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ABSTRACT

Historical city centers are complex scenarios to be reconstructed in 3D. Advances in automated 3D reconstruction are useful to apply
urban analysis that otherwise will require a lot of human effort. In this paper, urban parameters are automatically derived to quantify
the urban analysis in historical city centers. Particularly, an aerial photogrammetric flight is used as input data to reconstruct 3D mod-
els of buildings with metric capabilities. The results reveal that geometric information of buildings (heights, areas and volumes) and
urban density attributes (building coverage ratio and floor area ratio) plays an essential role in the design, planning and management
of historical cities. The approach developed was validated in the historical city center of Trento (Italy) using cadastral data and a mobile
mapping system (MMS) as ground-truth.
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RESUMEN

Los centros urbanos histéricos son escenarios complejos para su reconstruccion tridimensional. Los avances en la reconstrucciéon
automdtica son de gran utilidad para realizar andlisis urbanisticos que de otra manera requeririan un elevado esfuerzo humano.
En este articulo, se derivaran de forma automatica parametros urbanisticos para el andlisis de los centros historicos. En parti-
cular, se utiliza un vuelo fotogramétrico como base para la obtenciéon de modelos 3D de edificios con propiedades métricas. Los
resultados revelan que la informacién geométrica de los edificios (alturas, areas y voliimenes) y los atributos de densidad urbana
(intensidad de ocupacién del suelo en 2D y 3D) juegan un papel esencial en el disefio, planificacion y gestion de los centros his-
toricos. El enfoque propuesto fue validado en el centro histérico de la ciudad de Trento (Italia) utilizando datos catastrales y un
sistema de cartografiado mévil como referencia geométrica.
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1. INTRODUCTION

Historical urban centres constitute one of the most repre-
sentative pieces in the landscape of our cities. Despite being a
small part of the urban fabric, it constitutes a symbolic space
that serves to identify, differentiate and give personality to
cities (1). The city is in constant transformation, so the prob-
lem related to the conservation of the historical centres has
to take into account that they act as regulators of their own
transformations, both due to their own rigidity, and due to
the social and morphological complexity that they accumu-
late (2). The experiences of conservation of historical cen-
tres are characterized, by the fact that the management and
action models carried out lack of intervention criteria that
incorporate the functional and territorial dimension, and in
addition, these models are presented isolated from the city
and the urban system of which they are part (3). By these
reasons, the availability of detailed urban models of complex
historical urban scenarios is of interest for urban managers
and planners, which can provide more detailed analysis and
urbanistic interventions (4).

The virtual urban modelling must face many challenges,
not only the proper building modelling, but also the recon-
struction of complex architectures and architectural her-
itage buildings, with their inherent difficulties (5). In fact,
three-dimensional geographic information systems (GIS) in
urban areas are increasingly becoming important in various
applications, such as urban planning, urban policies and de-
cision-making (6), as well as several transversal applications:
environmental studies, simulation of pollution and noise,
tourism, facility management, heritage conservation and
management, damage assessment in emergencies (e.g. earth-
quakes, floods), telecommunications, or navigation systems
in autonomous vehicles, among others.

Up to now, LiDAR has been the geomatic solution more
common for building modelling and urban planning, due to
the complexity associated to buildings, the presence of oc-
clusions, shadows and non-visible areas (7). Several studies
are focused on the use of LiDAR to derive 3D urban models,
which are useful for urban planners to control the future di-
rections of urban growth considering the availability of infra-
structure (8-10)

The automatic reconstruction of urban 3D models has turned
out to be one of the most growing sources of photogram-
metric research in the last two decades. These automatisms
or semi-automatisms seek to reduce costs in obtaining and
processing data (11), offering a cost-effective means to ob-
tain large-scale urban models. Additionally, recent develop-
ments of image-based methods encourage the use of image
data (12). Photogrammetric based approaches are applied to
different stages of urban modelling, as for instance the auto-
matic building rooftop extraction for building reconstruction
or solar energy supply (13); the generation of level of detail
(LOD2) building models (12), the creation of digital city mod-
els based on aerial photogrammetry for the generation of 3D
hydrodynamic models focused on flood simulations (14), or
even, the estimation of building density using machine learn-
ing approaches over high-resolution remote sensing images
(15). It is worth to highlight, the quickly growing sector of
oblique airborne cameras (16, 17), with a potential for build-
ing facades reconstruction and accurate building footprint
extraction (18, 19).

