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Abstract

A complete methodology from the extraction of Ligbetection and
Ranging (LIDAR) data to the environmental analysisirban models and
the visualization of results is presented. Aimlod tvork is to establish a
process to investigate digital urban models intiggacross-disciplinary
competences, like remote sensing, GIS, image psogesnd urban and
environmental studies. Toward this goal, working saveral interfaces,
tools and datasets was necessary to provide aquersiestructure to the
introduced methodology.

Case study for application was a squared area 3femwide in
central Geneva where LIDAR data are available. Tlke of a hybrid
approach from raw LIDAR data and vectorial digita&ps (GIS data) of
buildings footprints for the interpolation of a Zburban surface model,
with a resolution grid of 0.50 by 0.50 metres, @aka to refine vertical



surfaces of buildings and to process facades aofd separately. This step
reveals itself as fundamental for processing thérenmental analysis of
the urban texture. In particular, the implementedl tcalculates solar
radiation and solar accessibility on urban surfagesrder to investigate
the energy-performance of cities.

Keywords: 3D data analysis, LIDAR, 2.5-D urban surface modaisan
morphology, image processing, solar radiation, A0 3-D visualization

1. Introduction

Today’s availability of 3-D information about ciieoffers the possibility
to analyse the urban fabric in a very innovativeywkn fact, even if
LIDAR data permit to derive precious and precis@iimation about the
physical layout of cities, still very few applicais have been implemented
in order to process these data for the environrhamaysis and to get a
quick understanding about the performance of theamurform. For
instance, the increasing interest in the quantifica of energy-based
indicators at the scale of the city, strongly siggehe integration of 3-D
geography and urban studies in order to providéutagplications for the
urban planning. In particular, we introduce a noeebss-disciplinary
approach that covers the whole procedure from datgisition from
Airborne Laser Scanning (ALS) to the environmemtahlysis through the
image processing of digital urban models.

The use of raw LIDAR data with fine density of piirfat least 4
to 6 points per square metre) jointly with 2-D we@l digital maps of
buildings footprints, both originally on the samangdetic reference system
and, later on, converted to the same projecteddauate system, allows
the construction of a 2.5-D urban surface modek Buits highest level of
accuracy, the use of detailed vectorial buildingstfrints in order to
classify LIDAR points contained within buildings isrucial for the
improvement of the final result of the 2.5-D urbanrface model
interpolated and constructed, especially alongdingls facades.

Thus, using the capability of LIDAR data in orderdonstruct an
accurate 3-D urban surface model, solar accegsgilifialysis at different
heights (for existing buildings facades) is implenee and integrated in a
tool for calculating urban radiation. As presentsd Osaragi and Otani
(2007), all visibility and sunshine analysis in ambareas based on 3-D
urban surface models must take into consideratiengeographical relief
of the terrain.



The investigation of solar radiation in architeetis not new and
there are already several tools that calculateatiadi performance of
buildings very accurately. Nevertheless, thesestaoé very useful at the
micro-scale of architecture (environmental perfanoceasoftware) or at the
macro-scale of landscape and regional geographg (@bls), but the
focus on urban texture is mostly lacking. Recentig, increasing attention
to environmental policies in urban studies has edeamp many questions
about how planners should manage those indicatattsei design process.
In fact, numerous authors and architects are ceedirthat cities play a
leading role in controlling sustainability: straieg for redefining more
efficient cities in terms of energy performance amyironmental quality
were the centre of attention in seminal work byhRid Rogers in defining
policies for UK cities (Rogers 1997; Urban Task deorl1999) and
supported the debate around the promotion of momnepact cities (Jenks
et al. 1996, 2000). For instance, the need to oweectraditional solar
laws based on trivial angular criteria, such astrobfon angles rules,
would be very welcome. Anyway, a comprehensive ratidble toolkit for
sustainable urban design is lacking among pragtipiefessionals.

The tool presented here can be intended just asilens a larger
mosaic aiming at the quantification of environmérgarameters at the
urban scale. In particular, the calculation of soéliation gives us some
clues about the energy-performance of the urbamicfadbncerning a
general understanding of the different contribugioh vertical and sloped
surfaces in the urban context. Hence, some criticastions in urban
design and planning arise: can we build denseescitiithout decreasing
the potential for passive solar architecture? Widhe incidence of beam
versus diffuse solar irradiance contributions ipidgl urban textures?
Those questions could benefit from comparativeistudetween different
urban design solutions using the methodology intced here.

