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Abstract. This paper anticipates the use of 3-D data for the environmental
analysis of cities, aiming to provide useful tools for urban designers. The
extraction of urban environmental quality (UEQ) indicators from 3-D
information using innovative tools is presented. We will introduce our recent
research about the implementation of computational tools for the analysis,
evaluation and design of the urban space and compare results that can be
obtained with different data sources. In particular, we are going to present
the advantages of urban models generated from LiDAR data, by showing the
case-study analysis of the measurement and quantification of urban vegetation
indicators. Results show that the limitation to solar accessibility on roofs is
not relevant for the case-study area. Moreover, a set of environmental and
morphological indicators could inform urban designers for decision making
processes about the distribution of vegetation inside the urban fabric.
Keywords. 3-D Information; Urban Environmental Quality; 2.5-D Digital
Urban Surface Model; LiDAR; Digital Image Processing.
Context
The availability of urban digital 3-D data has tremendously increased in the last few years. The World
Wide Web, geo-environments such as Google Earth
and Microsoft Live and Geographic Information Systems (GIS) are rapidly changing the way we acquire
urban information. Moreover, the evolution of information and communication technology (ICT) and
the increased power and storage capabilities of computers allow to manage and process huge quantities
of data. Therefore, a variety of software was recently

developed to permit the analysis of this type of data.
The accessibility of this data opens up various possibilities to extract rich information about cities. Still
today, tools that offer useful applications at the city
scale are lacking to a certain extent. GIS seems to be
the natural container for most of the proposed applications, but the accuracy and flexibility of current
plug-ins present large margins of improvability.

Aim of the research
We will present an overview of our work which aimed
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at finding quick and at the same time accurate tools
capable to extract useful information at the scale of
the city just by using digital city models as input. In
other words, by just using one or more sources of
georeferenced information, we can reconstruct the
urban model and derive morphological and environmental indicators at the city scale.
For instance, numerous and accurate software
was developed in the last decades at the scale of
architecture for the analysis and simulation of the
performance of small objects, such as buildings.
However, those tools demonstrate to be prohibitive
if we have to undergo larger parts of the urban fabric
and, even with powerful means, the degree of accuracy would be too high and superfluous for the purposes of analysis at the city scale. Furthermore, the
end users of the proposed tools are professionals in
urban design and decision makers for environmental
policies at the city scale. For instance, the proposed
methodology investigates digital urban models by
integrating cross-disciplinary competences, like remote sensing, GIS, database management, image
processing and urban and environmental studies.

Used data: 2.5-D Digital Urban Surface
Models
Two types of source data are used as an input for this
technique of analysis and evaluation: Bottom-up
data (i.e. mostly open source user generated data,
such as 3-D models uploaded on geo-browsers) and
Top-down data (remote sensing data, official 3-D
models of cities). For instance, bottom-up data is created with the contribution of numerous people that
upload their models on the internet for free, whereas
top-down models are commissioned works by municipalities. Digital Urban Surface Models (DUSMs)
can be obtained from digital 3-D models derived
from the cartography or from remote sensing surveys, the so called Light Detection and Ranging
(LiDAR).
In particular, the technique presented here, explores the capabilities of 2.5-D DUSMs. These models
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are in fact 2-D arrays whereby the intensity value of
each element contains the elevation of the element
itself. This simplification allows the model to be processed as a raster image, as a mathematical matrix,
as introduced later in the text.
Different data can be used together, in case we
want to refine the 2.5-D DUSM. For instance, a hybrid
approach can make use of the footprint of buildings
derived by cadastral data to reconstruct the lower
part of the model, whereas the roofs can be reconstructed from LiDAR data, which allows a higher
level of detail (LOD).