In this paper is presented an efficient and automatic work-
flow for the urban modelling of historical city centres using
an airborne image system. The historical city of Trento (Italy)
was taken as a case study.

1.1. Paper contributions

Given the abovementioned challenges and open issues, this
article presents the following contributions:

» Novel approach for automated urban analysis.

» Procedure for the generation of 3D building models of his-
torical urban centres.

« Challenging study case with narrow streets and complex
historical buildings.

« Validation of the results against cadastral data and map-
ping mobile system measurements.

The paper is structured as follows: after this introduction,
in Section 2 the geomatic sensors employed are detailed. In
Section 3 the case study and data collection are described. In
Section 4, the workflow developed is explained with special
attention to building reconstruction. In Section 5 the exper-
imental results of urban analysis (thematic urban maps, nu-
merical urban coefficients and geometric data) are discussed.
In Section 6, a comparison is established with a Mobile Map-
ping System (MMS) 3D point cloud in order to validate the
results obtained. A last section is devoted to outline the main
research contributions and to point out concluding remarks.

2. MATERIALS

Next the data sources employed in the study are presented.
On one side, the aerial photogrammetric dataset and derived
Digital Surface Model (DSM) that constitutes the input for
the proposed building reconstruction process. On the other
side, the MMS whose 3D model plays the role of ground truth
to assess the quality of the building reconstruction.

2.1. Aerial photogrammetry

One of the main contributions of the following work is the use
of a photogrammetric product to carry out the buildings’ re-
construction, as well as the urban analysis derived, especially
considering the complexity of historical centres.

The sensor employed is a Vexcel UltraCam Eagle digital cam-
era, whose main technical specification are listed in Table 1.

Table 1. Main technical specification of the photogrammetric flight.
Adapted from (20)

Parameter Value

Image format 68.016 X 104.052 mm

Focal length 100.5 mm + 0.002 mm
Pixel size 5.2X 5.2 um
Image size 13,080 X 20,010 px

Lens distortion < 0.002 mm

2.2, Mobile mapping system

MMS systems offer a flexible solution in terms of accuracy,
flexibility, point density and access to urban areas, bringing
added value to record large and complex sites (21). A MMS
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RIEGL (Table 2), that integrates two synchronously oper-
ated VQ-450 laser scanners, a portable control unit (VMX-
450-CU) and IMU/GNSS navigation hardware, was used to
document the main streets of the city centre of Trento. The
system can measure up to 1.1 million points and 400 profiles
per second, providing extremely dense and feature-rich data
even at high driving speed. This MMS has been tested in a
complex urban environment, bringing out its good metric po-
tentialities (22).

Table 2. Technical specification of the RIEGL VMX-450. Adapted
from (22)

Sensor VQ-450

Measuring principle Time of Flight

Laser wavelength Near infrared

Laser measurement rate 300 — 1100 kHz

Maximum range 140 — 800 m
Minimum range 1.5m
Accuracy 8 mm, 10
Precision 5 mm, 10
Sensor IMU/GNSS

Absolute position 0.020 — 0.050 m

Roll and pitch 0.005 °

True heading 0.015°
Sensor VMX-450-CS6

Resolution 5 Mpx

Sensor size 2,452 X 2,056 px

Pixel size 3.45 um

Nominal focal length 5mm

3. CASE STUDY
3.1. Historical centre of Trento

The selected study site was the historical centre of Trento
(Ttaly), located in the Italian Alps, with an approximate size
of 3.5 km by 1.5 km. The city, with a population of about
117,000 inhabitants, lies on the banks of the river Adige, in
the homonymous valley. It represents a complex urban sce-
nario (Figure 1), encompassing historical building such as
the Cathedral of San Vigilio in typical Romanesque style, the
Medieval Palazzo Pretorio and some Renaissance buildings
characterized by precious frescoed facades, without forget
the typical narrow streets (average width of 3-4 m).

