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Introduction
The different partners faced the study of “Cultural Heritage Through Time” depending on different points of
view, associated with the peculiarities of each case study. Therefore, the different units collected 3D data
according to criteria and modalities rather different each other.
USAL operated with a certain variety of technologies ranging from terrestrial laser scanner to car-based
mobile laser scanner to aerial photogrammetry using a balloon, for acquiring the current state of a very large
outdoor structure.
NCL worked on the collection of current and historical instrumental data, for making evident geometrical
deviations associated to time on historical landscapes.
POLIMI collected 3D data Integrating different laser scanning technology with the differential GPS in order
to digitize the current state of a structure lying largely underground.
SSSA worked primarily on pre-existing geometrical data.
The timing of the various activities varied significantly depending on the specific research activity
implemented by the various units and on the timely availability of the funding resources for supporting such
actions.
In particular, due to a significant funding delay, the Italian Unit was forced to concentrate the most
considerable part of the 3D digitization work in M30, delaying the activity with respect to the planned
schedule. Therefore, this report has been moved from the initially planned M15 to M31.
Similarly, all those deliverables depending on D3.1, such as D3.3 (Report on the final 4D results for the four
case studies) and D3.4 (Report on Validation), has been moved to M32.

Polimi
The Italian unit completed its activities of 3-D data collection later respect to other partners, for several
practical reasons.
On the one hand, the location of the monument object of this diachronic study, the Roman circus of Milan,
is entirely underground in the centre of the city. This involves dealing with an ancient structure that is nearly
entirely covered by a modern new town, and whose remains are highly fragmented and spread in an area of
about 500 meters by 100 meters. Such condition excludes the possibility to keep accessible the remains
through digs that, in a densely populated and active urban context like this one, would be very difficult be
achieved.
Only a small part of the structure represented by the so-called “square tower,” originally belonging to the
carceres of the circus and nowadays used as the bell tower of the church dedicated to San Maurizio, second
the so-called “polygonal tower,” part of the defensive walls of the city.
But most of the available remains are represented by portions of the circus building still existing but
accessible only through the basements of some modern buildings in the city centre, used for commercial
activities, offices, or as private houses.
A necessary preparatory action before the actual 3D digitisation was related to the many requests for
authorisations. First of all, to the Superintendency for the archaeological heritage of Milan, that is responsible
for all the area. Then to every single owner of the underground structures. Such action required a significant
amount of time and implied to start the 3D data collection in the areas not requiring special authorisation
procedures, such as the carceres tower and the polygonal tower, both laying in an unrestricted area,
belonging to the Archaeological Museum of Milan which was a supporting partner in the CHT2 project.
On the other hand, the actual funding for this project arrived in August 2017, with an extraordinary delay to
the project start (September 2015), and this prevented the access to a subcontractor specialised in the 3D
scanning of underground spaces, till the beginning of 2018.
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So, in practice, the first stage involved the 3D digitisation of all the areas easily accessible (i.e. the polygonal
and the square tower) within 2016, the zones receiving earliest authorisation from the related owners in
summer 2017, and the most significant underground structures in January 2018. A map of the surveyed area
in shown in fig. 1

Figure 1 - Map of the areas involved in the survey both underground and outdoor.

