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Sound propagation in urban areas: A periodic disposition of buildings
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A numerical simulation of background noise propagation is performed for a network of hexagonal buildings.
The obtained results suggest that the prediction of background noise in urban spaces is possible by means of
a modified diffusion equation using two parameters: the diffusion coefficient that expresses the spreading out
of noise resulting from diffuse scattering and multiple reflections by buildings, and an attenuation term ac-
counting for the wall absorption, atmospheric attenuation, and absorption by the open top. The dependence of
the diffusion coefficient with geometrical shapes and the diffusive nature of the buildings are investigated in
the case of a periodic disposition of hexagonal buildings.@S1063-651X~99!12809-5#

PACS number~s!: 43.20.1g, 43.50.1y
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I. INTRODUCTION

Noise propagation in urban areas is a problem of ma
importance for people living in modern large cities and h
attracted considerable attention in recent years. The so
events occurring in the streets are diverse and multiple. P
imity sounds act individually and their influences on peo
depend greatly on psychoacoustic factors. Conversely,
long distances, noise is the result of a mixing of sound p
duced by many sources, and may be considered as a sta
ary backgroundcolor. In contrast to the proximity sounds
the background noise does not propagate but rather spr
out because of multiple reflections and diffuse scattering
building facades, making direct propagation impossible. T
paper is concerned mainly with this background noise pro
gation.

Because of its major importance, the noise propagatio
urban spaces has been studied for a long time. Wie
Malme, and Gogos@1# was among the first to propose a
experimental and a theoretical study of sound propagatio
urban areas for sources close to the floor. Considerin
street as a long channel with partially absorbing walls an
perfectly reflecting bottom, the image source theory w
used to predict the sound intensity along streets. Apply
the method of virtual sources, Schlatter@2#, Sergeev@3#, and
Vinokur @4#, also gave expressions for the stationary sou
level close to and far from the source. With a different a
proach, assuming that all propagating modes of the st
carry equal sound power, Davies@5# proposed expression
for the sound attenuation in the streets. Although interest
Lyon @6# showed great differences between these mod
based on specular reflections and experimental data. It
suggested that the scattering of sound and multiple refl
tions on building facades are very important and could
count for these discrepancies. As shown by Fig. 1, the ac
tic field in a street may indeed be split up into an elemen
field ~direct sound and early reflections! and a diffuse sound
field steming from the multiple reflections and scattering
sound by the facade irregularities like building edges, bal
nies, building stones, etc. Donavan@7# then proposed a
PRE 601063-651X/99/60~4!/4851~9!/$15.00
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model of sound propagation accounting for surface scat
ing. In the same way, in order to take the effects of scatter
from objects and protrusions into account, Bullen and Fric
studied the sound field in streets in terms of propagat
modes and gave some expressions for sound attenuatio
streets@8# and sound propagation around street corners@9#.
Other papers relating to traffic noise-level prediction
streets need also to be mentioned@10,11#. In another paper,
assuming that the scattering of sound produces a diff
field, Davies@12# gave a relation for the sound attenuatio
along streets. This assumption of diffuse sound field pro
gating in streets, created by multiple diffuse reflections
the side walls is, twenty years later, still used and discus
@13–17#.

Sound propagation in cities is a much more complica
problem because of the presence of many streets, inter
tions~Fig. 2!, and buildings with various shapes~Fig. 3!. The
first models of sound propagation in urban spaces were
ried out in the early 1970’s with the study of Shaw a
Olson @18#. Cities were regarded as a plane surface w
many randomly distributed sources. The model of sou
propagation takes into account the inverse square-law tr
mission, the atmospheric absorption, and a shielding fa
expressing the presence of obstacles in the propagation
With a similar approach, Davies and Lyon@19# proposed a
cell model to describe the effects of multiple barriers on
noise propagation in urban spaces. More simply, Lee
Davies @20# provided a nomogram~an abacus! for the pre-
diction of sound levels generated by a sound source i

FIG. 1. Sound scattering and multiple reflections by irregu
building facades on both sides of the street. The thick line, the
lines, and the broken lines, respectively, represent the direct,
reflected, and the diffuse-scattering fields.
4851 © 1999 The American Physical Society
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street, accounting for street width, distance from source, w
absorption, and street intersections. More recently, Mak
wicz @21# proposed a mathematical theory of sound propa
tion within urban areas, taking into account propagation o
a flat surface, specular reflection, and scattering by build
facades. However, the complexity of the theory makes
model difficult for practical applications.