2-D and 3-D city models
Many of the implemented tools do not require detailed information and can easily use 2-D maps to
carry out the analysis (for example, urban morphology analysis to derive covered areas, shape indicators
of building footprints, etc.). For instance, a question
of efficiency arises every time we conduct an analysis
on the urban fabric: depending on the desired outcomes, we have to calibrate the source data we are
going to enter to the process, in order to save time
for computation and avoid to generate superfluous
information that is going to be discarded in any case.
That’s why 3-D city models represent a very
expensive source of information and often public
administrations ask themselves if such costs can be
sustained and legitimated by the community. For instance, these types of representation are derived by
very time consuming redrawing of single buildings
with CAD techniques that imply the manual input
of the information or the use of a 3-D stereoscopical model based on “orthorectified” (explanation 1:
Orthorectification transforms the central projection
of the photograph into an orthogonal view of the
ground, thereby removing the distorting effects of
tilt and terrain relief. Orthorectification is the process
of transforming raw imagery to an accurate orthogonal projection) aerial photos.
Most of the times, the reconstruction of the
city model happens as a result of numerous contributions that follow the same template. Hence, the
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importance of accuracy and synchronicity of the
reported objects and the adaptation (maintenance
and evolution) of such models through time are
not irrelevant issues. Moreover, most of the time
the detail reached by 3-D city models excludes the
possibility of modelling vegetation. For instance, the
reconstruction of the natural features, such as trees,
is not an easy question and often risks overloading
the model. The same is true for construction details
that are not reported on official cartography: these
are for example temporary or illegal structures, small
scale features like roof superstructures (chimneys,
roof windows).

LiDAR data
In this work we want to stress the use of LiDAR data
to overcome the problems mentioned in the previous section. For instance, this type of data represents
a source of information that allows to predict environmental indicators in a fast way with no need to
refer to the construction of complex models of the
urban geometry. Today, 2.5-DUSM models reconstructed from LiDAR data, especially along zones
(edges) of discontinuity, such as building facades,
are less accurate than traditional 3-D CAD models.
The altimetric accuracy of LiDAR data can reach
around 15 centimetres and the planimetric accuracy
is around 20 centimetres, very similar to any CAD 3-D
model reconstructed from aerial images. The issue of
accuracy will vanish in the very next years, if technology improvements and the reduced costs of the
surveys will extensively diffuse this type of data.
In particular, LiDAR data offer two main advantages: a Level of Detail (LOD) that includes superstructures and small objects and vegetation and a
synchronic picture of the urban environment (no
time delays among the represented objects). Later
in the text, we will present an example of the analysis of the urban vegetation for the extraction of UEQ
indicators.

Authors Methodology and Technique:
The architecture of the analysis
The first operation required to run the analysis is the
model reconstruction of the 2.5-D DUSM: LiDAR data
needs to be processed, purged and exported as a
2-D array (raster image) into a mathematical environment (in this case MatLab) (Ratti and Richens, 2004).
The raster image undergoes a process of enhancement in order to improve the edges of the objects.
For instance, using digital image processing (DIP)
techniques, it is possible to apply morphological
operations on the edges of 3-D objects and ameliorate the accuracy of the vertical surfaces. After this
process of enhancement, the model can be analysed
with dedicated Digital Image Processing (DIP) tools
and mathematical scripts aiming at computing UEQ
indicators (Ratti et al., 2005; Morello and Ratti, 2007).
Depending on the code used, we can obtain different outcomes. Results are both numerical and visual.
Scope of this work is also to give back to the end user
a quantification of indicators, because this permits to
compare results and evaluate design schemes. Visual
maps are produced in order to communicate and interpret results on the urban layout directly. The investigation of the legibility of those visualizations is
also part of the work, since it deeply affects the accessibility and usability of the proposed technique.

List of tools
The list of indicators below can help in getting a general overview of the available tools, summarizing the
topics covered so far with this technique:
• Urban morphological properties of the built environment (including vegetation, as proposed
by Lim, 2007 and Gachet, 2009) aiming at providing area coverage (land uses) and density indicators (Carneiro et al., 2009a);
• The assessment of shadowing conditions, the
solar potential of the urban fabric and the estimation of solar power generation (Figure 1) (Carneiro et al., 2008; Carneiro et al., 2009b);
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The energy demand (heating and electrical lighting) in the city environment (Ratti et al., 2005);
• Visibility analysis (visual openness, way-finding,
visual impact assessment) (Morello and Ratti,
2009b).
Table 1 shows the general picture of the so far
available tools, the input data needed, the extracted
UEQ indicators and obtainable type of visualisation.
•