Figure 1. View of the study site. Source: (23)

3.2. Data collection

The dataset consisted of 397 images captured with the
large-format nadir-looking digital camera UltraCamXp
(Table 1). The image block was planned with a tradition-
al 80/60 overlap (along/across track) and with an aver-
age ground sample distance (GSD) of 10 cm. The ground
truth information for the aero-triangulation was based
on 14 GPS-surveyed ground control points (GCPs) and 6
check points (CPs) acquired with a mean accuracy of 8 cm.
Furthermore, the exterior imagery orientation parameters
were available as GNSS-IMU observations.

The nadir imagery collected over Trento was processed
using the traditional pipeline, consisting in aerial-trian-
gulation (with self-calibration) followed by dense image
matching and DSM generation (24). The output was a 2.5D
point cloud resampled with a uniform spatial point distri-
bution in the XY-plane. For more information related to
the DSM computation please refer to (20).

The resulting DSM of the historical city centre of Trento
was divided in six tiles (400 x 600 m) (Figure 2). The spa-
tial resolution of the point cloud was of 0.1 m.

Figure 2. Aerial view of Trento including the six tiles analysed.

The number of tiles selected was limited to six, due to the
computational cost of the proposed methodology. The pro-
cessing was carried out in two different computers:
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« Core I5 3570 3.4 GHz, 32 Gb of RAM, NVIDIA Quadro
4000: for all the filtering steps.

« Core 13 2100 3.1 GHz, 4 Gb of RAM: for Terrasolid execu-
tion due to license limitations.

The processing time was estimated around 3.5 — 4 hours per tile.

Regarding the MMS data collection, an area of about 700
m from west to east and of 500 m from north to south
was covered in the city centre of Trento (Figure 3). The
collected data was internally processed by RIEGL experts
and finally delivered as point clouds (LAS file format) in
WGS84 global coordinate system. The point clouds were
characterized by a mean spatial resolution of 2-3 cm and
were exported separately for each of the two mounted laser

scanners.

Figure 3. Detail of the 3D point cloud obtained with the MMS.
4. METHODOLOGY

Building extraction can be defined as the process to detect,
structure, geometrically reconstruct and attribute building
outlines and 3D models of buildings (25). Usually, software
packages such as Terrasolid (26), requires a LiDAR point
cloud in order to classify the point cloud into different
classes (e.g. ground, building, vegetation, etc.) and then
execute the building extraction. Since the input was a pho-

Photogrammetric Mobile Mapping
v v
3D point cloud (DSM) 3D point cloud

Initial filtering

Ground segmentation

Clustering filtering

Vegetation filtering

Roofs segmentation

Building modelling e 3D building
models

Figure 4. Workflow of the building reconstruction and urban
analysis with airborne photogrammetry.

IéIéIéIéI«

togrammetric point cloud with a higher spatial resolution
(2 pts/m?) than the LiDAR (100 pts/m?), it was necessary
to filter the input point cloud in order to remove unneces-
sary information (e.g. facades, vegetation, cars, etc.) and
classify them into two main classes: ground and building
(i.e. roofs). To accomplish this, five pre-processing stages
were applied, prior to the buildings’ modelling (Figure 4).

The summary of the software employed in the present meth-
odology was:

+ CloudCompare: visualization and data filtering.
« PCL/C++: data filtering and clustering.

« Matlab: data filtering.

» Microstation & Terrasolid: building modelling.

4.1. Filtering unnecessary information

The first stage (S1) removed those isolated points and the re-
maining facade points. The facade points were removed by a
curvature analysis after a normal computation in CloudCom-
pare (27), which is fully automatic. The isolated points were
removed by a density filtering using a conservative threshold
that could be defined accordingly to the spatial resolution
(Figure 5).

Figure 5. Filtering of unnecessary information (facades and isolated
points).

