated
Est and North Extension of the
220 m (E) x 180 m (N) 125 m (E) x 300 m (N)
survey

Extension of the area to be ) )

39,600 m 37,500 m

surveyed
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The final choice has been to employ a UAV, with a camera on board, for a
wide and above acquisition of the two areas and also a terrestrial laser scanner
for the survey of the two structures: the Paladina station and the bridge over the
Rino river. In a second step, the union and integration of the dense point clouds
[59], surveyed by the two instruments, will provide the so called DSM (Digital
Surface Model) which is a thorough metric description of the selected areas, to-
gether with natural and built features.

A GNSS positioning has been carried out over selected target points, visible
both in the laser and UAVs surveys, which represent the linking elements for the

clouds integration, geo-referencing and also information redundancy.

A UAV Flight Plan

It is important to say that the employment of UAVs is a sensitive issue, because
it involves subjects like security, privacy, visual pollution, aerial traffic and the
present lack of specifications by the European Community. In Italy, since De-
cember 2015, an Amendment by ENAC (Ente Nazionale per I’Aviazione Civile,
Le. National Institution for Civil Aviation) [60] has been promulgated for the
Regulation of Aerial Remote Pilot vehicles [61].

A UAVsurvey with cameras on board is a passive automated technique where
sensors receive the light emitted by the objects and provide images which need
to be managed to achieve their spatial coordinates, besides their texture descrip-
tion.

It has the same requisites of close range photogrammetry, which means that
three steps must be followed:

- acquisition, based on the choice of the cameras, of the shots and the survey
technique;

- internal and external bearing, which means the camera calibration and the
images triangulation;

- photogrammetric plotting, so as to achieve point clouds, 3D models and tex-
ture mapping.

In respect with these requirements, a flight plan was compiled and the selected
UAYV programmed, so as to achieve the proper coverage for the surveying area.
In particular, the adjacent snapshots were overlapped about 70% - 80% both in
the longitudinal and transversal directions, flying at the suitable relative height
[62].

It needs to be said that the final 3D model needs to be geo-referenced and for
this reason an indirect solution is to select some control points (GCP - Ground
Control Points), well distributed over the selected area, with coordinates usually
acquired via topographic and GNSS instruments and materialized with targets or
well identifiable with anthropic or natural elements.

Figure 18 and Figure 19 show the flight plan for the MicroGeo AeromaX6 [7]
which was employed for a nadir flight over the station and also over the bridge

sub-areas and which was guided by a certified technician.
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7. The on the Field Survey

Since the two sub-areas to be surveyed are quite wide (little less than 4 hectares
each) and they are characterized by constructions, vegetation, street infrastruc-
tures and other artefacts, the natural choice is a terrestrial (active) and aerial
(passive) survey. Besides, according to the need of gathering in a unique mul-
tiresolution 3D model the products of different survey techniques and then to
geo-reference it, also some targets have been positioned on selected places and
surveyed with GNSS instruments. This complex survey (terrestrial laser scanner,
UAYV and GNSS) has been possible thanks to the contribution of teams from
different companies [5] [6] [7] [8].
The instruments adopted, and provided by the teams [5] [6] [7] [8], are:
- Z+F IMAGER® 5010 [63] 3D terrestrial laser scanner, with a mounted Nikon
D7000 reflex photo camera [64], surveyor Engineer Begnis [5] [6];
- MicroGeo AeromaX6 UAV [7] (take-off weight range 3.85 - 4.1 kg) with a
DJI FC550 photo camera [65], survey by MicroGeo [7];
- GNSS SOKKIA GRX2 receiver [66], surveyor Architect Merelli [8];
- Leica D5 Disto laser range marker by Leica Geosystems [67], Arch. Merelli [8].
Once the instruments have been selected, it is important to correctly select the
GCP on the ground to be surveyed with the GNSS receivers (and to be well iden-
tifiable by above) and the final choice is described hereafter:

Flight Path — - - — Shooting Grid m Take-off and Landing Area

0 25 50 100 m N

| L | @
WGS84 / UTM zone 32N

Figure 18. The Aeroma X6 flight plan of the sub-area 1 (former Paladina station).
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Flight Path — - - — Shooting Grid m Take-off and Landing Area

0 25 50 100 m N
| L] | @
WGS84/UTM zone 32N

Figure 19. The Aeroma X6 flight plan of the sub-area 2 (the bridge over the Rino river).

- four A3 paper artificial targets (25 x 25 cm”) have been placed close to the
Paladina station;

- other four have been placed near the bridge over the Rino river;

- four numbered crosses have been painted on the tarmac so as to cover the
area surrounding the Paladina station;

- thirteen numbered crosses have been painted on the tarmac so as to cover the
area surrounding the bridge over the Rino river.