A sample: the analysis of vegetation using LiDAR data
In this work we present the analysis of the urban
vegetation, in order to show the advantages of the
use of LiDAR data as the source information to reconstruct the model. For instance, LiDAR data is the
only source that enables the type of investigation
presented below.
In particular, the scope of the following analysis
is twofold: first, it gives back some general urban
Tool

Input data

UEQ indicator

Visualisation

Urban morphology
Area coverage analysis
Density analysis
Vegetation density

2-D data
2-D, 3-D, LiDAR
LiDAR

Area coverage
Density indicators
Vegetation density

2-D, 2.5-D, 3-D
2-D, 2.5-D, 3-D
2-D, 2.5-D, 3-D

3-D, LiDAR
3-D, LiDAR

Solar forecast
Assessment and classification of
building surfaces for the use of
solar panels or PV modules

2-D, 2.5-D, 3-D
2-D, 2.5-D, 3-D

Solar analysis
Shadowing conditions
Solar potential on
horizontal surfaces
(roofs)
Solar potential on vertical surfaces
(façades)
Solar power generation
Energy demand
Heating
Electrical lighting
Visibility analysis
visual openness
way-finding
visual impact assessment
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morphology indicators related to the relation of
green areas versus built areas; second, it investigates
if and how vegetation could limit the solar accessibility of urban roofs by computing the solar analysis over the entire year. The analysis is conducted
by comparing the 2.5-D DUSM generated including
urban vegetation and the one purged from this information. Vegetation is here intended as the plants
with a volumetric relevance, such as trees and bushes (lawns are excluded) higher then 2 meters. The
map of figure 2 is obtained by analyzing the LiDAR
data and shows the percentage of roof coverage by
vegetation: the shadowing by trees concerns some
small buildings with coverage higher than 10%, but
also some few larger roofs.
Results of this comparative study (Figure 3) show
that even with an important presence of vegetation
3
2
(about 1m of vegetation per m of area) no significant passive energy losses are reported on roofs. In
fact, with a vegetation coverage ratio of 15% on the

3-D, LiDAR
3-D, LiDAR

2-D, 2.5-D, 3-D
2-D, 2.5-D, 3-D

3-D, LiDAR
3-D, LiDAR

Energy demand and consumption

2-D, 2.5-D, 3-D
2-D, 2.5-D, 3-D

3-D, LiDAR
3-D, LiDAR
3-D, LiDAR

2-D and 3-D isovists’ properties

2-D, 2.5-D, 3-D
2-D, 2.5-D, 3-D
3-D
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Table 1
An overview of available
tools.

Figure 1
Annual solar irradiation
2
[kWh/m yr] in a 2-D (figure
above) and in a 3-D representation (figure below). The tool
was applied in the neighborhood of Moillesulaz, State of
Geneva, Switzerland. Pixel
values from output images of
solar radiation calculation
are aggregated by roof sections (derived from the 3-D
urban model of Geneva).
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whole area of analysis, the solar irradiance on roofs is
reduced by about 2.97%. In particular, the percentage of roofs directly covered by vegetation is only
0.36% (trees are in general lower than buildings), but
the overall reduction of the sky view factor (SVF) on
roofs due to the obstructions by trees reaches 2.91%.
For instance, a set of environmental and morphological indicators could inform urban designers
for decision making processes about the distribution of vegetation inside the urban fabric. In general, numerical and visual outcomes can be used in

Figure 2
The percentage of vegetation
coverage of urban roofs. The
background, in gray, is the
Digital Terrain Model (DTM).

Figure 3
Above: The comparison of the
DUSMs with (left) and without the presence of vegetation
(right). Below: the comparison of the annual irradiation
maps collected on roofs with
(left) and without the presence of vegetation (right).
Some numerical indicators
are presented for comparison.
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comparative studies to question the different performances of analogous urban textures. For instance,
with the same availability of urban vegetation, different arrangements of built and natural features are
possible, thus determining the supply of passive energy for electricity or hot water production.

different software and requires therefore a deep specialization on several disciplines (model reconstruction, GIS, DIP, environmental analysis). A better and
more intuitive user interface and the reduction of
steps among the software needed now would represent a relevant improvement.

Conclusion and future work
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