Because sound diffraction occurs in urban areas at ho
and street corners, balconies, and plays a major role W
rian @22# also proposed approximative solutions of multip
diffraction at edges and right-angle wedges@23#. Other paper
using a geometrical approach by ray tracing and im
sources were also investigated@24–28#, but in view of the
complex geometry of urban areas, such models are too
ficult to use and need large computation times. Other m
ods have also been proposed to predict traffic noise in ur
areas. However, most of them do not use models of so
propagation but simply a prediction of noise level from fa
tors affecting noise propagation like buildings@29,30# and
reflections by facades@31,32#. Last, recent works to predic
traffic noise levels by way of neural networks have be
proposed, and are currently in progress@33#.

Thus, because an exact description of sound propaga
in urban spaces is unrealistic, and because mathematica
physical models of sound propagation are often complica
and need important computations, some authors have tu
toward statistical descriptions.

Considering an external reverberation as a limit case

FIG. 2. Sound propagation in a street with intersections. The
lines and the broken lines, respectively, represent the reflected
the diffuse-scattering fields.

FIG. 3. Sound propagation in a typical urban space. The
lines and the broken lines, respectively, represent the reflected
the diffuse-scattering fields.
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reverberation in rooms, Yeow@34# was one of the first to
propose a statistical model. In particular, an expression
the spatial distribution of the steady-state sound field w
given and compared with experimental results. During
same year, Bullen@35# and Bullen and Fricke@36# proposed
two statistical models based on the propagation of so
particles~called phonons! in a complex randomly distributed
urban area described only by the mean-free-path and the
erage absorption coefficient. Experimental verificatio
showed that sufficient accuracy is found with little inform
tion about the environment. In a similar way, Leschnik@37#
proposed to describe the sound propagation as a mult
scattering process by considering houses and building
scattering objects. In view of good agreements with exp
mental data, and because this method is simple, Lesc
proposed to apply the model to the prediction of noise
urban spaces. Kuttruff@38# gave also an equivalent mode
leading to the same conclusion. Finally, Walerian and Ja
zur @39# applied a model of noise propagation in industr
halls, based on a diffusion equation and derived by Ku
@40#, to urban areas.

The point of view adopted in this paper is to consider t
buildings as they are, in a deterministic way. In contrast,
reflections of the sound rays against the building facades
regarded probabilistically, because it is impossible first
take into account in detail the geometry of building facad
and second, in order to simulate diffraction effects. In oth
terms, the scale of our study is a human scale, smaller
the buildings, but greater than the details of the facades.
advantage to consider noise propagation at this scale is
vious since the results can be applied to realistic cities. N
ertheless, the drawback is that it is necessary to conside
real arrangement of buildings. In this paper, the problem
avoided by the use of a periodic arrangement of buildin
One of the interests of this modeling is to show that t
probabilistic treatment of the reflections is sufficient to pr
duce a spread of noise. Further, it is possible to explore
dependence of this spreading out in terms of the geomet
dimensions of the streets, atmospheric attenuation, and
absorption.