Several technologies have been integrated for obtaining our goal:
- standard 3D capturing technologies such as terrestrial laser scanning both based on Time of Flight
(Leica HDS 7000) and Phase Shift detection (Faro Focus 3D) for the acquisition of part of the outdoor
structures and roads around the remains;
- automatic photogrammetry based on Structure from Motion/Image Matching (SfM/IM) for the
outdoor structures whereas the texture was a significant source of information. The camera used
where a Panasonic DMC GH4 with a 12mm lens, a Canon 5D MkII with a 20mm F 2.8 lens, and a Sony
NEX-6 with Zeiss 24 mm F 1.8 lens;
- mobile mapping with a handheld laser scanner (GeoSLAM ZEB-Revo) for collecting 3D data in the
majority of interior and underground structures, with the extension of the 3D point clouds to the
road level;
- finally, for locating the exact position of each 3D fragment in a georeferenced coordinate system, a
high accuracy differential Global Navigation Satellite System (GNSS) measurement was done. A rover
(Sokkia GRX2) was employed for measuring 13 points distributed as uniformly as possible in the area,
given the hostile environment in terms of satellite signals multiple paths (fig. 2).
All the 3D data collected by the instruments described above and shown in fig. 3, have been collected
maintaining a 3D resolution level of approximately 1 cm and uncertainty of 3 mm.
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Figure 2 - Map of the 13 georeferenced points measured through differential GPS for orienting and georeferencing the
various 3D scans collected in the area, both indoor and outdoor.

a)

b)

c)
d)
Figure 3 –Some of the devices used for 3D digitizing the remains of the Roman circus of Milan: a) handheld laser
scanner GeoSLAM ZEB-Revo; b) PS laser scanner Faro Focus3D; c) ToF laser scanner Leica HDS 7000; d) Sokkia GRX2
Rover GNSS Receiver.
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a)

b)

c)
Figure 4 – Examples of the point clouds obtained by the 3D scanning of the interiors aligned with through differential
GPS: a) exteriors of the Archaeological Museum, including the polygonal and the square towers. The latter represents
one of the two towers of the circus "carceres"; b) wall inside a private apartment in Via Circo; c) portions of the circus
foundations (colored) in the cellars of a private house in Via Cappuccio.

The monument portions detected in 3D, suitably georeferenced, were used to validate the archaeological
excavations of the past and to give the primary constraints over which the three-dimensional
reconstruction has been progressively generated.
In addition to the validation of ancient blueprints, the three-dimensional data of the existing remains are
fundamental as elements of proportion to define at best the building elevation, typically the most critical
parameter in the reconstruction of ancient buildings not anymore existing.
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NCL
3D scanning activities were performed at three specific locations along Hadrian’s Wall: Beckfoot (Bibra)
Roman Fort; Birdoswald Roman Fort; and Corbridge (Corstopitum) Roman Station, as depicted in Figure 5.
Different types of datasets were acquired, including ground, unmanned aerial vehicle (UAV) and airborne
surveys, as listed in Table 1.

Figure 5 – Location map of CHT2 UK study sites overlaid on Google Maps.
Table1: Modern day 3D datasets at Beckfoot, Birdoswald and Corbridge.
Location

Year

Type

Supplier

Beckfoot

2016
2013, 2010, 2009
2016
2010
2008
2017
2016, 2006

UAV RGB and NIR close to nadir imagery
Lidar point clouds
Airborne RGB oblique photography
Lidar point clouds
Lidar point clouds
RTK GNSS
Airborne RGB oblique photography

Newcastle University
EA
HE
EA
Newcastle University
Newcastle University
HE

Birdoswald
Corbridge

Aerial photographic datasets were provided for all three sites by Historic England (HE) free of charge to the
project. The archival 2006 photography was subsequently digitized at high resolution (2000 dpi) by the HE
Archive (note that digitisation was not performed using a photogrammetric scanner, and the resultant
imagery is therefore subject to distortions; see, for example, Thomas et al. (1995)). The 2016 photography
was provided in direct digital format for Birdoswald and Corbridge sites. Aerial photography was
complemented by other data provided by EH and Newcastle University, including historic topographic maps,
geophysical surveys and drawings. To ensure that all collected datasets at Corbridge were accurately
georeferenced into a common fixed reference frame (Ordnance Survey (OS) Great Britain 1936, OSGB36), 40
ground control points (GCPs) were surveyed in October 2017 using Real Time Kinematic (RTK) Global
Navigation Satellite System (GNSS) techniques. Furthermore, LiDAR point cloud data were obtained from the
Environment Agency’s (EA) repositories (Environment Agency, 2017) and an additional 2008 LiDAR survey of
Birdoswald, being in possession of Newcastle University from a previous project (Miller et al., 2012), was
added to the time series (Figure 6).
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Figure 6 – Airborne laser scan of Birdoswald Roman Fort and surroundings (2008).

