3D noise mapping in urban areas
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Abstract

Noise mapping is the process of determining andalising noise impact on the environment in order t
support environmental policies. Currently most edisipact studies are based on a 2D approach. The 3D
output of noise simulation software is processed \dsualised in 2D and combined with 2D topographic
and other data, such as population distributiomguantify the effects. The research described is phaper
aims at improving visualisation and quantificatiohnoise impact on the environment by generatir@Da
noise map where 3D effects are relevant. Baseth@secific demand, an approach is presented &raen

a 3D noise map as basis for noise impact studies.pfoposed concept is proofed by applying it sa@ple
noise impact study. From experiences with the santptan be concluded that the 3D noise map offers
significant insight in situations where 3D noiséesefs are relevant, i.e. in urban areas. Here ou2B noise
maps have limitations. In addition more accuratessment of noise impact is possible in particiaen
different floors of a building close to the noismisce and/or behind noise barriers are considéred. paper
also elaborates on accuracy aspects in all phdsesse modeling, including reporting on initialgtiments

of 3D noise interpolation.
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1. Introduction

2D GIS has been widely and successfully used inremwental impact studies to show impact of spatial
phenomena such as soil pollution, air pollution aase on the environment. However it can be exqukttat

a 3D approach can offer fundamental improvementsr8D effects are relevant, i.e. in urban areag Th
objective of the research presented in this paptr study how noise impact studies in those stnatcan be
extended towards 3D in order to improve visual@atof noise impact and to increase accuracy ofenois
impact assessment studies. In rural areas, whersidewable noise fall with height up a buildingléss
relevant a 2D representation may still do.

This multi-disciplinary research is executed by toenpany dBvision (providing knowledge on noise &ad
impact studies) and ITC (providing expertise on -ggormation processing). The aim of the presented
research is to show how noise impact studies campemved using basic 3D GIS functionalities rattien
how 3D GIS functionalities can be improved in gahemn that respect this research is a typical igies
research as it is recognized in the disciplinenfidrimation systems. According to Association fdiofmation



Systems (2007) design research should a) showthibet is a demand for a design; b) review existind
propose a new design; ¢) show proof of conceptdmtyang it to sample data; d) show that it can espnt
concepts that are impossible with existing desigmg], e) show that the improved design can meet mor
general problems. All these aspects will be adéekgsthis paper.

In section 2 the case of noise is presented defitiie motivation for this research: why is noisprablem;
how are noise impact studies currently carried eutat are problems of current 2D approach in noise
assessment and management. Section 3 presentd@dolegy for a 3D approach in noise impact stuties
the integration of a surface representation of endévels at a surface following the height of teerdin
(including buildings) with a 3D city model. The wds of the 3D noise map, including applying itamoise
impact study, are presented in section 4.

Main aim of noise impact studies, as object of tieisearch, is to visualise and quantify the overalke
impact. Therefore increasing accuracy of calculatede levels on specific locations is not the otiye of
this research. However improving accuracy of naigglels is an important scientific issue and widréfore

be addressed in section 5 against the backgrounitheofcomplete noise modelling process (from data
collection and 3D noise interpolation, to use ispecific application). The paper ends with conduasiin
section 6.

The cities Paris and Hong Kong already producech8Be maps (see Butler, 2004; respectively Wing and
Kwong, 2006). Also the MITHRA-tool (CSTB, 2007; Raget al, 2002) provides a 3D presentation of @ois
levels. These 3D noise maps, projecting noise $ewal buildings, look promising. The additions o€ th
research presented in this paper is the generafiannoise surface and of 3D contours as well gereeric
method for visualisation. The noise surface anctc8Btours are both representations of noise lewdsAding

the terrain and provide therefore a more detailedgntation of the noise situation than the repdagen of
noise levels on buildings. The generic visualisatis just another representation of the information
Conversions to virtual reality environments are matcessary to visualise the 3D information. As a
consequence the noise surface as produced iretdeanch can be used directly to quantify noise anipa3D

as will be seen in this paper.

2 Describing the case of noise

This section presents the case of noise. The mu@aem including policies to reduce noise probleams
introduced in section 2.1. Section 2.2 describegeat practice of noise impact studies. The denfand 3D
approach for noise assessment and managementrgeesn section 2.3.

