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Sound propagation in urban areas: A periodic disposition of buildings

J. Picaut
Laboratoire Central des Ponts et ChalssgCentre de Nantes, Route de BouayéteBBostale 4129, 44341 Bouguenais Cedex, France

J. Hardy and L. Simon
Institut d’Acoustique et de fdanique, LAUM UMR CNRS 6613, Avenue O. Messiaen, 72085 Le Mans Cedex 9, France
(Received 24 November 1998; revised manuscript received 21 May) 1999

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 buildif§4.063-651X99)12809-3

PACS numbds): 43.20+g, 43.50+y

[. INTRODUCTION model of sound propagation accounting for surface scatter-
ing. In the same way, in order to take the effects of scattering
Noise propagation in urban areas is a problem of majofrom objects and protrusions into account, Bullen and Fricke
importance for people living in modern large cities and hasstudied the sound field in streets in terms of propagation
attracted considerable attention in recent years. The sourfodes and gave some expressions for sound attenuation in
events occurring in the streets are diverse and multiple. Pro)atreets|8] and sound propagation around street corfigfs
imity sounds act individually and their influences on peopleOther papers relating to traffic noise-level prediction in
depend greatly on psychoacoustic factors. Conversely, foitreets need also to be mentiorjé®,11. In another paper,
long distances, noise is the result of a mixing of sound pro@ssuming that the scattering of sound produces a diffuse
duced by many sources, and may be considered as a statidif!d: Davies[12] gave a relation for the sound attenuation
ary backgrounctolor. In contrast to the proximity sounds, along streets. This assumption of diffuse sound field propa-
the background noise does not propagate but rather sprea@dting in streets, created by multiple diffuse reflections on
out because of multiple reflections and diffuse scattering ofh€ side walls is, twenty years later, still used and discussed
building facades, making direct propagation impossible. Thig13-17. S )
paper is concerned mainly with this background noise propa- Sound propagation in cities is a much more complicated
gation. problem because of the presence of many streets, intersec-
Because of its major importance, the noise propagation iffons(Fig. 2, and buildings with various shapésig. 3). The
urban spaces has been studied for a long time. Wienefi'st models of sound propagation in urban spaces were car-
Malme, and Gogo$1] was among the first to propose an ried out in th_e_ early 1970’s with the study of Shaw and
experimental and a theoretical study of sound propagation if?!son [18]. Cities were regarded as a plane surface with
urban areas for sources close to the floor. Considering §@ny randomly distributed sources. The model of sound
street as a long channel with partially absorbing walls and #ropagation takes into account the inverse square-law trans-
perfectly reflecting bottom, the image source theory wadhission, the atmospheric absorption, .and a shleldlng factor
used to predict the sound intensity along streets. ApplyingXPressing the presence of obstacles in the propagation path.
the method of virtual sources, Schlatfét, Sergee\3], and ith a similar approach, Davies and Ly¢h9] proposed a
Vinokur [4], also gave expressions for the stationary soun&e!l model to dgscrlibe the effects of multiple parrlers on the
level close to and far from the source. With a different ap-N0ise propagation in urban spaces. More simply, Lee and
proach, assuming that all propagating modes of the stred@vies[20] provided a nomograntan abacusfor the pre--
carry equal sound power, Davi¢§] proposed expressions diction of sound levels generated by a sound source in a
for the sound attenuation in the streets. Although interesting,
Lyon [6] showed great differences between these models
based on specular reflections and experimental data. It was
suggested that the scattering of sound and multiple reflec- 7® Receiver
tions on building facades are very important and could ac-
count for these discrepancies. As shown by Fig. 1, the acous- N \ @\W\
tic field in a street may indeed be split up into an elemental
field (direct sound and early reflectionand a diffuse sound FIG. 1. Sound scattering and multiple reflections by irregular
field steming from the multiple reflections and scattering ofbuilding facades on both sides of the street. The thick line, the full
sound by the facade irregularities like building edges, balcotines, and the broken lines, respectively, represent the direct, the
nies, building stones, etc. Donavdi]| then proposed a reflected, and the diffuse-scattering fields.
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reverberation in rooms, Yeo\B4] was one of the first to
Receiver propose a statistical model. In particular, an expression for
\ //’\\\ the spatial distribution of the steady-state sound field was
given and compared with experimental results. During the
same year, Bullep35] and Bullen and Frick¢36] proposed
two statistical models based on the propagation of sound
particles(called phononsin a complex randomly distributed
urban area described only by the mean-free-path and the av-
erage absorption coefficient. Experimental verifications
showed that sufficient accuracy is found with little informa-
tion about the environment. In a similar way, Leschf8k]