In Sec. II, a description of the periodic city used in th
model is given. The use of a rather unusual hexagonal
position for the buildings is discussed. Complete definitio
of the reflection laws used in this paper are also given
implies the use of a random law depending on the so
frequency and on the wall roughness. By way of illustratio
the cases of both usual uniform and Lambert’s law, and
two semidiffuse laws corresponding to different ranges
frequency, are analyzed in detail. A description of the sim
lation and applications are proposed in Sec. III. Then, a
tistical study of the propagation of sound rays in the stre
proves that they approximately obey a diffusion law, defin
by a diffusion coefficient depending on street widths, fr
quency, and roughness of the building facades. It is imp
tant to note that the diffusion law is obtained as a con
quence of the reflection laws and not from an additio
hypothesis as often done in other papers. Finally, it is s
gested in Sec. IV that a diffusion equation including ex
attenuation terms can be used to investigate the noise pr
gation in a realistic built-up area, in place of ray statist
implying extensive computations.
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II. GEOMETRY OF THE URBAN SPACE

A. A network of hexagonal buildings

The present model is inspired by the so-called Lore
model@41# used in solid-state physics, where a light partic
collides with heavy particles at rest; in the present study
rays replace the trajectories. The choice for the definition
the proposed city model follows two ideas;~i! because the
spatial distribution of buildings is periodic, it is possible
define a large urban space with only a few rules, and~ii ! one
wish to have a finite mean flight for the acoustic rays.
good way to verify this latter property is to avoid the pos
bility of a sound ray to propagate directly towards infini
without any collision: one says that thehorizon is finite. By
disposing parallel rectangular buildings, it is not so easy
have both a periodic distribution of buildings and a fin
horizon. The solution of a network of hexagonal buildin
shown by Fig. 4 was chosen after several tests. Its symm
divides by a factor 12 the number of cases for a sound ra
propagate from one building to another. Further, the width
the same for all streets and the buildings on both sides of
street are parallel. It is also possible to vary at a certain ra
the respective values of the size of building facades and
street widths, as long as the horizon remains finite. As ill
trated by Fig. 4, the number of ways to connect a building
another one is 108, but only 9 if the symmetry property
the buildings is taken into account. The coordinates on
perimeter of a building and the velocity direction of a sou
ray can then be obtained very quickly using 9 continuo

FIG. 4. Geometry of the picked urban space: periodic netw
of hexagonal buildings.d and L are, respectively, the street widt
and the length of a building facade.Q1 ,Q2 , . . . ,Q9 represent the 9
retained cases for a sound particle to propagate from a point so
O on a half length of facade to another building~filled in black!. In
view of the symmetry in relation to the center (Xk ,Yk) of the build-
ing k by a rotation with an angle 2p/6 and the symmetry in relation
to the middleI on a facade, 936325108 cases are considered o
the whole.Rj and r i are, respectively, the distance between
source and the sound particlej at timet, and an elemental displace
ment i of the particle.a i andb i are, respectively, the incident an
the reflected angles~with the normal to the wall!, corresponding to
the collision i. The broken line represents the path of the sou
particle in the network.
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linear functions. For each new collision, the impact locati
increases by an integer value relating to the relative posi
of the hit building, plus a small value depending on the c
ordinates on the perimeter.

B. Sound scattering by building facades

The organization of the streets in the urban space defi
the propagation domain for the noise. In order to achieve
definition of the proposed model, and because it is a ma
factor affecting urban noise propagation, the reflection la
of the acoustical waves on buildings are expressed in
section.

When the dimensions of the facade irregularities
shorter than the wavelength, walls are like mirrors and
specular reflection occurs: it is the way used by most of
urban noise propagation models. When irregularities
large compared to the wavelength, sound is scattered in
directions with various amplitudes. Unfortunately, only ve
few research works have been done on the modeling
sound scattering by building facades. First, Lyonet al. @24#
and Davies@12# assumed that, for each reflection, a fracti
of the incident sound power is reflected specularly while
other fraction is scattered uniformly in all directions. Derive
from the works investigated by Chien and Carroll about
reflection of sound above a rough absorbent plane@42#,
Makarewicz and co-workers@21,43#, Wu and Kittinger@17#,
and Heutschi@15# used a random scattering according
Lambert’s law to model sound diffraction by buildings.