2.1 Noise problem

Noise pollution in large urban areas, mainly causgthdustry and road and railway traffic, is calesed as a
serious environmental problem (Silvia et al., 2003)r the management of these noise problems many
governments require that the environmental impdchaise produced by planned constructions such as
infrastructure and industries is assessed befamstaection starts. If negative effects are expeateelasures
need to be taken. These measures may comprisengecbéthe plan, construction of noise barrierg of
quiet road surfaces and insulation of houses.

Besides the prevention of future noise problenepssare being taken to reduce present noise effaaisder

to have a common European mitigation program tdrobnoise levels the European Union has formulated
directive on noise pollution (European Union, 200Phe directive prescribes a common approach for al
member countries to prevent and reduce the harefiiedt of noise. A major component of this approech
common method to produce strategic noise mapslifonagor cities, roads, railways, airports and isttial
sites. The strategic noise map presents noiseslealsed by existing noise producers. The EU-dneect



requires the noise map to represent noise levelshaight of four meters from the surface. The Hidetive
further requires publishing the noise maps to thbklip and updating the maps every five years. Based
these maps, plans need to be made to reduce tlaetimipnoise, also every five years. The EU-dikectioes
not contain common noise limits. These can be deterd by each member state.

2.2. Noise impact studies

Noise impact studies consist of two stages: 1)cHieulation of noise levels and 2) the combinabdwther
spatial and non spatial data with the calculatedenlevels to produce insight into the impact akeo

Calculation of noise

In noise impact studies, noises levels are detexdwnth computer simulations models rather thai witise
measurements. There are several reasons for ttssofall field measurements are time consumingesthe
noise levels concern the yearly averaged values camd only be done under the appropriate weather
conditions. In practice it is difficult to executan adequate number of measurements in order taugeod
reasonable noise maps. Furthermore it is imposgibleetermine future noise levels by measurements
whereas noise simulation models can deal with éusituations. In addition it is shown that modeds c
predict noise levels within an acceptable levelotertainty for most situations. Therefore noiseudation
methods, which have been validated and calibratezhsively with field measurements, are widely ated

to provide reliable information on noise levels.computer models that implement the calculationhoes,
noise levels are calculated on ‘virtual microphoifebsservation points). A virtual microphone, sgmd with

a X,y,z coordinate, is a point that reports what tivise level would be at a certain location ungieen
circumstances. In the computer models noise lerel€omputed on 3D data points based on:

1. Information on the noise source (roads in this casa&ffic intensity, maximum speed, road surface
type, average emission of different vehicle types.
2. Information on aspects that influence noise propagauch as noise obstruction by objects (like

buildings, noise barriers) and noise absorptioke(lopen areas with grass or bare soil). This
information also covers heights of buildings anatbfer topography.
3. 3D distance and direction of the data points watspect to the location of the noise source.

Determining the impact of noise

GIS functionalities are commonly used to asses#ntpact of noise by producing strategic noise majusse
maps can be made with the combination of interpdiaurface of noise levels and spatial data coyeha
area of the study. An example of a noise map isveho figure 1 (Kluijver and Stoter, 2003). Thigire
shows several noise contours that represent saise lewgels along either side of road and railway.

Figure 1: 2D noise map (Kluijver and Stoter, 2003)

The noise maps are used as input for the assessheartdise impact on the environment, for example
determining the area which is affected by seversenaletermining the number of noise sensitivedingjs or
the area of natural parks where a certain noisel isvexceeded; determining the number of citiaghe are
annoyed by noise etc. Quantifying the impacts a$adacilitates the comparison of several designsrder

to choose the design with the smallest noise impac¢he environment.



2.3 Problems of current 2D approach

Most of the noise calculation software calculatesse with the three dimensional data, i.e. heigffts
buildings, of noise barriers and of other topogsane taken into account. Although output of noise
calculation software (observation points with cidted noise levels) is described in 3D, most currerise
maps are in 2D representing noise levels at oreetsel height (for example at four meter as requinethe
European directive). Disadvantage of this 2D magpnethod is the lack of insight into the three disienal
character of noise. In many situations noise lewtl®ne particular selected height (for exampldoat
meters) do not provide complete information foregstng noise impact at higher floors of a building.