4.2. Ground segmentation

The aim of the second stage (S2) was the ground classifi-
cation. To do this, a progressive morphological filter seg-
mentation (28) was applied by means of PCL library. It
required four inputs:

+ Maximum window size to be used in filtering ground
returns.

+ Slope value to be used in computing the height thres-
hold.

« Initial height above the parameterized ground surface
to be considered as a ground return.

« Maximum height above the parameterized ground sur-
face to be considered as a ground return.

The parameters employed for the study case were:

« Maximum window size = 20 m
» Slope=1

 Initial height = 0.5 m

+ Maximum height = 3 m
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As quality indicator, the 95.0 % of the points classified into
the class “ground” belonged to the ground. The individual
tile results are shown in the following table (Table 3). This
evaluation was based on a visual inspection, since there
was not a ground truth available.

Table 3. Assessment of “Ground” segmentation based on a visual

inspection
Tile Right Wrong
6638_51040 96.8 % 3.2%
6638_51038 94.7 % 5.3%
6638_51036 96.5% 3.5%
6640_51040 88.1% 11.9 %
6640_51038 93.0% 7.0 %
6640_51036 97.6 % 2.4 %

It should be remarked that in tile 6640_51040 the errors
increased since these tiles correspond with narrow streets.

4.3. Clustering filtering

In this phase (S3), a clustering process was applied in the
remaining points of the point cloud in order to remove
those small point clusters, such as cars, vegetation, etc.
(Figure 6). The clustering was carried out by the Euclide-
an Cluster Refinement (29) using PCL library. It required
two inputs: the minimum number of points (which could
be related to the spatial resolution) and the maximum dis-
tance to search the neighbour points (which is related to
the spatial resolution and point cloud quality). In our case,
a threshold of 2,000 points and maximum distance of 0.25
m were employed.

Figure 6. Point cloud after clustering filtering —S3. It should be
remarked that still some roofs (corresponding to tents in terraces)
and dense vegetation persist.

4.4. Vegetation filtering

By means of a Matlab (30) script the dense vegetation
was removed (S4), especially the areas attached to the
roofs (Figure 7). Since there was neither infrared infor-
mation nor echoes for the vegetation classification com-
mon in LiDAR dataset, a combination of vegetation index
and luminance was employed accordingly to an empirical
threshold. This threshold was very sensible, since small
fractions of roof points could be removed together with
the vegetation.

Figure 7. Point cloud after vegetation filtering-S4. Big clusters of
vegetation were removed as well as some minor roof points.

4.5. Roofs segmentation

Finally, a new clustering (S5) was applied to remove those
small groups of vegetation that remain after stage S4. The
filtering was the same of stage S3 (Euclidean Cluster Re-
finement). The remaining points were classified as “Build-
ing”, assuming that all belong to roofs (Figure 8).

Figure 8. Final points of class “Building” after S5 filtering.

As aresult of the 5-step filtering, the 96.7 % of the points were
classified into the class ‘building’ belonged to roofs. Again,
the assessment of roofs segmentation was based on visual in-
spection since a ground truth was not available. Results per
tiles are outlined in Table 4:

Table 4. Assessment of “Roof” segmentation based on a visual

inspection.

Tile Right Wrong
6638_51040 98.6 % 1.4 %
6638_51038 95.1% 4.9%
6638_51036 95.0% 5.0%
6640_51040 99.2 % 0.8%
6640_51038 97.1% 2.9%
6640_51036 93.6 % 6.4 %

4.6. Building modelling

Finally, both classes (‘Ground’ and ‘Roofs’) were introduced
in Terrasolid (TerraScan and TerraModeler) (26) for the
buildings model generation. The following parameters were
setup:
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+ Maximum gap (3 m): Maximum distance between buil-
ding parts belonging to the same model. If the distance is
larger, separate building models are created.

« Merging tolerance (0.20 m): Additional tolerance for
merging horizontal planes together.

« Minimum footprint (4 m?): Minimum size of a building
footprint. This parameter is related with small roofs be-
longing to the same building.