The choice made in this paper is to reflect waves acco
ing to several laws:~i! a uniform law—the direction of the
reflected ray is chosen randomly according to a uniform l
~independent of the direction of the incident ray!, ~ii ! a Lam-
bert’s law—the reflected ray is chosen randomly accord
to Lambert’s law~independent of the direction of the inc
dent ray!, and~iii ! a semidiffuse law. In this latter case, th
ray is reflected around the specular reflection direct
~meaning that the random law depends on the incident r!.
Such a law was recently proposed and discussed in ro
acoustics by Hidaka@44#. The theory is succinctly describe
here. Considering an incident plane wave~Fig. 5!

exp~ ik0•r ! ~1!

reflected by an one-dimensional irregular surface with fin
size L and heightj(x), and using Green’s theorem an
Kirchhoff’s boundary condition, the scattering coefficientr
may be expressed by@45–47#

k

rce

d

FIG. 5. Wave scattering from a rough surface.j(x0) is the
height of the irregularity at positionx0 ~according to a Gaussian
distribution in our case!. k0 andk are, respectively, the incident an
the scattered wave vectors.
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r5
H

L EL
exp~ iv•r !dx, ~2!

with

v5~vx ,vy!5k~sina2sinb,cosa1cosb! ~3!

and

H5
11cos~a1b!

cosa1cosb
seca, ~4!

wherek and sec are, respectively, the amplitude of the
flected wave numberk and the secant function. The mea
scattered power is then proportional to

^rr* &5^r&^r* &1^ur2^r&u2&. ~5!

If j(x) follows a normally distributed random proce
N(0,s) with a Gaussian spatial-correlation function~defined
by its correlation lengthLc), Hidaka shows that̂rr* & may
be theoretically written on an integral form, but cannot
evaluated. Nevertheless, whens2vy

2!1, the mean scattere
power in theb direction may be approximated by@44#

^rr* &5H Fsin~vxL/2!

vxL/2 G2

1s~s2vy
2!J exp~2s2vy

2!. ~6!

As shown by Fig. 6, the behavior of the reflected wave
clearly specular for lower frequencies and small facade
regularities.

In the opposite case, whens2vy
2@1, the following equa-

tion is obtained@44#:

^rr* &5Ap
H2

svy

Lc

L
expS 2vx

2Lc
2

4s2vy
2 D . ~7!

For high frequencies and large irregularities, the behav
is then more diffusing~Fig. 7!, but the specular reflection i
still dominant. However, whenLc /s decreases, which
means randomness is large and correlationLc is short, the
scattering pattern tends to Lambert’s law.

Last, this reflection law allows us to change continuou
from a specular reflection to a very diffusing behavior li
Lambert’s law. At this point, it is important to notice that th
perfectly specular law is not used in the simulations beca

FIG. 6. Sound scattering by a rough surface.a5p/4. N
5100 Hz, L520 m, ands50.2 m.
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it was proved that, with perfectly reflecting buildings, th
behavior is very special@48,49#.

III. NUMERICAL SIMULATION

A. Method

For practical simulations, harmonic source is located
the surface of one building called the origin building. Th
departure ray is chosen randomly with2p/2,b,p/2 with
a uniform distribution law (b represents the angle betwee
the ray and the normal to the wall!. It is convenient to use the
curvilinear abscissas on the perimeter and the coordinat
(Xi ,Yi) of the center of the building on which the soun
particle is reflected~processing by discrete values since t
model is periodic in its definition!. As soon as the abscissas
and the departure angle are chosen, one obtains from ted
but elementary geometrical considerations two determini
recurrence lawsT andF ~see Appendix!, respectively, for the
curvilinear abscissasi 11 and the incident anglea i 11, and for
the coordinates of the new considered building,

~a i 11 ,si 11!5T~b i ,si ! ~8!

and

~DXi ,DYi !5~Xi 112Xi ,Yi 112Yi !5F~b i ,si !. ~9!