Due to the fact that modern day photography did not exist for Beckfoot at the time of the archive search, an
UAV survey was carried out at Beckfoot on 15th September 2016. A Quest300 fixed-wing UAV (QuestUAV
Ltd., Amble, UK) was used which can carry a maximum 5 kg of payload with approximately 15-minute flight
time (Figure 7a). The system contains an on-board single-frequency GNSS receiver, a consumer-grade MicroElectro Mechanical System – Inertial Measurement Unit (MEMS-IMU) and a micro-processor with autopilot
software. The latter facilitates autonomous UAV flights using pre-programmed flight plan parameters. Peppa
et al. (2016) provides further details and specifications of the UAV.

Figure 7 – Fieldwork conducted at Beckfoot: a) Quest 300 UAV preparation prior to flight, b) GNSS survey of GCPs and c)
ground reflectance calibration targets as seen from a NIR image acquired with Quest 300 UAV.

Two gimballed Panasonic DMC-LX5 digital cameras (Panasonic UK Ltd.) were mounted on-board the UAV at
the time of survey (Figure 7a). One Panasonic camera was a standard camera sensitive to visible light (RGB),
whilst the second was modified to be sensitive to near infrared (NIR) wavelengths (three NIR bands; e.g. in
Figure 7c). The camera’s main specifications are shown in Table 2. The flight height of 91 m and with nominal
pixel size of 2 μm enabled a 4 cm ground sampling distance for the acquired near-vertical images.
Table 2: Beckfoot camera and survey specifications.
Camera

Sensor size [mm]

Sensor size [pixels]

Focal length [mm]

Average GSD [mm]

Images

DMC-LX5

8.07 x 5.56

3648 x 2736

5

~40

546

Approx.
Area [km]
1.0 x 0.5

With a maximum 15-minute flight time, and operating within UK Civil Aviation Authority restrictions relating
to the use of UAVs, the immediate Beckfoot survey area was divided into two overlapping parts (north and
south) and surveyed under two separate sorties. The camera was set up with a fixed shutter speed of 1/800 s
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to decrease image blurring, a fixed aperture of f/2 and ISO 100. The exposure interval was set to 2 seconds
and the side overlap to 80%. A total of 27 circular control point targets of 0.40 m in diameter were evenly
distributed across the site and were surveyed in GNSS rapid static mode (five-minute observations), which
delivered 3D accuracy at mm-level relative to the local GNSS base station (Error! Reference source not
found.b). The GNSS base station was established on one of the fields and observed in GNSS static mode for
approximately four hours, delivering 1 cm planimetric and 2 cm vertical absolute accuracy.
Moreover, Ground Reflectance Calibration Targets were also placed on site at the time of the survey to
enable calibration of RGB and NIR imagery (Error! Reference source not found.c). These targets comprised
four lightweight wooden boards each measuring 1.2 x 1.2 x 0.01 m, which were painted black and
three different grey tones with matt paint (Berra et al., 2017). Spectral measurements of the targets were
acquired with an ASD field spectrometer (FieldSpec Pro, ASD Inc., CO, U.S.), using an 8 degree fore optic
accessory positioned at nadir, 1.5 m above the target’s surface. A 24” white barium sulphate-based panel
(LabSphere, Inc. NH, U.S.) was used as a white reference (Berra et al., 2017).
RGB and NIR imagery datasets were post-processed to generate three-dimensional data. Since photography
was not scanned on a photogrammetric scanner and the camera calibration information was unavailable, a
structure-from-motion (SfM) and multi-view stereo (MVS) pipeline was adopted to obtain digital surface and
terrain models for each site and to facilitate multi-temporal landscape comparisons. Agisoft Photoscan
(PhotoScan, 2016) software was used for this task. 3D SfM-MVS point clouds (e.g. Figure 8) for each individual
epoch were geocoded using selected terrain features, considered to have remained stable over the years
and surveyed with RTK GNSS in the case of the Corbridge 2017, or measured GCPs in the case of the Beckfoot
2016 survey data (Table 1). This allowed for approximate alignment of the datasets in the OSGB36 coordinate
system. Alignments were further refined using various approaches, including both in-house surface matching
algorithms (Miller et al., 2008) and ICP (Besl and McKay, 1992) routines in the OPALS software (Pfeifer et al.,
2014) to ensure rigorous registration from epoch to epoch, thereby generating spatially consistent 3D time
series for subsequent cultural heritage analysis.