FIG. 2. Sound propagation in a street with intersections. The fullProposed to describe the sound propagation as a multiple-
lines and the broken lines, respectively, represent the reflected argfattering process by considering houses and buildings as
the diffuse-scattering fields. scattering objects. In view of good agreements with experi-

mental data, and because this method is simple, Leschnik
street, accounting for street width, distance from source, walproposed to apply the model to the prediction of noise in
absorption, and street intersections. More recently, Makaredrban spaces. Kuttruff38] gave also an equivalent model,
wicz [21] proposed a mathematical theory of sound propagaleading to the same conclusion. Finally, Walerian and Janc-
tion within urban areas, taking into account propagation overur [39] applied a model of noise propagation in industrial
a flat surface, specular reflection, and scattering by buildindgialls, based on a diffusion equation and derived by Kurze
facades. However, the complexity of the theory makes thé40], to urban areas.
model difficult for practical applications. The point of view adopted in this paper is to consider the

Because sound diffraction occurs in urban areas at houdauildings as they are, in a deterministic way. In contrast, the
and street corners, balconies, and plays a major role Walgeflections of the sound rays against the building facades are
rian [22] also proposed approximative solutions of multiple regarded probabilistically, because it is impossible first to
diffraction at edges and right-angle wedd28]. Other paper take into account in detail the geometry of building facades
using a geometrical approach by ray tracing and imagénd second, in order to simulate diffraction effects. In other
sources were also investigatE®4—28, but in view of the terms, the scale of our study is a human scale, smaller than
complex geometry of urban areas, such models are too dithe buildings, but greater than the details of the facades. The
ficult to use and need large computation times. Other methadvantage to consider noise propagation at this scale is ob-
ods have also been proposed to predict traffic noise in urbavious since the results can be applied to realistic cities. Nev-
areas. However, most of them do not use models of sounértheless, the drawback is that it is necessary to consider the
propagation but simply a prediction of noise level from fac-real arrangement of buildings. In this paper, the problem is
tors affecting noise propagation like building®9,30 and  avoided by the use of a periodic arrangement of buildings.
reflections by facadel81,37. Last, recent works to predict One of the interests of this modeling is to show that the
traffic noise levels by way of neural networks have beerprobabilistic treatment of the reflections is sufficient to pro-
proposed, and are currently in progrg38]. duce a spread of noise. Further, it is possible to explore the

Thus, because an exact description of sound propagaticg#tependence of this spreading out in terms of the geometrical
in urban spaces is unrealistic, and because mathematical adimensions of the streets, atmospheric attenuation, and wall
physical models of sound propagation are often complicate@bsorption.
and need important computations, some authors have turned In Sec. I, a description of the periodic city used in the
toward statistical descriptions. model is given. The use of a rather unusual hexagonal dis-

Considering an external reverberation as a limit case oposition for the buildings is discussed. Complete definitions
of the reflection laws used in this paper are also given. It
implies the use of a random law depending on the sound
frequency and on the wall roughness. By way of illustration,
the cases of both usual uniform and Lambert’'s law, and of
two semidiffuse laws corresponding to different ranges of
frequency, are analyzed in detail. A description of the simu-
lation and applications are proposed in Sec. lll. Then, a sta-
tistical study of the propagation of sound rays in the streets
proves that they approximately obey a diffusion law, defined
by a diffusion coefficient depending on street widths, fre-
quency, and roughness of the building facades. It is impor-
tant to note that the diffusion law is obtained as a conse-
quence of the reflection laws and not from an additional
hypothesis as often done in other papers. Finally, it is sug-
gested in Sec. IV that a diffusion equation including extra

FIG. 3. Sound propagation in a typical urban space. The fullattenuation terms can be used to investigate the noise propa-
lines and the broken lines, respectively, represent the reflected argation in a realistic built-up area, in place of ray statistics
the diffuse-scattering fields. implying extensive computations.
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FIG. 5. Wave scattering from a rough surfac€xg) is the
height of the irregularity at positiom, (according to a Gaussian
distribution in our case k, andk are, respectively, the incident and
the scattered wave vectors.

linear functions. For each new collision, the impact location
increases by an integer value relating to the relative position
of the hit building, plus a small value depending on the co-
kordinates on the perimeter.