In order to take into account the diffraction process
random choice for the next departure direction for the
flected ray according to the roughness for the building
cades is then realized according to the reflection probab
law. So, studying the iterates (b0 ,s0),(b1 ,s1), . . . ,(bn ,sn),
allows us to follow with accuracy the path of a sound parti
through the network of buildings. In practice, a rejecti
method@50# is used to obtain a random reflection angleb i 11
verifying the angular probability distributionP(a i 11 ,u) de-
pending on the incident anglea i 11 and with a maximum for
the specular reflection

Pmax5P~a i 11 ,2a i 11!. ~10!

The idea is to consider a pair of independent and u
formly distributed random variables (u,g) satisfying

2p/2,u,p/2, ~11a!

0<g<Pmax. ~11b!

FIG. 7. Sound scattering by a rough surface.a5p/4. N
51000 Hz,L550 m, andLc/s55,15, and 25.
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Then, if the pair of random numbers satisfies the con
tion

u<P~a i 11 ,g!, ~12!

b i 11[u. If this condition is not satisfied, the choice is sim
ply rejected. Clearly, by iterating again a number of tim
this process, a density of random choices around a valuu0
is obtained, in a proportionP(a i 11 ,u0), as expected. The
advantage of using a recurrence law is that it does not c
sume computation time, allowing the possibility of ray tra
ing a great number of sound particles and then obtainin
good expected value estimation. In the simulation, all
dissipative effects such as atmospheric attenuation~depend-
ing on humidity and temperature!, wall absorption~depend-
ing on the nature of facades!, and absorption by the open to
are neglected. Although it is conceivable to take into acco
these processes in the simulation, the choice was don
ignore them for simplicity.

B. The diffusion

The positionRj of the sound particlej after N displace-
ments in the network of hexagonal buildings is given by

Rj5(
i 51

N

r i , ~13!

wherer i is the displacement between two consecutive co
sions i and i 11 with buildings ~Fig. 4!. The timet during
which the sound particle suffersN collisions is then propor-
tional to the traveled distance and is given by

t5(
i 51

N ur i u
c

, ~14!

wherec is the velocity of the sound particles. Then, cons
ering a great numberM of particles radiated by a source
t50, and averaging over the position of each particle~Fig.
8!, allows us to describe statistically the mean-square p
tion ^R2(t)& of the sound particles at the timet:

^R2~ t !&5
1

M (
j 51

M

Rj
2 . ~15!

As illustrated by Fig. 9, the increase of the value^R2(t)&
is approximately linear with time, except for larger propag
tion time where the mean-square distance form source se
to reach a plateau. The accuracy of the approximation
^R2(t)& in terms of a linear function depends on the qual
of the estimation of the ensemble average^ &. For the largest
values of the time, an average on a large number of in
conditions is needed in order to improve the quality of t
estimation of̂ R2(t)&.

Then, the mean-square distance from source may be
proximated by

^R2~ t !&54Dt, ~16!
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which is a typical result of a process of diffusion@51# and
whereD is the coefficient of diffusion. In other words, th
probability W(R,t) that a sound particle arrives at pointR
and at timet is given by

W~R,t !5
1

4pDt
expF2

R2

4DtG . ~17!

This expression is the fundamental solution of the follo
ing standard form of the equation of diffusion:

]W

]t
2DDW50. ~18!

In a macroscopic view,W(R,t) denotes the concentratio
of sound particles at positionR and at timet.

FIG. 8. Propagation of 50 sound particles in the network
hexagonal buildings (L5113 m,d529.4 m), each particle suffer
ing 50 collisions with buildings. Each point represents the dista
R(t) between the sound particle and the sound source at each
lision as a function of time.