Figure 8 – Visualisation of 2016 a) Beckfoot, b) Birdoswald and c) Corbridge 3D SfM-MVS point clouds
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USAL
The Spanish study case has been documented with a different set of geotechnologies:
• A terrestrial laser scanner (TLS) dataset was acquired in order to set the geometrical frame for the
rest of geomatic sensors and non-conventional historical sources. The TLS acquisition was carried out
by means of a Trimble GX200. This sensor is based on time of flight (TOF) measuring principle which
allows it keep a high precision (±2 mm). A total of 7 laser stations were needed to record the whole
of the outside area of the Wall with an average of 3 million points per station with an average spatial
resolution of 15 mm at 20 meters of distance.
• The georeferencing of the TLS into a global coordinate system (ETRS89) was done by a GNSS network
of 50 control points, using two Leica 1200 GPS, distributed in the towers and the upper part of the
wall as well as along its base
• A high-end technology for geospatial data collection in city environments, Mobile Mapping System.,
was employed. This vehicle incorporates two LiDAR sensors and several photographic sensors. The
acquisition has been carried out by Insitu Engineering SL (http://www.ingenieriainsitu.com/) by
means of a LYNX Mobile Mapper configured to take 500,000 points per second with a scan frequency
of 200 Hz. The maximum range of the sensors is 200 m, with a precision of 8 mm (one sigma) and
permission to obtain up to 4 echoes of the signal and the intensity reflected by the objects at a 1550
nm wavelength. The raw point cloud in the Alcázar involved approximately 13 million points with a
spatial resolution of 60 mm.
• A set of aerial images were taken from a captive blimp. The aerial view permits to access a privileged
“bird point of view” that completes the terrestrial point of view. A self-stabilizing platform attached
to the blimp lodges de camera. A previous planning was carried out in order to guarantee a thorough
documentation of the object. A critical factor in this case is the wind: if its velocity is above 5 km/h
problems arise.

a)

b)

c)

Figure 9 – Geotechnologies employed for the University of Salamanca team. a) Terrestrial laser scanner. b) Mobile
Laser. c) Captive blimp.

A comparison between the different 3D acquisition geotechnologies is shown in the following table 3.
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Table 3: Comparison between MLS and TLS field work and processed point cloud.
Measuring principle
Range
Resolution
Scanning speed
Scanned area (aprox.)
Nº of stations
Nº of points
Nº of images
Geodetic
reference
projection
Acquisition time
Processing time

system-

Trimble GX
Time of Flight (ToF)
350 m to 90% reflectivity
200m to 35% reflectivity
155 m to 18% reflectivity
15 mm
up to 5,000 points per second
30,000 m2
98
300,000,000
215

LYNX Mobile Mapper
Time of Flight (ToF)

ETRS89 and UTM30

ETRS89 and UTM30

150 h (laser) + 4 h (camera) + 5 h (GNSS)
435 h

1h
15 h

250 m to 10% reflectivity
60 mm
up to 500 lines/sec
250,000 m2
1
185,000,000
420

Some of the results are shown in the following figures 10 and 11.