2D noise maps are used to quantify impact of nasg, overlaid with a 2D building map. This can s&u
considerable differences between calculated impandsmpacts that (will) occur in reality. The @ifénce is
especially large when a building of interest isaled close to the noise source or when a noiséebasr
present. People living on lower floors of an apantbuilding benefit more from a noise barrier tip@ople
living on higher floors. Therefore number of anndygeople might be overestimated when based on 2D
analyses. Summarising, 2D noise maps and 2D amalgse insufficient to discriminate between noise
impacts at different heights which is specificalgjevant in urban areas. Although current noiseuktion
models predict noise levels in 3D, noise maps gaadrin 2D cannot be used directly to study tharBpact

of noise. To use the 3D information in 3D noise atipstudies, firstly the output of noise softwaeeds to be
processed in 3D.

3. Methodology

This section presents a 3D approach for noise itmgtaclies. It starts with a description of the stadea
(section 3.1). Section 3.2 presents the calculatiethod used in this research. The process oftselehe
locations of observation points, which is extremetyportant, is described in section 3.3. Sectioh 3.
describes how the 3D noise map is generated anidrs&5 describes how the 3D noise map is apptieal
noise impact study.

3.1 Study area

The study area is a small part of the city cenfr®elft, the Netherlands. Delft is a city of arouf#,000
people in the densely populated South Holland maeviof the Netherlands. The study area is apprdeigna
30,000 m2 and contains about 185 residential mgkliwith an average height of 15 meters. A 3D mibdel
covering the study area, containing all detailbuwifdings, was provided by Vosselman et al. (200B)e city
model, shown in figure 2, is constructed basedromteractive segmentation of the parcel boundarsasg
several tools for splitting the polygons along Ieigumps edges. The roads, canals and trees wsoe al
reconstructed from the combination of parcel bouedaand laser altimetry data (Vosselman et aD520

Figure 2: 3D city model of study area (Vosselmaal £2005)
3.2 Noise calculation method

As in other countries, also in the Netherlandswdalton methods have been standardised and are coiym
accepted as appropriate for noise impact studies baving been validated and calibrated with esiten
measurements in 1970s and 1980s (VROM, 1999). Hioen available Dutch methods the Standard
Calculation Method 1 (SCM1) was selected for tiesearch. SCM1 (VROM, 2004) was established by the
Ministry of Housing, Spatial Planning and the Eowiment, according to advise of noise experts atet af



extensive testing, for assessing relatively simpdgse situations, such as determining noise hotsspo
quantifying overall effects and visualising noiswdls. SCM1 was chosen since it takes the obstruct
noise by objects such as buildings into accountibig still relatively simple to use, also for nooise
experts. At the same time it meets the requireméartghis research (to see how noise studies can be
improved by a 3D approach). Other more sophistitatése calculation methods could also have beed.us
In this study these methods are not relevant, dimedocus is on a method to improve the visuabsaand
quantification of noise impacts using 3D approact aot to improve the accuracy of the calculatedeno
level on one specific location.

Inputs for the noise computer model implementingV8Care noise sources (location and characteristics)
noise propagation factors and observation pointss Thput information was generated using the 3 ci
model. Fictitious data were used for traffic intéies. It must be noted that noise levels on 3Deolrtion
points are calculated in SCM1 by considering 3Dtagise and direction of the observation points ® th
source. Consequently SCM1, as other noise metimgEements a 3D approach for noise calculation.

3.3 Locating 3D observation points

Key issue was to optimally locate the observatiaings that were used in a second step to produce a
continuous noise surface with 2D interpolation (seetion 3.4). There are several conditions thasgibe
the best location. One condition was that the afagiem points should be located on the height serfz the
terrain since the interpolated noise surface walldsaped over the 3D city model in a later stageotAer
condition was related to the spatial distributibmnthis case in 2D since a 2D spatial interpolativethod was
used. The decision about the spatial distributibpants for noise simulation is not straightfondaPoint
density should be sufficiently high to reach adegwcuracy of interpolation results. On the oteand too
many points should be avoided in order to conshigneduce computation time of the noise software.
Characteristics of noise propagation can be takemaccount in order to optimally distribute poinioise
reduces continuously and logarithmically with dmste in absence of obstacles. Furthermore noisecesdu
discontinuously at obstacles, such as buildingsrevious study showed that point density shoulddjasted
to these characteristics in order to minimise thereintroduced with interpolation (Kluijver and der,
2003). This implies higher density (1 m spacinghe test area) of observation points near the renseces
and buildings and lower density further away froomse sources and buildings (2 m spacing).