FIG. 9. The thick line and the right line are, respectively, t
mean-square distance^R2(t)& and the approximation by a diffusion
law ^R2(t)&54Dt with D52431 m2/s.
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Simple representations of the evolution of the coeffici
of diffusion are given by Figs. 10–13 as a function of t
street width and for several reflection laws. At first, it is ea
to see that the dispersion of the coefficient of diffusi
around its linear approximation increases with the str
widths. In order to obtain a better accuracy on the value oD,
it would be necessary to consider a greater number of so
particles and collisions, which increases drastically the co
putation time. Nevertheless, the aim of this paper is no
find an exact value of the coefficient of diffusion, but only
show that the sound propagation can be reduced to a pro
of diffusion. As illustrated by Figs. 10–13, it is reasonable
think that the increase ofD with the street width is approxi
mately linear within an errorDD/D less than 30% in the
most unfavorable case. In other words, the larger the str

FIG. 10. Diffusion coefficientD as a function of the street width
d, for uniform reflection.s, numerical estimation ofD; 1, diffu-
sion CoefficientD f according to Eq.~19! and calculated from the
values ofn and ^r 2& obtained by the numerical simulations. Th
dotted line represents the linear approximation ofD f . The full line
is the linear approximation of the coefficient of diffusionD.

FIG. 11. Diffusion coefficient as a function of the street widthd,
for diffuse reflection~Lambert’s law!. s, numerical estimation of
D. The full line is the linear approximation of the coefficient
diffusion D.
t
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are, the faster the diffusion occurs. Moreover, it is interest
to note that for the uniform reflection law~Fig. 10!, the val-
ues ofD are close to the coefficient of diffusionD f given by
the random-walk theory with a spherical distribution of d
placements@51#:

D f5
n^r2&

4
, ~19!

wheren is the number of displacements per unit time a
^r2& is the mean-square value of displacements, estimate

^r2&5
1

M3N (
i 51

M3N

r i
2 . ~20!

As shown by Figs. 10 and 11, the diffusion is lower f
the Lambert’s diffuse reflection than for the uniform refle

FIG. 12. Diffusion coefficientD as a function of the street width
d. s, numerical estimation for a semidiffuse reflection law wi
Lc/s55. The full line is the linear approximation of the coefficie
of diffusion D.

FIG. 13. Diffusion coefficientD as a function of the street width
d. s, numerical estimation for a semidiffuse reflection law wi
Lc /s515. The full line is the linear approximation of the coeffi
cient of diffusionD.
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FIG. 14. Typical geometries of urban spac
@52#.
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tion law. This is in accordance with the fact that the pro
ability for a sound particle to be reflected perpendicular
the wall is maximal for the diffuse reflection law. Then, th
sound particle takes more time to spread out in the netw
of buildings. This idea is validated by Figs. 12 and 13: wh
reflection tends to be specular,Lc /s increasing, the diffusion
then becomes faster.

IV. SOUND PROPAGATION IN URBAN AREAS

The aim of the present paper has been to show that
background noise in simulated urban areas has a diffu
feature and that the roughness of the building facades is
ficient, without extra hypothesis, to ensure such a behav
For application to realistic urban cases, it is obvious that
property should remain, because the disposition of str
~Fig. 14! is more similar to a random disposition than a p
fectly regular~periodic! one.

To predict practically the noise level from the knowled
of the source distribution, one needs to take into account
dissipative effects. The results of the previous section s
gest the adoption of the following equation to describe
spreading out of the energy densityf (R,t) of the background
noise:

] f

]t
2DD f 1h f 5S~R,t !, ~21!

whereD andh are, respectively, the diffusion coefficient an
the attenuation term~accounting for air attenuation, absor
tion by walls, and by the open toph.0). S(R,t) is the
distribution of sound sources. The solution of this equat
can be obtained classically by the use of the Green func
G(R,t):

G~R,t !5
1

4pDt
expF2

R2

4pDt
2ht G , ~22!

which is solution of the equation
-
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e
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e

n
n

]G

]t
2DDG1hG5d~R,t !. ~23!

In fact, the solutionf (R,t) is simply the convolution
~noted *) betweenG(R,t) andS(R,t):

S ]

]t
2DD1h D ~G* S!5F S ]

]t
2DD1h DGG* S5d* S5S.