The area selected for the analysis is a squarern@d@s wide near
the Rhone River and the old town of Geneva, in &wiand, such as
presented in shadowed yellow zone of Figure 1.i8érdnt buildings with
average height of 18.5 metres were counted on Hite.urban texture is
quite compact and densely built, and we want tafywefr buildings are
sufficiently separated from each others, so tharshadowing does not
limit solar accessibility of indoor spaces. Thearstruction of the model,
as explained later in text is shown in figure 2.



Fig. 1. Pre-defined area of the case study in GeneWg'snear the Rhone River
and the old town
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Fig. 2. The 2.5-D urban surface model visualized on Mattédights are
expressed in meters above sea level.



2. Research context

Reference to this work is both literature in thenote sensing, 3-D
geography field and literature in the environmerdall morphological
analysis of digital urban models.

Previous literature on interpolation of LIDAR poicibuds is vast.
The advantages and disadvantages of several ildégrgomethods, such
as triangle-based linear interpolation, nearegghimur interpolation and
kriging interpolation were presented by Zinger kt(2002). The most
accurate surfaces are created using a grid witmgkng size that relates
as close as possible to the LIDAR point densityirduithe acquisition
phase (Behan 2000). For applications where higlellef accuracy is
demanded, control techniques that analyse the tguaii digital terrain
models can be carried out (Menezes et al. 2005).

A method to interpolate and construct a 2.5-D urhianfiace model
(incorporating the geographical relief), based oiDAR and GIS
buildings data, has been proposed by Osaragi aawi (#007). As related
research, there are some semi-automatic methodsldgao create 3-D
GIS data from LIDAR data, such as the Virtual Londd UCL (Steed et
al. 1999) and the MapCube at Tokyo CadCenter Catjoor (Takase et al.
2003).

Concerning literature about the application of eastmages in
urban studies, pioneers in the use of image progegechniques to
analyse environmental indicators and morphologdigital urban models
was a group of researchers at the Martin Centréydusity of Cambridge
(Ratti 2001; Ratti and Richens 2004; Ratti et 80%). Today’s increasing
availability of 3-D information from user generatedntents and remote
sensing surveys, makes this technique promising vangd useful for a
general understanding of the performance of oig<cit

The technique is based on the use of very simpieranodels of
cities, called 2.5-D urban surface models. Theselatsoreproduce the
geometry of the urban fabric and are produced lyulegly spaced
matrices of elevation values, which contain 3-Dbindation on 2-D digital
support, stored in Bitmap format. Developing sofevalgorithms derived
from image processing, it is possible to develdigieht strategic tools for
analysing and planning the sustainable urban foneasuring geometric
parameters and assessing radiation exchange, eoengymption, wind
porosity, visibility, spatial analyses, etc. Resuire extremely fast and
accurate.



3. Methodology: The implementation of the 2.5-D urban
surface model from LiDAR data to environmental analysis

The process for structuring the proposed methogolegbased on four

major steps as represented in the scheme of figutke construction of

the 2.5-D urban surface model, the environmentallyasis through the
image processing of urban models, the visualizatioihresults and their
evaluation by users (this latter step will be pdirfuture work).

For the 2.5-D urban surface model interpolatiorthef case study
of the city of Geneva here presented three datecesiare required: raw
LIDAR data, 2-D vectorial digital maps of building®otprints and
alphanumerical data containing altimetric inforraatiabout buildings
heights.

First, we interpolate a digital terrain model (DTMY classifying the

LIDAR points according to the following sequentiglerations:

* Using a GIS software, LIDAR points contained withbuilding
polygons and in the 2 metres buffer generated fooitding polygons
are eliminated.

» Using the classification tools provided by TerraSsaftware, LIDAR
points whose elevation value vary significantlyniresurrounding points
are considered to be points indicating feature$ suscaerial points (for
example, if the laser beam touches a bird), treesvahicles, and thus
are removed.