+ Maximum roof slope (75 deg): Maximum gradient of a
roof plane.

In the following figure (Figure 9) is shown the final build-
ing modelling considering the parameters detailed above.
Due to the hardware limitation, the six tiles were segment-
ed into twelve city blocks.

Figure 9. Perspective view of the buildings extracted for the mode-
lling parameters.

As validation of the building modelling procedure and the
error generated by the omission of eaves in the building
footprint calculation, the total building area computed
from our photogrammetric building modelling method
was compared against the cadastral area of Trento (31)
(Figure 10).

e L RO B o E

= = 8
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Figure 10. View of the selected cadastral elements for the building
footprints computation.

Table 5. Comparison of average building footprint sizes obtained from
cadastral data and from our photogrammetric-derived building models

Element Total building area
Photogrammetric building modelling 146,080.8 m*
method
Cadastre 135,524.5 m?
Discrepancy +10,556.3 m?
Overall accuracy 92.2 %

The discrepancy between the cadastral and the photogram-
metric-derived results is 7.8 %, in an area where the building
area is 5,646.9 m2/ha (urban density). Please note that this
discrepancy was caused by the omission of eaves together
with the own error in building modelling.

5. URBAN ANALYSIS

Urban analysis plays an essential role in the design, plan-
ning and management of modern cities. To this end, an au-
tomated approach was developed to derive geometric urban
information (heights, areas and volumes) and urban density
attributes (building coverage ratio and floor area ratio) of
buildings, land lots and urban units, using the photogram-
metric-derived buildings models as input data.

Once the 3D modelling of buildings was performed, the fol-
lowing products are available:

« Digital Terrain Model-DTM (raster based on Ground seg-
mentation-S2).

 Digital Surface Model-DSM (raster based on ground and
roofs segmentation-S2+S5).

« Digital Building Model-DBM (vector based on 3D building
modelling).

From that products and its combination, urban parameters
can be extracted. In particular, the combination between ras-
ter DTM and vector DBM was required for obtaining correct
building heights, since the facades provided by DBM use to
penetrate under the terrain a minimum of 0.2 m. On the oth-
er hand, the DSM entailed volumetric problems, especially in
buildings blocks, due to the triangulation between the roof

(a) (b)

Figure 11. (a) Vector building block layer with corrected. (b) Raster
building block layer with corrected footprints.
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Figure 12. a) Area (m?) representation corresponding to building blocks; b) Volume (m?) representation
corresponding to building blocks; ¢) Height (m) representation corresponding to buildings.
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Figure 13. a) Number of floors per building block; b) Building density represented through the building
coverage ratio-BCR parameter which outlines the number of square meters built per hectares or buildable
area (m?/ ha); c¢) Suitability for building represented through the floor area ratio-FAR which outlines the
surface occupation factor. This factor results from the ratio between the sum of the maximum built surfaces
(including the number of floors) and the soil surface where the building is built.
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and the ground. Therefore, the integration between DBM and
DSM allowed us to correct this problem.

As a result of this combination (MDT-MDB; MDS-MDB),
two layers which enclosed the correct heights (Figure 11)
and footprints (Figure 11) for each building block were ob-
tained.

Building density attributes can be expressed in 2D or 3D
space through the Building Coverage Ratio (BCR) and Floor
Area Ratio (FAR), respectively. The BCR measures the built
meters in a hectare and is defined as the ratio of the building
coverage area (i.e. the area of building footprint) to the size of
land lot, as show equation [1]:

b
25

[1] BCR=—
S

L

where 2Si is the total building coverage area (in m?), and S,
is the area of land lot (in ha). Since the footprint represents
the planimetric shape of a building, the BCR measures the
building density in 2D space.

the FAR attribute is defined as the ratio of gross building floor
area to the size of land lot, equation [2]):

t

b
>

2] FAR=—=

[2] s,
Based on these layers, geometric parameters (area, volume,
height, etc.) and urban parameters (number of floors, floor
area ratio-FAR and building coverage ratio-BCR) were auto-

matically obtained corresponding to buildings blocks (Figure
12 and Figure 13).