FIG. 4. Geometry of the picked urban space: periodic networ
of hexagonal buildingsd andL are, respectively, the street width
and the length of a building facad®, ,Q-, . . . ,Qg represent the 9
retained cases for a sound particle to propagate from a point source The organization of the streets in the urban space defines
O on a half length of facade to another buildifftled in black. In  the propagation domain for the noise. In order to achieve the
view of the symmetry in relation to the Centé(;(,Yk) of the build- definition of the propOSed modeL and because it is a major
ing k by a rotation with an angle2/6 and the symmetry in relation  factor affecting urban noise propagation, the reflection laws

to the middiel on a facade, &6x2=108 cases are considered on ¢ the acoustical waves on buildings are expressed in this
the whole.R; andr; are, respectively, the distance between thesection

source and the sound partiglat timet, and an elemental displace- When the dimensions of the facade irregularities are

tmhgnrtelﬂ(t)efcizz gﬁrt;g(ls?\l.i(;'i] ?ﬁ:f&ﬁ;ea’l ;gstflzc\t\l/\;]elli’otr?:slnghdd?:t z:gd shorter than the wavelength, walls are like mirrors and a
9 P 9 pecular reflection occurs: it is the way used by most of the

the collisioni. The broken line represents the path of the soundS b . fi dels. Wh . lariti
particle in the network. urban noise propagation models. en irregularities are

large compared to the wavelength, sound is scattered in all
directions with various amplitudes. Unfortunately, only very
few research works have been done on the modeling of
A. A network of hexagonal buildings sound scattering by building facades. First, Lyaral. [24]
2and Davied12] assumed that, for each reflection, a fraction
of the incident sound power is reflected specularly while an-
ther fraction is scattered uniformly in all directions. Derived
rom the works investigated by Chien and Carroll about the
reflection of sound above a rough absorbent plfh2],
Makarewicz and co-workel21,43, Wu and Kittinger{ 17],
and Heutschi[15] used a random scattering according to

B. Sound scattering by building facades

Il. GEOMETRY OF THE URBAN SPACE

The present model is inspired by the so-called Lorent
model[41] used in solid-state physics, where a light particle
collides with heavy patrticles at rest; in the present study th
rays replace the trajectories. The choice for the definition o
the proposed city model follows two ideas$) because the
spatial distribution of buildings is periodic, it is possible to
define a large urban space with only a few rules, @ndne s ) . S
wish to have a finite mean flight for the acoustic rays. ALamberts I'aw to model spund dlﬁractlon by buildings.
good way to verify this latter property is to avoid the possi- The choice made in this paper is to reflect waves accord-

bility of a sound ray to propagate directly towards infinity Ing to severa_l laws(i) a uniform Iaw—th_e d|rect|on_of the
without any collision: one says that tierizon is finite By reflected ray is chosen randomly according to a uniform law

disposing parallel rectangular buildings, it is not so easy t indsapiandenthof thfelz dire(;:tion C.)f thﬁ incidentza(yi)l a Lam—d.
have both a periodic distribution of buildings and a finiteterlfS %W?t Ie re ZCte :jay IS ? ﬁseg' rar;. om¥ r;l]ccpr N9
horizon. The solution of a network of hexagonal buildings o Lambert's law(independent of the direction of the inci-

shown by Fig. 4 was chosen after several tests. Its symmet ent_ray, and(iii) a semidiffuse law. In this 'a“?f case, th_e
divides by a factor 12 the number of cases for a sound ray t6Y 'S reflected around the specular reflection direction
propagate from one building to another. Further, the width ig¢2"NY that the random law depends on the incident ray

the same for all streets and the buildings on both sides of th§UCh a law was recently proposeq and cﬁscussed n room
street are parallel. It is also possible to vary at a certain rang%cous’[ICS b_y H!daké44_]. The theory is suc_cmctly described
the respective values of the size of building facades and th@ere' Considering an incident plane wa¥g. 5)

street widths, as long as the horizon remains finite. As illus- exp(iko-T) (1)
trated by Fig. 4, the number of ways to connect a building to

another one is 108, but only 9 if the symmetry property ofreflected by an one-dimensional irregular surface with finite
the buildings is taken into account. The coordinates on thaize L and heighté(x), and using Green's theorem and
perimeter of a building and the velocity direction of a soundKirchhoff's boundary condition, the scattering coefficignt

ray can then be obtained very quickly using 9 continuousmay be expressed 4y#5-47
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FIG. 6. Sound scattering by a rough surface= /4. N FIG. 7. Sound scattering by a rough surface= /4. N
=100 Hz,L=20 m, ands=0.2 m. =1000 Hz,L=50 m, andL/o=5,15, and 25.
H . it was proved that, with perfectly reflecting buildings, the
P= Eﬁexp(w- r)dx, @ behavior is very specid¥8,49.
with I1l. NUMERICAL SIMULATION
V= (Vy,Vy)=K(sina—sinB,cosa+cosp) (3) A. Method