After eliminating the points indicating all theseatures, a DTM
can be interpolated only from ground points — wijbod density of
LIDAR points (such as in our testing areas, locateGeneva city, where
LIDAR points were acquired with a density of 4 tgo6ints per square
metre) there is no great difference among soméefeixisting gridding
interpolation methods that can be employed, sudhesearest neighbour
binning, inverse distance weighting, triangulatwith linear interpolation,
minimum curvature, kriging and radial basis funeiqGoncalves, 2006).
All these interpolation methods are accessibleammon GIS software
available on the market.

For its generalised use by the scientific commurigy DTM
interpolation, the triangular interpolation was s@n. Secondly, we
interpolate (using only the LIDAR points classified being contained
within vectorial building footprints) a value foraeh grid cell
corresponding to a roof value contained within #wea defined by
building facades, for all the existing buildings thve areas of study. Thus,
a triangulation with linear interpolation is alsppdied to each one of the
roofs of the buildings. It is important to note ttldong building facades,



LIDAR points whose elevation value vary signifidgnirom surrounding
points are considered to be points indicating festisuch as low points
and are removed (using the classification toolsvided by TerraScan
software). For each building, and more specificdlly each grid cell
contained within, the building height (also defiresinDSM of buildings)
is taken to be the value of subtraction of theaiarelevation (calculated in
the DTM interpolated) from the building elevatiddue to the presence of
obstacles, such as trees, in the few cases whizrekaof LIDAR points
exists in buildings roofs, the grid cells correspioig to each of these roofs
have assigned an average building height valuaexi from the attribute
“building height” of the cadastral database.

Lastly, each building is added to the DTM as a owiu(whose
borders are defined from the vectorial building®tfwints), using the
building height found previously for each cell cained within, as
described in last paragraph. The final result adldhe construction of a
2.5-D urban surface model (2.5-DUSM), which is cosgd of only
terrain and buildings heights information (DTM + 8M). Data source
and parameters needed for generating the 2.5-Dhsbdace model are
shown in figure 4.

Finally, in order to complete the image enhanceroétihe model,
we have to refine the facades of buildings that sloped because of
interpolation (figure 5c). In order to achieve thal, we applied an image
smoothing using a 3 by 3 low-pass filtering. Eaaiiding’s contour pixel
was deleted and then expanded again, in orderdigrasnore constant
values to facades. Among these perimeter pixetsptaximum value was
later selected as the upper limit for running tbeputation of irradiances
on facades (figure 6).
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DATA SOURCE Surface data: Geneva and Lausanne LIDAR data
(4 to 6 points per square meters; horizontal resolution: 20 cmy; vertical resolution: 15 cm)
Building data: Geneva and Lausanne GIS vectorial data

Digital terrain Model Building model
Delete all \ (1) Good LIDAR roof coverage: for each roof, TIN interpolation of
\ LIDAR points classified as being contained within vectorial building
footprints
Z1C(ij)
® - « o
[ ) Building height (H) for cell C(ij)
= HC) = 2106 —Z2¢()
[ = —J i=1,2,.,mj<1,2,.,n
It 22C(3)
Delete all TM Interpolate}
Buffer:2m
l For each building, and more specifically for each grid cell C(i,j)
contained within, the building height HC(;;) is taken to be the value
by subtracting the terrain elevation Z2q(ij) (calculated in the DTM
TIN interpolation: Digital terrain Model (DTM) interpolated) from the building elevation Z1c(ij)
3D urban surface model ’ (2) Insufficient LIDAR roof coverage: building height cannot be found

from LIDAR data
Each building isadded to the DTM as a column (whose
borders are defined from the vectorial buildings

footprints), using the building height rszfefvajie Building height (H) has the same
If case (1) of building model, each grid cell belonging to the value for all cell ¢{;})

same roof will have assigned independent elevation values contained within

if case (2) of building model, grid cells belonging to the same

roof will have assigned the same elevation value

The building height is taken to be the
value extracted from the attribute “building height”

- of the cadastral database
Building

Fig. 4. Interpolation and construction of 3-D urban suefawdel

Fig. 5. The process of
reconstruction of the urban
model; from the top: (a)
original LIDAR survey
data; (b) removal of trees,
cars and other minor
details and interpolation of
the terrain; (c) adjustment
of building facades
through image filtering,
whereby the detection of
facades and roofs is based
on a hybrid approach using
both LIDAR data and
cartography



Fig. 6. The enhancement of the urban model; from the @phe raw LIDAR
data, (b) the original DEM, (c) the reconstructidvertical facades
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4. Image processing of raster images for the study of
solar radiation