This approach encloses a main problem since the geomet-
ric and urban parameters refer to building blocks. Trying

Figure 14. Aerial view of Trento including the six tiles analysed.

to provide an urban analysis to individual buildings, the
cadastral layer was used and crossed in order to solve this
problem. As a result, the geometric and urban parameters
could be assigned for each building (Figure 14).

In the following table (Table 6) is exemplified the geometric
and urban parameters associated to each building of the his-
torical centre of Trento (for space reasons not all the calculat-
ed values are listed).

Table 6. Geometric and urban parameters associated to each

building.
:%
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37122.4 | 2387.2 | 15.55 | 5 | 11935.8 | 497.3 | 0.0497
2 | 46805.2 | 2656.4 | 17.62 | 6 | 15938.6 | 664.1 | 0.0664
3 2785.3 138.7 | 20.08 | 6 832.1 34.7 | 0.0035
4 | 48753.7 | 3112.6 | 15.66 | 5 | 15562.8 | 648.5 | 0.0648
93 | 2666.7 109.2 | 24.43 | 8 873.4 36.4 | 0.0036

6. METHODOLOGY VALIDATION

For the methodology validation, eight building parts of the
historical centre of Trento were selected. They correspond-
ed to eaves clearly visible and identifiable, which were ex-
tracted from the DBM, the associated DTM and the MMS
3D point cloud. These areas were the following:

« Case 1: Building in the corner of streets Via delle Orfane
and Via Roma.

» Case 2: Street Via Rodolfo Belenzani: Galleria Civica di
Trento.

» Case 3: Building in the corner of streets Via Rodolfo Be-
lenzani and Via Roma.

« Case 4: Building in the corner of Via dell Orfane and
Piazza Diego Lainez. Eaves of the street (4P), and the
ones oriented to the backyard (485).

+ Case 5: Building Torre della Tromba: superior batte-
ments (5S) and inferior eaves (5I).

« Case 6: Building in the corner of street Via Rodolfo Be-
lenzani and Piazza Duomo.

The validation procedure was divided in two computa-
tions: (i) first, the height of the buildings was measured
as a Z-axis increment. To this end, the building height was
defined as the distance eave-ground; (ii) second, this dis-
tance was defined considering the possible height varia-
tions (i.e. ground slope).

In Table 7 is shown the spatial invariant, distance, among
the eaves of selected buildings and the ground along the
Z-axis for the DBM and the MMS point cloud. The values
were computed using CloudCompare (27) and summa-
rized on the basis of a Gaussian distribution (mean and
standard deviation). The error is provided signed and per-
centual.
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Table 7. Error assessment between DBM and MMS point cloud, by
means of Z-axis discrepancy. Units: meters.

MMS DBM
Case Mean ggil Mean 3::‘1’ Error
1 16.44 +0.04 16.07 +0.15 -0.36 | -2.2%
2 15.13 +0.05 14.89 +0.03 |-0.24 | -1.6%
3 15.83 +0.08 15.46 +0.24 -0.37 | -2.3%
4P 22.15 +0.03 21.93 +0.07 |-0.23| -1.0%
4S | 22.29 | +0.05 22.20 +0.11 | -0.09 | -0.4%
55 33.16 +0.01 30.59 +0.09 -2.57 | -7.7%
51 32.03 +0.03 30.85 +0.09 -1.18 | -3.7%
6 17.05 +0.06 16.67 +0.07 |-0.39| -2.3%

In addition, the distance from the eaves to the ground along
the ground’s normal vector was also computed to consider
the ground changes (Table 8).

Table 8. Error assessment between DBM and MMS point cloud
according to the ground normal vector. Units: meters.