The paper targets will provide a higher precision than the painted ones, but
they all are needed for the photogrammetric model dimensioning and bearing,

for the laser scanner clouds alignment and for the dense clouds merging.
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Figure 20 and Figure 21 show the targets in the two selected sub-areas, dis-
played according to their acquired GNSS position, over a Basemap layer in
ArcMap. The paper targets are the points identified with the letter T, while the
painted crosses are identified with their number.

The laser scanner acquisitions of the Paladina station and of the bridge have
been performed at the same time of the GCP survey through the GNSS tech-

nique.

8. The Processing Step

Since the survey has involved different instruments, 7e. laser scanner, UAV and

GNSSS receivers, it has been necessary to use different software packages for the

processing step, so as to manage big amounts of data in different formats. For

this reason, two software packages (license educational) have been adopted for
the 3D model reconstruction:

- Agisoft PhotoScan Professional (1.4.0 release) by Agisoft LLC [68], for image
based reconstructions [69] [70];

- Cyclone full (9.1.6 and 9.2.1 releases) by Leica Geosystems [67], for the laser
scanning model and for the matching of all the different acquired data [71]
[72].

The first package, in fact, doesn’t allow to extract 3D data from blocks of im-
ages and, for this reason, the second one has been adopted also to perform this
task. The final purpose is to achieve a 3D model, through dense point clouds, to
be then processed so as to extract the required raster and vector products, pre-
viously described.

The data processing has been performed following the steps shortly described
hereafter:

- GNSS coordinates processing and following transformation in the WGS84
UTM Zone 32N reference system, providing what has been previously illus-
trated in Figure 20 and Figure 21;

- processing of the image aerial block (acquired over the two sub-areas), by
means of the Agisoft PhotoScan Package [68], so as to extract photo dense
point clouds and then the final 3D photo-model;

- processing of the laser scanner point clouds, of the station and of the bridge
structures, through the software Leica Cyclone [67], providing the two 3D
models. Panoramic images have been then superimposed, providing the
clouds colour;

- the final geo-referenced 3D model has been performed with the Cyclone
Package [67]; all the acquired point clouds need to be geo-referenced in the
same WGS84 UTM Zone 32N reference system, through the surveyed GNSS
GCP, so as to be managed together. In fact, the clouds are both laser scanner
products and a UAV close photogrammetry ones. The clouds have been
managed together in Cyclone [67]; in Figure 22 and Figure 23 it is well il-
lustrated the contribution of the different clouds involved.
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Figure 22. The two integrated clouds of the sub-area 1 achieved
from the terrestrial laser scanner survey and the UAV survey.
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Figure 23. The two integrated clouds of the sub-area 2 achieved
from the terrestrial laser scanner survey and the UAV survey.

9. Further Processing, GIS Analyses, Acquired Products and
Some Comments

The last step has been to manage the point clouds, achieved through the integra-
tion of the different survey techniques, so as to provide vector and raster prod-
ucts, according to E.T.S. [4] and the project team [5, 6, 7, 8 and the Geomatics
group] requirements, and which need to be all geo-referenced in the WGS84
UTM Zone 32N reference system. The first four are related to the description of
the morphology of the terrain and the urban areas together in the same DSM
model [73], while the last two are strictly connected to the two structures in the
selected sub-areas, Ze. the former Paladina station and the bridge over the Rino

river:
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- RGB geo-referenced ortho-image;

- classification of the point clouds and the surfaces;

- DEM, DTM and DSM layers;

- terrain contour lines at 1 m interval;

- layouts, overviews and sections;

- orthographic projections of the overviews.

The software packages adopted are: Leica Cyclone [67], Agisoft PhotoScan
Professional [68], Autodesk [74] ReCap Pro and ReCap Photo, Faro Scene [75],
MeshLab [76], CloudCompare [77] and Autodesk AutoCAD [78].

It is also useful to shortly remind the difference among the following terrain
models [79]:

- DTM (Digital Terrain Model) describes the terrain morphology without ve-
getation and anthropic elements;

- DSM (Digital Surface Model) describes the morphology of the terrain mor-
phology together with the vegetation and all the natural and anthropic ele-
ments;

- DEM (Digital Elevation Model) is a general elevation model, the same as
DTM.

The classification step has been accomplished according to the selected
attributes: ground, low-medium-high vegetation, buildings, street surface, bridge
decks, water, unclassified, noise, etc., as it is well illustrated in Figure 24 and
Figure 25. They have been managed directly in the Agisoft PhotoScan [68]
software, with the aid of AutoCAD [78], which automatically provides the DSM
classification according to the point density and other criteria, while other soft-
ware packages [80] allow doing this by simply analyzing the color information.
Anyway, if necessary, it is useful to integrate the results with the naked eye. The
areas, defined as unclassified, are those where it is impossible to recognize the

nature of the existing objects.

10. Analysis of the Point Model Reconstructed for the Two
Test Sub-Areas

The final point model, for each sub-area, has been provided by joining the data
acquired with laser scanner and UAV photogrammetric techniques.