In this study the reconstruction of the 2.5-D urlpaodel was applied for
implementing a specific tool for calculating théssarradiance intercepted
by urban surfaces. Aim of the proposed applicaidirst to determine the
rate of accessibility of urban surfaces to diredtausradiation and second
to exactly quantify solar irradiance (diffuse arghin) both on facades and
roofs. The computation distinguishes calculatianrsrradiation of facades
and roofs. Therefore, outputs of the tool are iatoin values stored in
two different arrays: one table contains radiati@mesnputed on every
storey and on every facade of each building; ars®d¢able outlines the
irradiance values on roofs for each building. Hinalbeside this
guantitative content, visualizations of results thhe physical map are
provided.

The technique used in this application is basedthan image
processing of the provided models that are intéedras raster images, i.e.
2-D arrays where every intensity value represdrgsheight of the pixel in

metres. The densijcyand accurac%/of the LIDAR data used is relatively
high. Thus, a 2.5-D urban surface model (grid) &00by 0.50 metres,
which has a sampling size that relates as clog@ssible to the LIDAR
point density during the acquisition phase (Beh@@03, was interpolated
and constructed. The technique computes irradiaabges on all target
points (building facades) being visible from a wvpmint location
represented by the position of the sun.

Two types of input data are required for running thol: first,
geographical and climatic data that inform the timraof the case-study
area and the mean daily irradiance received by botal surfaces for each
month of the year for that location; second, ao$etrban models, as result
of the reconstruction process presented above.

To the first set of data we have to provide the ggaphical
coordinates of the case-study area, the heightealsea level and the
physical extension of the site in metres.

Regarding climatic data, the mean daily beam anifusi
irradiances on horizontal surfaces can be obtaineah statistical data
collected for the city, often reported by local mational norms. In this
case, irradiance values were obtained by the wtalisanalysis of

1 4 to 6 points per n

2 planimetric precision of 20 centimetres and altitogrecision of 15
centimetres

11



historical data. From these letter irradiances orizbntal surfaces it is

possible to derive irradiance values for everyr@agon and inclination of

surface, according to solar geometry formulae (leuf®80). Other minor
input information can be used if provided, like fxample the quote of
ground-reflected radiation, which default value b@nassumed as 0.2, but
this can vary during the winter season in presehsaow.

A list of six masks necessary in order to run tloelet follows:

» The digital elevation model (DEM), here also calk8-D urban surface
model, whereby intensity values of pixels represkatheight above the
sea level. This input image is the main 2.5-D infation to run the
script.

« The mask of the buildings alone contains the albsdheight of each
building and is useful in the process of slicing tmodel in several
storeys; in this image the terrain model was rerdoaed substituted
with O values, so that it can also be used as niaskletecting and
labelling buildings.

» The masks including labels of buildings and facadiess possible to
determine the exact identifications of buildingsd alacades through
cadastral data (digital vectorial maps of buildpgs simple object
recognition process in Matlab would distinguishwestn independent
blocks, but would fail in the identification of f&fent properties in case
for example of contiguous row houses.

» The masks for describing roofs are essentially amd inform about
orientations and inclinations of roof pixels. Théster masks might be
also implemented as part of the Matlab code, butlédvoequire a longer
calculation process.

This procedure allows to precisely distinguish tesw roofs and
facades of buildings and represents a noticeahlavation in digital urban
analysis. For instance, all outputs in this work atored in separated
arrays in order to analyse the different contrimutito solar gains of
vertical and sloped surfaces in the urban context.

Solar geometry formulae allow to derive the beard diffuse
components of hourly radiations just starting frthra previous mentioned
inputs. In the computation of the time distributioinradiations during the
day, however, we can just assess values represenfar clear sky
conditions, even if they tend to produce conseveatistimates (Duffie
1980, p.77). Therefore, even if accurate, resulth® application should
be used mostly in comparative studies to evaluifferences of solar
caption in time.

Hence, we store a set of possible radiations incdéztl arrays that
will be useful later when applied on the physiaahtext. In particular, the

12



typical array is a 3-D matrix (24x12x9) where tl@uenns represent the
12 months of the year, the rows are 24 hourly vatisrand the 9 z-layers
are the computed values for 8 different orientai(®, SE, E, NE, N, NW,
W, SW) plus the irradiance on horizontal surfacé&e computed this
typical array for vertical surfaces and for slogedfaces at intervals of 15
degrees between 0 and 90.