Figure 10 – Terrestrial laser scanner 3D point cloud.

Figure 11 – Mobile laser system 3D point cloud.
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SSSA
In order to implement the assumptions of the project, the data necessary for the inventory of the Krakow
Fortress objects were collected using available technologies. The fortification was built at the end of the 19th
century by the Austrians in order to defend The city of Krakow against the Russian army (Figure 12). Apart
from the 3D archival data and cartographical data (Table 1) (Głowienka et al. 2017), there was also data
obtained using terrestrial laser scanning (TLS) as well as image data using dron (UAV). Data were collected
for the selected objects of the Kraków Fortress: Fort 2 "Kościuszko", Fort 47a "Węgrzce" and Fort "Batowice".
The above mentioned two technologies – TLS and photogrammetry – are described in this document.

Figure 12 -Case study – Kraków Fortress (in red); selected objects in yellow
Table 4: Data type (Głowienka et al.2017)
Fort Name Archive TLS ALS UAV Cartographical
data
data
Kościuszko
+
+
+
+
+
Batowice
+
+
+
+
+
Węgrzce
+
+
+
+
+
Marszowiec
+
+
+
Bastion III
+
+
+
+
Łysa Góra
+
+
+
Sudoł
+
+
+
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Faro Focus laser scanner was used in Fort "Kosciuszko" inventory. Measurements covered western part of
the object (Figure 13), which is a remnant of three destroyed bastions. There were same problems during
measurement session, incorrectly registration is presented in Figure 14 and correctly in Figure 15. An
additional photogrammetric flight was performed using DJI Phantom Professional quadrocopter (Figure 16)
with the FC300X camera (FOV f / 2.8 94 ° 20mm). As a result, a 3D mesh model with photo-realistic texture
was generated and adapted for the further online publication (Figure 17).

Figure 13 -The western part of the Fort "Kościuszko Mound" where TLS measurements were carried out (Głowienka et
al. 2017).

Figure 14 - Incorrectly registered TLS data
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Figure 15 -Correctly registered TLS data

Figure 16 -DJI Phantom Professional with FC300X camera (FOV f/2.8 94° 20mm)

Figure 17 -3D mesh model of Fort 2 "Kościuszko" with photorealistic texture.
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The second object, Fort 47a "Węgrzce" has been registered from 15 TLS lacations using the Z+F 5010C Imager
laser scanner (Tab.2 and Fig. 7). The locations were placed around barracks building which constitutes the
central part of the fort. (Figure 18). The laser scanning was carried out on each location with the same settings
with a scan resolution of 6mm / 10m and the maximum field of view of the scanner. Simultaneously to the
points’ clouds acquisition scanner also recorded RGB digital pictures that served the post-processing color
rendering of the cloud. The post-processing stage (coloring, filtering, exporting) of the point clouds was
carried out in a software dedicated to the Z+F scanner - Z+FLaserControl.
The points’ clouds acquired from subsequent locations were integrated in Faro Scene, after changing their
format from the native Z+F scanner format to * .e57.

Figure 18 - Laser scanner Z+F 5010C Imager
Table 5: Selected technical parameters of Z+F IMAGER® 5010.
Laser system
Measurementtechnology
Laser class
Range
Minimum distance
Resolution range
Data acquisition rate
Linearity error

phase-based
1
187m
0,3m
0,1mm
max. 1.016
millionpixel/sec.
≤ 1 mm

In addition to the data obtained by laser scanning technology, aerial images were acquired with an unmanned
aerial vehicle (UAV), similar o Fort “Kosciuszko Mound”. In total, over 400 images were recorded with WGS
84 coordinates. All measurements were integrated for 3D mesh model generation in AgisoftPhotoscan
software.
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Figure 19. Barracks building of Fort 47a „Węgrzce” ( UAV image).
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