MMS DBM
Case Mean ‘Slg‘l, Mean (Sl::‘ll Error
1 16.45 + 0.05 16.10 +0.17 -0.35 | -2.12%
2 15.16 + 0.04 14.96 + 0.05 -0.20 | -1.31%
3 15.85 + 0.09 15.51 +0.22 -0.34 | -2.13%
4P 22.17 +0.04 21.96 +0.04 -0.21 | -0.97%
4S | 22.25 | +0.02 22.23 +0.07 |-0.02 | -0.11%
53 33.15 +0.03 30.66 +0.12 -2.48 | -7.49%
51 32.03 + 0.04 30.91 + 0.11 -1.12 | -3.49%
6 17.11 + 0.09 16.72 + 0.09 -0.39 | -2.27%

For the assessment shown in Table 8, it was necessary to
fit a plane to the nearest sidewalk of the building. There-
fore, and due to the MMS acquisition error and construc-
tive variations of the sidewalk, an additional error source
was generated. The standard deviation of the plane fitting
for all the study cases ranged between £0.6 cm to £2.8 cm,
being the mean value +1.3 cm. This amount is lower than
the standard deviation of the distance eaves-ground, thus
it is not considered as a significant error source that affect
the abovementioned results.

Only the tower of case 5 (Torre della Tromba) shows a
significant error of approximately 2.5 m and 1.1 m. These
errors are caused due to the complexity of historical ur-
ban centres where the roofs of the buildings are uncon-
ventional.

Excluding this case, the mean discrepancy between the
building height obtained by the proposed approached and
the ground truth is around -0.3 m or a percentual error
of -1.6 %. Considering that the 3D model provided by the
aerial photogrammetry has a Z-axis RMSE of +9 cm (20),
and that the MMS precision is lower than +1 cm (22), the
error obtained is statistically significant and caused by the
urban modelling approach. The percentual error is con-

sistent with other building reconstruction studies, such as
(7) where a relative error between 3.8 % and 6.9 % was
obtained from LiDAR data.

It is worth to notice that the negative bias prevalent in the
cases analysed could be related with the different point of
view of data acquisition. Although the eaves of the build-
ings were selected to have the maximum visibility for aerial
photogrammetry and MMS, the thickness of the eaves have
undoubtedly influenced the comparison.

7. CONCLUDING REMARKS

3D building models offer an excellent dataset for autom-
atized urban density analyses. In this paper, a novel ap-
proach, which makes use of 3D buildings models, provides
an automated urban analysis of historical urban centres.
This approach involves the use of aerial photogrammetric
data to derive quantitative and qualitative urban param-
eters (the geometry and attributes of buildings), which
are then analysed and validated against the ground-truth
obtained from cadastral data and mapping mobile system
measurements. Facing the 3D modelling of buildings in
complex historical environments is a great challenge, es-
pecially if we seek to achieve automation and quality in the
results. Various scripts were programmed in PCL and Mat-
lab along with the use of commercial software to achieve
the displayed results.

Many stakeholders of urban planning are unaware of the
new possibilities open by modern photogrammetry and
computer vision. In the case study tested we have demon-
strated that geometric, volumetric and density attributes
of buildings can be automatically derived from photogram-
metric data. Specifically, the BCR estimator indicates the
planimetric and horizontal density of buildings, while the
FAR estimator indicates the 3D density of buildings. The
following aspects of the approach developed and applied to
the historical city of Trento can be highlighted:

« the possibility to automate urban analysis, which can
facilitate regular, periodic performance of urban moni-
toring tasks.

+ the accuracy and reliability of the information obtained,
considering the validation carried out with cadastral
and MMS data.

« the ability to access to inaccessible areas, especially tho-
se corresponding to narrow streets.

Despite the aforementioned improvements for urban man-
agement, the present approach shows limitations in areas
of narrower or much denser streets, which can reduce the
completeness of the final model due to the occlusions. To
cope with severe occlusions in urban environments, the
use of oblique photogrammetry should be combined with
that of portable terrestrial mobile mapping systems (32).
Besides, the large variety of shapes and complexity of his-
torical buildings could affect the precision of the derived
urban parameters.

In conclusion, through the analysis of photogrammet-
ric-derived 3D building point clouds, urban density indica-
tors were generated and thus a comprehensive and quanti-
tative view of the urban morphology of Trento.
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