Once the irradiance arrays are calculated andnihé images are
defined, the core of the computation can run. Tiredew casting routine
first introduced by Ratti (2001) is applied hereapecific hour of the day
and is used to detect which pixels on the facadesnashadow and which
collect direct sunlight. The script computes thedsiw casting routine
slicing the urban model at every storey (3 meteeassumed to be the
average storey height) of each building. Sincadkbbnique deals with 2.5-
D models, slicing each building at different heigylst necessary in order to
compute the real irradiance condition in the valttidirection. In other
words, reciprocal overshadowing by buildings caecifonly part of the
facade and this method allows distinguishing atcWwhheight vertical
aligned pixels on the facade start to be irradigsed figure 7); otherwise,
with simple shadow casting routine applied to thére model, facades
that are shaded at the basement only result tathdgded until the roof.

Moreover, we need to define the linear length ofefs on the
perimeter of buildings: depending on their inclinat pixels can assume
values between 1 and2. This can be easily calculated applying sobel
filters (Ratti and Morello 2005).

Hence, when we are able to determine for everydiacd every
storey, if each perimetral pixel is under shadowlight, which is its
orientation and its linear extension, we can asdiym incident solar
irradiance calculated in Watt per square metre.réof pixels instead, we
need to add the information of slope and orientationtained in the input
masks. The area of each roof pixel was calculabegidering the slope of
the pixel.

Finally, we have to store irradiance values in avemient way,
depending on the results we are interested in.his work we were
basically investigating about the ratio of direotas irradiation on urban
surfaces and an energy-based evaluation of calleattiation on surfaces.
Therefore, results were stored listing all pixelsfécade identification and
by orientation; regarding roofs, results were siofellowing building
labels.

Furthermore, it is important to provide also gehararphological
indicators for the case-study area, because itdctna interesting to
correlate urban shape indicators to environmengalopmance in future
comparative studies. These morphological indicatorslude among

13



others: built volume, built area, densities, mead amaximum height of
buildings.

Step 1 Step2ton
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1 — White building: building under analysis

2 — Blue building: built environment

3 —The sun is considered to be the viewpoint location

4 — For each building facade under analysis (target area), every 3 metres (assumed storey
height) for all grid cells (C(i,j)) on the horizontal direction of the image, evaluation of visible
cells from the viewpoint (sun) location

Fig. 7. Method implemented (using a 2.5-D urban surfacdef)dor the
calculation of the solar radiation along each bogdacade at a specific date of
the year. Slicing the model at different heightevas taking into consideration
pixels in shadow or in light

5. Results of the analysis

A general overview about the energetic performarfoeertical surfaces in
an urban site is very useful if we want to compidifierent fabrics or if we
want to assess the impact of new buildings insite ¢ity. The tool
presented here is accurate at the scale of thébmighood, if we do not
consider the inevitable edge effect due to the radeseof obstructions
generated by buildings located right outside ofétea of investigation.
Different profiles describing the solar irradiatioan be traced for
an urban site. We consider two main graphs, intteddater in figure 12
and figure 13. Both types of analysis were compuaitedifferent times on
an hourly basis. We can observe that absoluteiamad values slightly
decrease with height (figure 8a) and this is mostlysed by the parallel
decrement of the amount of vertical surfaces whenmove to upper
storeys. Anyway, if we normalize results in respgecthe areas of related
vertical surfaces, the average irradiation per sgjo@etre clearly increases
with height (figure 8b). This phenomenon occurspart also with the

14



analysis of direct solar irradiation, whereas hamethe upper storeys the
percentage of surfaces under direct radiation &s&@e again and this is due
to the lower reciprocal overshadowing by buildiigure 8c).

Beside the calculation on vertical surfaces, the t@mputes the
irradiance values collected on roofs and their rsetgposure (light or
shadow) on an hourly basis (figures 9 and 10). difesen case-study area
is composed by a very uniform urban fabric, wherdiny gaps in the
skyline do not occur. Therefore, roofs are mostlieriested by proper
shadows on pitch slopes opposite the sun and egrés general the
location where it is easier to collect solar energyen if a general
guantification of irradiance values on roofs isdamental in order to have
a general understanding of the passive solar patesftthe city, further
work should investigate limitations concerning soémergy collection
occurring at pitched roofs and considering foranse the most efficient
way to install solar and/or photovoltaic panelghatneighbourhood scale.