Table 2 shows the spatial precision of the just said datasets and the reliability
of the GNSS survey for the GCP collection which is well distributed on the
ground of the two test areas. These points have been employed for the bundle
adjustment of the block of aerial images and laser scanner data, collected during
the survey.

By looking at the table, it is possible to see that the RTK satellite measure-
ments have reached planimetric (E, N) precisions of the centimeter and half de-
cimeter in height (H), due to the more uncertain contribution of the orthometric
height with the geoid undulation. On the other hand, the laser scanning shows
centimeter precision, homogenous for the three coordinates, while the UAV

photogrammetric has half decimeter planimetric values and about two decime-
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ters for height values; this is due to a slightly turbulent and windy meteorological
condition during the survey.

The metric quality of the joint point model can be checked through the resi-
duals estimated on Check Points (CP), selected among the GCP acquired with
GNSS satellite technique, which have not been employed in the least squares
block adjustment.

Table 3 illustrates the just said residuals for the CP of the sub-area 2. The
planimetric results are of about few centimetres while they rise up to the deci-
metre for higher or of more complex morphology zones of the reconstructed
model. Anyway, the values show to be suitable at the planned restitution scales
which are 1:500 and 1:1000, for the territorial areas; they are also acceptable for
the 1:200 artefact details.

B Ground
Hl Road
Il Building
[ Vegetation
I unclassified 8
L1 other 0 25 50 100 m
[ | E— |
Scala 1: 2000
Datum WG84 / UTM zone 32N ‘

Figure 24. The classification of the sub-area 1.
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Figure 25. The classification of the sub-area 2.
Table 2. Summary of the point clouds errors.
SURVEY ACCURACY
Survey technique Coordinates SUB-AREA 1 SUB-AREA 2
E +10 mm +10 mm
GNSS N +10 mm +10 mm
H +50 mm +50 mm
E +10 mm +10 mm
Laser Scanner N +10 mm +10 mm
H +10 mm +10 mm
E +55 mm +40 mm
Cl
ose range N +70 mm +40 mm
photogrammetry
H +200 mm +240 mm
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Table 3. Residuals of some selected Check Points (CP).

CP RESIDUALS
ID CP AE [cm] AN [cm] AH [cm]
11 3.60973 2.54393 40.7967
7 -2.7783 3.93005 -9.09833
20 2.86923 —1.18056 0.563765

However, the acquired results suggest a more rigorous choice in the UAV de-
vice, both for resistance to the wind and for stability in the flight height, espe-
cially for the not nadir aerial shooting.

The final hybrid model, provided by the integration of terrestrial and aerial
datasets, shows a more detailed description also for anthropic elements and hid-
den parts, such as the bridge intradoses in the sub-area 2.

What has been just said testifies the satisfactory test results and their accor-

dance to the attended ones, defined in the survey project.

11. Final Remarks

The work presented here, consists in a preliminary test (carried out by some
survey teams [5] [6] [7] [8] and the Geomatics group at the University of Ber-
gamo, with the agreement of E.T.S. [4]) to evaluate the advantages and disad-
vantages related to the employment of an integrated survey approach, based on
UAV, laser scanner and GNSS techniques, over two (meaningful) land sub-areas
involved in the project for the construction of a modern light tramway along the
former Brembana Valley railway route. Costs, duration and also the different
problems regarding the integration of different data sets, in order to create an
effective final 3D model, are analyzed.

It is important to stress that this new approach allows achieving a more com-
plete and less time demanding documenting intervention; anyway, the results
concerning costs and duration are not presented here, since they will be object of
further analyses.

Some important information about the different software packages involved
has stressed that it is a complex procedure to process the 3D point clouds, which
needs time and many steps, so as to accomplish the required final model.

Also the classification step, previously described, is not completely automated
and easy to perform, since it still requires the manual involvement of a techni-
cian.

Anyway, it can be said that the acquired results are quite satisfactory and all
E.T.S. [4] and the project team [5] [6] [7] [8] and the Geomatics group] re-
quirements have been thoroughly fulfilled; they will surely provide a helpful
suggestion so as to project the future intervention of the former Val Brembana
rajlway.

According to what just said, the paper describes the different steps accom-
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plished, so as to achieve the useful 3D model.

A thorough analysis of the reached precisions testifies that the results are in
satisfactory agreement with the decisions made in the survey project.

The experience has demonstrated the helpful contribution of the recent UAV
technologies, together with laser scanning and image-based surveys; this is cer-
tainly a revolutionary process useful in many applications, such as spatial recon-
structions, analyses of human-made objects (buildings and infrastructures) and
automation. The certain advantages concern the simplification and the en-
hancement of the survey procedure: however, all this will never overcome the
importance of both a rigorous training and the professional experience of the

technicians.
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