Most optimally points should be located at facadédbuildings, i.e. with same x,y coordinates buthwi
varying z coordinate. However since 2D interpolatias applied in this research, can only be usedirits
are located on different x,y coordinates, pointhwimilar x,y coordinates were simulated by givthgm an
offset of 0.1 m leaning towards the buildings (8gare 3 (a)). The maximum offset cumulates towhiom
(compare top and bottom of building in figure 3)(a)

Summarising, there are three types of point dessin the generated observation points data set whiy
considering X,y coordinates: 1 meter between paiats roads and buildings; 2 meter between poimthdr
away from roads and buildings (where noise variasclew) and 0.1 meter between points at facades of
building (to facilitate 2D interpolation of the ddygation points). In vertical direction (consideyirz
coordinate) all points are located at 2 meter disgfrom each other.

Figure 3: (a) spacing of points in horizontal ardtical direction on facades of building, (b) obhsgion
points to be used as basis for interpolated naiface

The total number of points generated (in ArcScevey around 16,800, see figure 3 (b). The resufimgt
density is rather high for noise computer model8joagh appropriate for the densely built studyaare



Calculation time was acceptable because of thévela small size of the study area. Further opsiation of
the density of observation points was thereforenegessary but would be necessary in case of erlarga.

3.4 Generating a noise surface by interpolating seilevels

The noise surface was built by interpolating ndesesls at known 3D observation points, only taking
coordinates of points into account, i.e. using B2npolation. The 3D analyst tool of ArcScene wasduto
generate the noise surface. There is no standaatalspnterpolation method that can deal with the
logarithmically reduction of noise levels with diste. However there were some prerequisites thavated
the selection of Triangular Irregular Network (TINYr the interpolation. If noise levels on facadee
calculated with noise levels above the road or admyildings errors are introduced due to the highawnce

in noise level on facades of building. This highiaace in 2D (i.e. noise changes quickly with xistaince) is

a result of the effect that noise levels are caledl in the noise computer model based on 3D distalvhen
projecting these observation points in 2D, suddenge in noise levels occur on a relatively shtadce.
TIN only takes the closest three observation pdimis account (distance measured in 2D) when cailitg
noise level at any unknown point, avoiding thatseowvalues above roads and buildings contribute to
interpolated values on facades. Therefore TIN vedéescted as interpolation method. To proof the agsiom
that other spatial interpolation methods are lestalsle also experiments were done with Inverseadise
Weighting (IDW), Natural Neighbourhood and Krigirfgor an explanation of the principles and advargage
and disadvantages of each interpolation method\seeon (1992).

3.5 3D noise impact study

After the interpolation the noise surface is drapedr the 3D city model to generate the 3D noise.riais

is done in ArcScene. The noise surface is madespgeaant so that the buildings can be seen through t
surface. Also contours are generated which arendgte towards 3D by draping them over the city heigh
model. Using this methodology the 3D noise mama®sydo construct and suited for quantitative aresdysich
as for finding noise hot spots, calculating ares e effected by high noise levels, and estimggiopulation
annoyed by noise. To improve the reality look \attreality functionalities could have been applsath as
textures (see also Wing and Kwong, 2006). One shdwdwever realise that the more realistic the
visualisation looks the more accurate decision msakepect it to be. This expected accuracy doeslnays
coincide with the intended accuracy of the noiggagentation. The 3D noise map is used as inpyuidatify
noise impact in 3D using basic spatial analysi¢stooArcScene.

4 Results

In this section the results of the 3D noise map mesented. Section 4.1 presents the results ohdise
calculation. The 3D noise map is assessed in sedtiband the improvements of the 3D noise map eoeap
to the 2D approach are presented in section 4&pplying it to some aspects of a noise impact study

4.1 Accuracy of noise calculation

The offset of 0.1 m for points on facades introdue@ error, which was analysed to see if the agor
acceptable. At a distance of 5 m from the centréhefroad the error is 0.7 dB(A) which is only in
compared to the calculated difference of 10 dBf{é&ween noise levels at the top and bottom of thielibg
(see figure 4).



Figure 4: Observation points near buildings witmpoted noise levels

Furthermore this difference is not audible for hantgeings. For general noise impact studies, wheee t
selected SCM1 method is designed for, this inacguis acceptable. However when complying with noise
limits a minor difference could be relevant andestmore accurate calculation methods should beeapps
stated before an accurate calculation method ishecdim of this research

4.2 Results of the 3D noise map

To assess the accuracy of the interpolated noiskcgy cross validation was applied (Davis, 1987).
Observation points were removed before interpataséiod interpolated values on these points were aosdp
to values calculated by the noise software. Theddgid a mean error of 0.3 dB(A) and was thereftse a
acceptable. This implies that 2D interpolation barused for building 3D noise map.