Moreover, polar plots of solar irradiances on \aitisurfaces
computed for Geneva show the contributions of beamd diffuse
irradiance on the site (figure 11). Great part bé tsolar irradiation
collected by vertical urban surfaces is due to udif irradiance,
considering also the fact that the sky is not abvelgar. In terms of energy
performance, increasing the direct solar contrdsutbn vertical surfaces
does not bring a consequent improvement of eneofjgation. It means
that we can build more compact urban spaces amgjatel roofs to collect
beam radiation for the production of electric eyeend/or hot water.
Nevertheless, in terms of environmental qualitygeneral, assuring a
minimum amount of direct solar radiation on eachilding is
recommendable for increasing the perceived comiwide buildings.
Anyway, if we aim at providing sufficient light fdiving conditions inside
indoor spaces, the constant diffuse radiation ima@st cases satisfactory.
Concerning the case study-area in central Genedaaaoording to the
irradiations at that latitude, the layout of builgé already guarantees good
solar radiation.

15



18
15

12

height of buildings [m]
©

0.4 0.6 0.8 1.0 1.2 14

total irradiance collected on vertical surfaces [MW]

—&—Dec 10 at 10 AM Dec 10 at 12 PM —a&—Dec 10 at 02 PM

height of buildings [m]
©

30 40 50 60 70 80

average irradiance collected on vertical surfaces [W/m2]

—&—Dec 10 at 10 AM Dec 10 at 12 PM —a&—Dec 10 at 02 PM

height of buildings [m]
(o] ©

w

10 15 20 25 30 35 40 45 50

percentage of vertical surfaces subjected to direct radiation
with increasing height [%)]

—&—Dec 10 at 10 AM Dec10at12PM  —&—Dec 10 at 02 PM
Fig. 8. Total irradiance falling on vertical surfaces fhetcase-study area on the
average day of December at 10 AM, 12 PM and 2 Pl increasing heights of

buildings; from the top: (a) absolute irradianae$4W; (b) mean irradiances in W/m
(c) percentages of vertical surfaces subjectedréztradiation

16



2.42

2.00 PM 7.65

12.39

2.87

12.00 PM 8.42
13.33
1.64
10.00 AM 6.17
10.97
0.00
8.00 AM 2.38
6.60
0 2 4 6 8 10 12 14

irradiance [MW]

EJune OMarch ODecember

percentage of roofs in light [%]

OJune OMarch [ODecember

110.54
2.00 PM 345.52
566.80
131.46
12.00 PM 385.16

609.53

10.00 AM
501.63

0 100 200 300 400 500 600

irradiance [W/m2]

EJune DOMarch ODecember
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Fig. 11. Polar plots of solar irradiances on vertical stefafor Geneva on the
average day of June; in black beam radiation, rk deay diffuse radiation
(values are expressed in WjnFrom left: irradiances at (a) 8 AM, (b) 10 AM)(
12 PM
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6. Visualization of results: 2-D and 3-D displays for
communicating results

According to Nielsen (1993), the acceptability ofyavisual exploratory
system is strictly related to its utility (feasibil of the information to be
visualized) and its usability (cognitive visual enpretation of the 3-D
urban models proposed).

This combination between utility and usability detaes the
level of acceptability among the different usersfarticular for architects
and urban planners) of the proposed 3-D urban md&sdichenbacher and
Swienty, 2007).

User requirements concerning the utility and uggbibf 3-D
urban models for communication and visualizationppges have not yet
caused much attention within the world of researchend developers.
Thus, for different users and applications, it imdamental to clearly
distinguish which levels of detail (LOD) should @mplemented and,
based on this classification, which urban objebtsutd be or should not be
visualized. This filter of criteria is essentiah, order to avoid too dense
and confusing urban scenes.

The visualization of results here proposed is bamedhe user
requirements study undertaken for the city of Ganeuch as presented by
Carneiro (2008).

The representations of maps indicating the perfaneaf facades
on a 2-D-plot are displayed in figures 12 and b8:ftrst accounts the total
irradiance (expressed in Watt per square metrigdabn vertical surfaces
with increasing heights of buildings; the seconat ptepresents the
percentage of facades subjected to direct solaatiad with increasing
heights of buildings. These synthetic maps revieainselves to be very
immediate because they give an omni-comprehensideratanding of
irradiation conditions on the entire site.