~24!

It is useful to remark that in this equation the solutio
f (R,t) can be applied only inside the streets. This rem
makes Eq.~21! somewhat symbolic.

The coefficient of diffusionD, as shown in this paper
depends on the geometrical disposition of the buildings
the built-up area, on the frequency, and on the roughnes
the walls. The attenuation coefficient depends on the at
spheric conditions~temperature, humidity, etc.!, the fre-
quency, the nature of building facades, and the opened
faces. The relative importance of these two parame
determines the behavior of the noise, either diffusing or d
sipative. Very often, both behaviors occur for the sa
built-up area but for different frequency ranges.

Because there is an infinity of geometries of urban spa
it would be unrealistic to find an exact expression forD and
s for each configuration. On the other hand, a statisti
study of the urban morphological parameters makes it p
sible to describe the urban spaces by mean values. Then
measurement of the coefficient of diffusion in a few typic
urban spaces~Fig. 14! could be sufficient to describe statis
tically most of the other configurations. If this hypothesis
verified, the use of Eq.~21! can be very useful for practica
prediction of background noise.

V. CONCLUSION

It was shown that the diffraction and the multiple refle
tions of the sound waves on building facades imply a diffu
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ing behavior for the acoustical rays in the case of a perio
model of a city. As a consequence, such a behavior is lik
for realistic cities. Then, a modified diffusion equation wi
two parameters could be used to predict background nois
is expected that this equation could be implemented num
cally for noise prediction.

APPENDIX: DETERMINATION OF THE RECURRENCE
LAWS T AND F

The two recurrence lawsT andF have been built by con
sidering both elemental geometrical relations and sym
tries of the network of buildings. Here, an example of re
lution is proposed to describe the propagation of a so
particle from a building facade to another one.

Let us assume that a sound particle is propagating in
direction bk from a pointA, defined by its curvilinear ab
scissask on the facadeF0 of a building (Xk ,Yk). Notations
are detailed in Figs. 15 and 16.

First, by considering the curvilinear abscissar k of A and
by taking into account the building size, one can determ
the limit anglesi 0 ,i 1 , . . . ,i 9, which characterize the nin
possible propagation paths to the surrounding buildings~see
Fig. 15!. For example, considering the caseQ1 defined in
Fig. 4, the building facadeF1 is reached ifbk is included
betweeni 0 and i 1, defined by

i 05
p

2
, ~A1a!

i 15
5p

6
2tan21

2d1~L2sk!A3

d2sk
, ~A1b!

FIG. 15. Propagation paths from the building facadeF0 to the
surrounding buildings. Definition of the limit angles.
ic
ly

. It
ri-

e-
-
d

e

e

whered and L are, respectively, the distance between t
parallel facades and the length of a building facade. Furth
more, these angles depend also on the building size. F
the knowledge of the direction of propagationbk , it is then
easy to determine the building (Xk11 ,Yk11), which is
reached by the sound particle. In the present example,
position of the building, which is reached by the sound p
ticle, is defined by

Xk115Xk , ~A2a!

Yk115Yk1LA31d. ~A2b!

By applying simple geometrical relations, the incide
angle of the sound particle on the building facadeF1 leads to
~Fig. 16!

ak115bk2
p

3
. ~A3!

The curvilinear abscissask11 of B on the new building is
then

sk1155L2d41d3 , ~A4!

where

d45
L1sk

2
, ~A5a!

d35d2tanak11 , ~A5b!

d25d1~L1sk!
A3

2
. ~A5c!

A similar approach may be detailed for the other solutio
Q2 ,Q3 , . . . ,Q9 defined in Fig. 4.

FIG. 16. Definition of the geometry. Propagation of a sou
particle fromA ~defined by its curvilinear abscissask on the inci-
dent building! to B ~defined by its curvilinear abscissask11 on the
next building!.
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