The result of the 3D noise map integrating the emaigrface using the TIN interpolation method arel3D
city model is shown in figure 5. From figure 5 @rcbe seen that the 3D noise map is able to psopestess
and visualise the 3D output of noise calculatioitvgare. The 3D representation offers insight irite impact

of noise at any particular height on the terrairfasie and on facades of buildings: high noise Ewelcur on
road surfaces and low noise levels occur on topbac#side of buildings.

Figure 5: 3D noise map obtained with TIN interpialat

2D noise contours (interval of 1 dB(A)) were gemedaand projected on the city model to extend them
towards 3D. The IDW noise surface was generated potver 2, search radius 2 m, and cell size 0.The.
cell size of 0.1 m was chosen to cover the higmtpdensity on facades of buildings when only coasia)

X,y coordinates. Contours from TIN interpolation theel and IDW interpolation method at facades of
buildings (location with highest variance in nolsgels) are shown in figure 6 (a) respectively k ({oise
observation points are shown as well.

(@)

Contours generated from TIN interpolation method

(b)
Contour generated from IDW interpolation method
Figure 6: Noise contours of two interpolation meth@rojected on 3D city model

As expected IDW interpolation produces irregulamtoars. This does not reflect the real noise bedrasince
noise levels reduce similarly with decreasing diséaif no other variables, such as noise barriexd a
absorption properties, are met or changed. Ondh&ary TIN contours do show straight contourscas be
seen in figure 6 (a). Other interpolation methadat(ral Neighbourhood and Kriging) yielded simitasults
as IDW.

These irregular IDW-contours were found on locaiarere noise reduces very fast with distance (vadmiy
considering x,y) represented by high point densityjs the case on facades. IDW (as the othemattee



methods) is based on one search radius for theewdreh, by which values on roads and above bugdang
used for calculating values at facades. This catisedaulty effects on locations where noise reducery
quickly with distance, as shown in figure 6 (b) ah(b).

TIN takes only three observation points into acdoshen calculating a value at an unknown locatioins
appropriate for situations with high noise varianggresented by high point density because it gé@gmore
triangles with relative small areas at these loceti(see figure 7 (a)). As a consequence noisgslen
facades are calculated based on observation pmirfscades only and it is avoided that observaimints on
roads and above buildings contribute to interpdlatalues on facades. This explains why TIN is thestm
optimal method for generating the 3D contours fa 8D noise map, using 2D interpolation applie@Do
observation points.

(@)
(b)

Figure 7 (a): TIN can deal very well the spatiabgularly distribution of observation points onddes of
buildings, (b) results of noise contours based@ I(viewpoint is from above in both examples).

4.3 Results of applying 3D noise map to noise impstady

The results of the 3D noise map with respect torawed 3D functionalities were tested by applyindoit
different aspects of noise impact studies. Theaspkat are addressed here are:

. Assessing reduction of noise levels by noisei®ar

. Estimation of population annoyed by high noiseels

Assessing reduction of noise levels by noise bamse

A 3D noise map was produced with the methodologscdieed in section 3, using information on seven
fictious noise barriers in order to assess the rBpact of several characteristics of noise barriergure 8
shows the impact of the different noise barrienyiwg in height, width and distance from the roBetails of
the different barriers are shown in the bottom déftigure 8.

Figure 8: Effect of noise barriers representeddm®ise map

The first three barriers (a), (b), (c) are of hei§hm and located at a distance of 3 m, 6 m, rés@iz 9 m

from the road. As can be seen in figure 8, thecei®é the barrier reduces when the distance ob#reer to
the road increases. Furthermore it shows that ikaere effect of the barriers on higher floors.

The next three barriers (d), (e), (f) are of déferr heights (2 m, 3 m, and respectively 4 m) amatkd at
equal distance of 5 m from the road. Figure 8 shthas noise reduction due to the noise barrierseeases
when the height of the barrier increases. Stileffect of the noise barrier is found at higher fadBarrier (g)
is located where there is no building. Barrierglgdws therefore the effect on the ground surface.