For 3-D visualization we used the available modelyeloped by

the DCMO3 in Geneva. The 3-D urban model of the city of Geneas

constructed using many data sources, such as: @efbnal data, 2.5-D
raster data, alphanumerical data containing altiménformation about
buildings heights, LIDAR and terrestrial laser dataerial photos
orthorectified and terrestrial photos. We used thisdel to present our
analysis of results. Results showed in figure ldpldy the average

3DCMO, Direction Cantonale de la Mensuration Offiieieresponsible for the
management of the topographical, cartographical@&dinformation of the
city of Geneva.
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irradiance (expressed in Watt per square metréhdabn each building.
Irradiance values collected on the facades of badting were divided by
the total area of vertical surfaces, whereby fasatthat do not receive
radiation at all were discarded (mostly separatieals between two
buildings). Results tend to be quite uniform, deetlie operation of
averaging of irradiation values on all facadedtkgl and shaded.
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Fig. 12. The mean solar irradiance collected by each facadbe second storey
on December 10 at 12 PM, considering both beanddhe contributions.
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Fig. 13. On each facade on the second storey, the perecotagirface interested
by direct solar radiation on December 10 at 12 BMisplayed.
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Legend: Average Radiation by Facade (W/m?) B
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Fig. 14. 3-D visualization of average irradiance valueskpelding (expressed in
W/m?) on December 10 at 12 AM

7. Conclusions

In this paper a complete methodology from the exiva of LIDAR data
to the environmental analysis of urban models drel isualization of
results was introduced. Combining different discig$ interfaces and
datasets reveal constrains of today’s applicahilitIDAR images for the
environmental prediction of the urban form. Heraérst result is to bring
3-D geography and urban studies together in a psoiteat goes from data
acquisition and processing to urban modelling amdbam design
application.

Applications of this methodology in urban designl ganning are
very promising. In our case study we limit the gs# to the physical built
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environment, but we could extend the investigatmassess the impact of

new buildings in the city and use the technique ifoproving design

schemes based on an evaluation of quantitativeatulis before and after
changes are introduced. The methodology has betedtéor a small case-
study area, but calculations can run also at aleitgl if LIDAR data are
available.

The accuracy of results depends mainly on two stuat we tried
to overcome: the quality of input LIDAR data anc tbonstraints of the
image processing technique of 2.5-D urban surfagdefs. First, in order
to enhance the precision of LIDAR data, a procéssiage reconstruction
was implemented and a hybrid approach that integtthie use of vectorial
building footprints data was proposed in order tconstruct the
perimeters of buildings. Second, the use of thegamarocessing technique
of raster images permits time-saving computationt beeded to be
improved through multiple slicing of the model tonsider different
shadowing conditions on vertical aligned pixels.gkneral, the aim is to
achieve a real understanding of the energetic padoce of the urban
fabric. Comparative studies conducted not onlyiémnt times, but also
on different sites or on the same site introdudhgnges (like for example
a new building or adding one storey to all buildipgould give more clues
for interpreting results.

As here presented, existing vectorial digital m@&pS data) can
be used if available and updated, but outlinesudtliimgs from this source
of information should be always handled with splecéae. In fact, the 2-D
outlines of buildings footprints do not have tonegent the outline of the
building roof. Modifications between GIS data arddr data can have
numerous reasons which can not automatically begrézed. Proposals
using vectorial digital maps as input for 2.5-D ambsurface model
interpolation and construction should be attent’¢he fact that in some
cases map information might not give the correatshabout 3-D buildings
shapes.

Finally, future work should:

» improve the technique for the construction of thedel through a
method for roof segmentation/interpolation, in orttetake into account
more accurately different footprints of buildingsdaroofs;

» ameliorate the quality of the urban model with thiegration of trees,
which remains one of the most delicate aspects eroimgy
environmental analysis using 2.5-D urban surfacdets

» optimise the efficiency of the proposed code andisequently
intensifying the number of slices on the model;

« provide a statistical analysis on 2.5-D urban sigfaodels;
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* investigate the utility and usability of the propds visualizations
outputs through users’ evaluation.
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