For practical simulations, harmonic source is located on
the surface of one building called the origin building. The
1+coga+B) departure ray is chosen randomly withm/2<<S</2 with
= (4) a uniform distribution law @ represents the angle between
the ray and the normal to the wallt is convenient to use the
wherek and sec are, respectively, the amplitude of the recurvilinear abscissa on the perimeter and the coordinates
flected wave numbek and the secant function. The mean (XiYi) of the center of the building on which the sound

and

—————Sseca,
cosa+ cosp

scattered power is then proportional to particle is reflectedprocessing by discrete values since the
model is periodic in its definition As soon as the abscissa
(pp*)={(pXp*)+{|p—(p)|?). (5)  and the departure angle are chosen, one obtains from tedious

but elementary geometrical considerations two deterministic
If ¢(x) follows a normally distributed random process recurrence law3 andF (see Appendix respectively, for the
N(0,0) with a Gaussian spatial-correlation functi@efined  curvilinear abscisss;, ; and the incident angle; , 1, and for
by its correlation lengtl.), Hidaka shows thafpp*) may the coordinates of the new considered building,
be theoretically written on an integral form, but cannot be
evaluated. Nevertheless, whefiv;<1, the mean scattered (ai1+1,Si+1)=T(Bi,si) (8)
power in theB direction may be approximated (4] and

2
+0(0?; ]exp(—a-zvz)_ (6) (AX,AY) =(Xi+1= X, Yie1=Y)=F(Bi,s). (9

Sin(v,L/2)

v,L/2 Y

<pp*>={
In order to take into account the diffraction process, a

As shown by Fig. 6, the behavior of the reflected wave israndom choice for the next departure direction for the re-
clearly specular for lower frequencies and small facade irflected ray according to the roughness for the building fa-

regularities. cades is then realized according to the reflection probability
In the opposite case, WheﬂZV§>1, the following equa- law. So, studying the iterateg§,Sy),(81,S1), - - - ,(Bn,Sn),
tion is obtained 44 allows us to follow with accuracy the path of a sound particle
through the network of buildings. In practice, a rejection
. H? L, —v2L2 method[50] is used to obtain a random reflection angle ;
(pp*)= \/; ove L X ?2\/2 . () verifying the angular probability distributioR(«; ,,,0) de-
y

pending on the incident angte , ; and with a maximum for

For high frequencies and large irregularities, the behaviothe specular reflection
is then more diffusindFig. 7), but the specular reflection is

still dominant. However, whenL./o decreases, which Pma= P(@it1, — aiv). (10
means randomness is large and correlatieris short, the The idea is to consider a pair of independent and uni-
scattering pattern tends to Lambert's law. _ formly distributed random variables)(y) satisfying

Last, this reflection law allows us to change continuously
from a specular reflection to a very diffusing behavior like —m[2<0<7/2, (113

Lambert’s law. At this point, it is important to notice that the
perfectly specular law is not used in the simulations because 0<y<P. (11b
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Then, if the pair of random numbers satisfies the condi- 8
tion
700}

O<P(aj;1,7), (12 800}
Bi+1= 0. If this condition is not satisfied, the choice is sim-
ply rejected. Clearly, by iterating again a number of times °
this process, a density of random choices around a v&jue

is obtained, in a proportiof(«;.1,6y), as expected. The
advantage of using a recurrence law is that it does not con-
sume computation time, allowing the possibility of ray trac-
ing a great number of sound particles and then obtaining a**
good expected value estimation. In the simulation, all the
dissipative effects such as atmospheric attenudtiepend-

ing on humidity and temperaturewall absorption(depend-

ing on the nature of facadgsnd absorption by the open top, Time (s)
are neglected. Although it is conceivable to take into account

these processes in the simulation, the choice was done to FIG- 8. Propagation of 50 sound particles in the network of
ignore them for simplicity. hexagonal buildingsl(=113 m,d=29.4 m), each particle suffer-

ing 50 collisions with buildings. Each point represents the distance
o R(t) between the sound particle and the sound source at each col-
B. The diffusion lision as a function of time.