Table 1 shows the noise impact on the facade obtlieling just behind barrier (a) with height 3 mda
located 3 m from the road. From this table it carséen how the noise barrier reduces noise levdifferent

heights. This case study shows that a noise bat@uld be high enough and sufficiently close ®rbad to
have a reducing effect for all floors. A 2D mapnegenting noise levels at only one height (e.g.)£annot



provide this information. In case of 2D map, noiseels on lower floors could be overestimated and o
higher floors underestimated.

Table 1: Noise levels at different heights on facatibuilding with and without noise barrier (a)iagicated
in figure 8

Estimation of population annoyed by high noise leus

For estimating population annoyed by noise, thesmmed threshold of annoyance is 55 dB(A). This&o
level is considered as hazardous by (WHO, 1999leT@ shows the comparison of annoyed population
estimation using 3D noise map (taking floors ofidiinigs into account) and using a 2D approach aighth

of 4m. For the 3D noise map calculation, populatmmbers were assigned to 3D points and for the 2D
approach, population numbers were assigned to 2mgpd hese points are selected in such a waythiest
coincide with centres of living units. Based on thember of population points covered by surfacdl wigh
noise levels in 3D case and by areas with highent@sels in 2D case, population annoyed by noise wa
estimated.

The results in table 2 show that annoyed populateloulated using the 3D noise map is considerkdsy
than using the 2D noise map. This is because im 688D assessment all floors are considered &ffeeted

by the same noise level, even though the noisési@ve calculated for one specific height (i.e. ¥ imreality
there are several floors above 4 m and only ora thelow 4 m. Floors above 4 m are effected by avaése
levels than at 4 m (when there is no noise barsieige noise levels decrease with distance frommaad and
therefore with height. Consequently the 2D assessmsults in an overestimation of the number ofoyed
people. From this case study it can be concludat ttte 3D noise map analysis provides a much more
accurate estimation of annoyed population thar2ih@oise map analysis.

Table 2: Population annoyed by noise levels > 56A\)IB
5. The accuracy issue of noise modeling

Accuracy can be defined as “the extent to whiclestimated data value approaches its true value3n@ff,
1991). In case of addressing accuracy aspectsisé meodelling, the whole process of a noise apipina
from data collection and prediction to applyingfat a specific purpose - should be taken into antou
Accuracy is influenced at each operation such amglgeneration of observation points, spacing ahts,
noise calculation, spatial interpolation and analyk is not useful to put effort in improving asecy of
calculated noise levels, if these levels are oslduin combination with low-resolution data on pagan for
global impact assessment.
In noise applications, accuracy of three outputs isterest:

1. Accuracy of output of the noise calculation nogkh



2. Accuracy of interpolated noise surface

3. Accuracy of output of noise impact assessment
In this section, we will elaborate on how accureslgtes to these three outputs in respectivelysebtl, 5.2
and 5.3.

5.1 Accuracy of noise calculation method

The noise calculation method used in our reseascépecifically designed to assess overall noiggathin
simple situations. If more accurate informatiomeéeded, a more advanced calculation method carsda u
for example noise calculation method 2 (SCM2). IBM2 all factors affecting noise levels including
reflection and obstruction of sound between bugdinare taken into considerations. However the
disadvantage of this method is that it require$ ligmputation. In addition it is a time consumirpp@ach

to collect all detailed input information, such 3XXHENK??. Since SCM2 yields more accurate noise
levels, SCM2 is applied when more accurate nomseldeare needed, for example to comply with naisés

by insulating houses. Since much money is involvethe insulation of houses it is important to sety
indicate which houses are exposed to high noisgdev

Validation of noise levels by field measurement EXIKXX

5.2 Applying surface and 3D interpolation to impre\accuracy of noise surface

In the research presented in section 3 and 4, plsitachnique was used to generate the noise suigatce
the aim was to show how noise impact studies campeoved when a 3D noise map is used instead2di a
noise map. Although the error analysis showed ttatresults of our approach are acceptable, anriario
next step is to improve the accuracy of the 3D emomap. This can be accomplished by applying 2.50 an
even 3D spatial interpolation to the output of raislculation. Experiments were done with the paéation
method of Boissonat and Flototto (2002), implemeérite CGAL to interpolate noise levels over a suefac
However a closed surface is formed with the alfaritwhich is not appropriate for the city model iar o
study. In addition also experiments were done tmlpce a solid model of noise levels by interpoltatod
noise levels in 3D. A noise surface following tleerain can be selected from this solid model tcegate the
3D noise map to be used as input for 3D noise imgtadies. This section presents the results ositel
model.

Observation points for 3D interpolation

For the full 3D noise representation a 3D rastgyahts was generated covering all space betwegn an
touching buildings. For 3D interpolation, pointsidzave same x,y but different z coordinates. Tloeeecit
was not necessary to generate points with offsethawn in figure 3 (a). The 3D points are distiéolu
evenly with equal intervals in both horizontal amgitical directions (2 m) in ‘lines’ parallel todlroads.
Noise contours are expected to be parallel todhds and data points located in a pattern patalktle road
can reflect this behaviour most optimally. Obvigusdre was taken not to place points inside bugslin
because buildings act as blocking objects in thdehand these points would produce low levels whih
not representative for the levels on the facadeéseobuildings. The total number of observatiompmis
19,500 (16% more than in case of only locating fsoam the terrain surface, requiring XXX% more
computing time XXHENK).



3D interpolation

Currently very few commercial GIS software systemmvide tools for 3D interpolation. Some of the
software systems that do offer 3D interpolatioris@e GOCAD, Environmental Visualization Systems
(EVS), Rockworks, GRASS and FIELDS. Most of thestware systems are for hydrology, geochemical,
geophysical, geotechnical or lithology studies Hray are based on borehole data. In these softsyatems
the solid model algorithm is implemented to intégp® attribute values from depth intervals of strsuich as
soil, rock, or ground water. Therefore these cotibe used to interpolate point data as produgetid
noise software. It should be noted that GRASS dffes point based interpolation tools. However afieme
initial tests with GRASS software (GRASS-5.4), asvconcluded that it could not be used in our rekedue
to the limitation of input data points (maximum#f0 points), which is expected to be solved in wexsion
of GRASS.

There are also examples of non-commercial softicanks developed by individuals aiming at specific
purposes. Since most of them are meant to proveepd®in scientific research, it is hard to retrsedode.
An example is the 3D Natural Neighbourhood inteagioh method implemented in Delphi language by
Ledoux and Christopher (2004). This technique watetl in our research. The code is able to per8m
interpolation but since the amount of input andpatitiata is limited, it could also not be usedun @search.
Finally the FIELDS software (Field Environmentaldon Support tools, extension of ArcView 3.5;
FIELDS, 2007) was applied successfully in our regean the 3D IDW method implemented in FIELDS the
searching ellipsoid-bodig used to find the known points that will contriétio the interpolated value. 3D
distance is used to determine the weights of tleevkinpoints. The 3D IDW interpolation was perfornveth
IDW power 2 and with maximum points of 10 in eadllpsoid-body. The voxel size chosen for the solid
model is 2 m because this reflects the distanogdeet observation points. As in 2D IDW, the disadaga
with this method is when the data varies greatlgne dataset because a fixed major and minor radlius
ellipsoid will not necessarily be appropriate ewengre in the dataset.

The result of the 3D interpolation is a solid mod&ich can be analysed by slicing the model. Due to
limitation of software it was not possible to s¢élasurface representing noise levels followingtdreain.
Therefore it was not possible to display the 3B nibdel together with the results of the 3D soluse
model and to use it to produce a 3D noise map. Mewd was possible to clip the model using the/gon
layer of roads (figure 9).

Figure 9: Volumetric view of noise levels on thadasurface of study area

Longitudinal and transverse cross sections of ih@@se representation were generated and are simown
respectively figure 10 (a) and (b). From Figuretl€an be concluded that the 3D noise representatearly
shows the pattern of noise levels above the roddaiin all directions. Using this model noisepgagation
in three dimensions can be analysed; Figure 18Hbyvs high noise levels at the middle of the razdl a
gradually reducing noise levels with increasingd@gtance from the centre line of road.

Figure 10: Cross sections of the solid noise mddglsection AA in figure 9; (b) section BB in figu9.

Cross validation was carried out to assess theacgwf the interpolation. The results showed thatain

error of 3D IDW interpolation method are very lowen compared to mean error of 2D IDW interpolation
method (0.000039 compared to 0.27). However theegshre hard to compare since the approachesidiffer
some fundamental aspects such as the cell sizagereell sizes tend to average values leadindpec
results when performing cross-validation.



From our experiments we can conclude that a 3[@ sotdel reflects the three dimensional characteoafe

in all dimensions, not only on the terrain surfaieerefore the 3D model is specifically suitedrioise
experts to improve insight into 3D noise propagatiad the way this behaviour is implemented inentrr
noise computer models.

Future research can focus on how to convert thgerlevels from the solid model into an environmehere
the noise levels can be combined with other spatia non spatial data to perform noise impact sgidi
Concerning the FIELDS software, there were no t@olgilable for spatial analysis with the solid mipde
generating 3D noise contours, and to create nedheoise surface nor 3D contours following theatierr
surface.

5.3 Accuracy of noise impact study

In the two examples of noise impact studies desdrib section 4, it was shown that in certain s$itunes
noise impact assessment using a 3D noise map powdre accurate results than using a 2D noise map.
This is because the 3D noise map facilitates djatshing between noise impacts at several heights.

In that respect the results of our study show &2 approach gives relatively more accurate resutien
3D effects of noise are relevant. However, as ini2[8 important to perform error-analysis by ciolesing
the accuracy of all input data to be able to deteerthe absolute accuracy of the noise impact tedebr
example postal areas are often used as populastibdtion source, providing global figures on agyed
population. In an initial stage of an infrastruetwonstruction project, such a global assessmeyptmma
sufficient. In a latter stage, more detailed ancbiaate results might be necessary. In both casesvey
results should be accompanied by information desugiaccuracy of the results, in order to assuaedlobal
results are not misused to plan detailed measutsn@reduction of noise levels.

6. Conclusions

In this paper a research was presented that showsrhpact studies of continuous spatial phenomsuel

as air pollution, soil pollution and noise, canitogroved by applying a 3D approach to the outpigaftware
that predicts the spatial phenomenon on 3D observabints. In the study noise is used as example.

In section 2 the demand for a 3D approach of nomggact studies was described based on a review of
existing approaches. In section 3 a new approach waposed in order to appropriately address the 3D
aspect of noise when visualising and assessingangbanoise. The proposed concept was proven blyigp

it to a sample noise impact study in section 4.

A 3D noise map can be generated by integration 3D aity model with a noise surface representingeo
levels on a terrain surface. For producing theasigface, TIN interpolation was applied to 3D abagon
points. The noise surface and generated noise waere draped over the 3D city height model timioba

3D noise map. From the results it can be conclubdatthis approach serves its purposes also wsihert to

the accuracy required by the specific applicatwhich is visualising and quantifying overall noisgpact in

3D where 3D effects are relevant.

The 3D noise map offers insight into the 3D noiseasion where 2D noise maps have limitations. €oirr
noise simulation software already has a 3D appraaghedicting noise levels. The 3D noise map piesi

the possibility to actually process and visuallsis 8D information. As a result more accurate assest of
noise impact is possible in particular when différéoors of a building close to noise sources orse
barriers are considered, which is specifically vate in urban environment. Since a 3D noise magasy to
‘understand’ they are also beneficial for commuticcapurposes with the public in city planning peeses.



The noise application in this research specificallys at improvement of the overall picture of edspact.
Therefore improving the accuracy of calculated edévels for specific locations was not the maincawn.
However since accuracy is an important issue irsenonodelling, a section was dedicated to improving
accuracy of noise calculation, of interpolation dgplying a 3D interpolation method, and of noiseact
studies. From the experiments with 3D noise intiafpamn, it can be concluded that the results logkgsing.
Although a method to extract a noise surface osenabntours following the terrain is still lackirfguch a
surface and these 3D contours form the core of adBe map. Ambitions for further improving accwyrace
obviously supported by the authors but not withemiphasising the need for error assessment and
presentation of the uncertainties in all phaseb®fprocess, also with respect to the purposesttity has to
serve.

The methodology presented in this paper can beegpf other continuous spatial phenomena as welhat

it meets the more general problem of how to reprte3B aspects of environmental impact studies.
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Fiure 1: 2D noise map (Kluijver and Stoter, 2003)
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Figure 3: (a) spacing of points in horizontal and verticaédtion on facades of building, (b) observatioingoto be used as basis
for interpolated noise surface



Figure 4: Observation points near buildings with computegadevels
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(b)
Figure 7 (a): TIN can deal very well the spatial irregwadlistribution of observation points on facadedwidings, (b) results of
noise contours based on IDW (viewpoint is from abovboth examples).



Figure 8: Effect of noise barriers represented in 3D noisg

Figure 9: Volumetric view of noise levels on thadasurface of study area




Figure 10: Longitudinal cross section (section AdHgure 11) (a) and transverse cross sectionf(bdise
on the road surface (section BB in Figure 11)