The positionR; of the sound particl¢ after N displace- o . o
ments in the network of hexagonal buildings is given by ~ Which is a typical result of a process of diffusifl] and
whereD is the coefficient of diffusion. In other words, the

ource-particle distance (m)

N robability W(R,t) that a sound particle arrives at poiRt
p y p p
=21 Fis (13)  and at timet is given by
=
RZ
wherer; is the displacement between two consecutive colli- W(R,t)= mexr{ ~ Dt (17)
sionsi andi+1 with buildings (Fig. 4). The timet during
which the sound particle suffef$ collisions is then propor- This expression is the fundamental solution of the follow-
tional to the traveled distance and is given by ing standard form of the equation of diffusion:
NI IW
21 o (14 —r ~Dbaw=o. (18)

In a macroscopic viewV(R,t) denotes the concentration

wherec is the velocity of the sound particles. Then, consid- ¢ ¢5und particles at positioR and at timet.

ering a great numbevl of particles radiated by a source at
t=0, and averaging over the position of each parti€ia.
8), allows us to describe statistically the mean-square posi- °

x10*

tion (R2(t)) of the sound particles at the tinte T 8l < ]
Py N
2 s a9 ]

2 2 g &
(R(1) =17 E R 1 5| 9
e
As illustrated by Fig. 9, the increase of the valiR?(t)) e
is approximately linear with time, except for larger propaga- g 4r

tion time where the mean-square distance form source seem g
to reach a plateau. The accuracy of the approximation of g
(R2(t)) in terms of a linear function depends on the quality
of the estimation of the ensemble averdgg. For the largest
values of the time, an average on a large number of initial
conditions is needed in order to improve the quality of the , , , , , , , ,
estimation of(R?(t)). e 1 2 3 4 5 8 7 8 9 10
Then, the mean-square distance from source may be ap Time (s)
proximated by

Mean squar
.
s

FIG. 9. The thick line and the right line are, respectively, the
mean-square distan¢®?(t)) and the approximation by a diffusion
(R?(t))=4Dt, (16) law (R2(t))=4Dt with D=2431 nf/s.
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FIG. 10. Diffusion coefficienD as a function of the street width
d, for uniform reflection.O, numerical estimation ob; +, diffu-
sion CoefficientD; according to Eq(19) and calculated from the
values ofn and (r?) obtained by the numerical simulations. The
dotted line represents the linear approximatiobef The full line
is the linear approximation of the coefficient of diffusién

FIG. 12. Diffusion coefficienD as a function of the street width
d. O, numerical estimation for a semidiffuse reflection law with
L/ o=5. The full line is the linear approximation of the coefficient
of diffusion D.

are, the faster the diffusion occurs. Moreover, it is interesting

to note that for the uniform reflection laig. 10, the val-
Simple representations of the evolution of the coefficientues ofD are close to the coefficient of diffusidd; given by

of diffusion are given by Figs. 10-13 as a function of thethe random-walk theory with a spherical distribution of dis-

street width and for several reflection laws. At first, it is easyplacement$51]:

to see that the dispersion of the coefficient of diffusion

around its linear approximation increases with the street _n<r2>

widths. In order to obtain a better accuracy on the valu@,of =g

it would be necessary to consider a greater number of sound

particles and collisions, which increases drastically the comwheren is the number of displacements per unit time and

putation time. Nevertheless, the aim of this paper is not tdr?) is the mean-square value of displacements, estimated by

find an exact value of the coefficient of diffusion, but only to

show that the sound propagation can be reduced to a process o 2

of diffusion. As illustrated by Figs. 10—13, it is reasonable to (roy= M XN ;1 M- (20)

think that the increase d with the street width is approxi-

mately linear within an erroAD/D less than 30% in the As shown by Figs. 10 and 11, the diffusion is lower for

most unfavorable case. In other words, the larger the streetae Lambert’s diffuse reflection than for the uniform reflec-

(19

M XN

6000 ; . . . . . . , 14000 : ' ' ‘

12000
5000+

10000
4000
8000
3000
6000~

2000
4000

Diffusion coefficient (n#/s)
Diffusion coefficient (m?/s)

1000 2000

1 L L L L 1 ) L 0 L -
% 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45

Street width (m) Street width (m)
FIG. 11. Diffusion coefficient as a function of the street width FIG. 13. Diffusion coefficienD as a function of the street width

for diffuse reflection(Lambert’'s law. O, numerical estimation of d. O, numerical estimation for a semidiffuse reflection law with
D. The full line is the linear approximation of the coefficient of L./o=15. The full line is the linear approximation of the coeffi-
diffusion D. cient of diffusionD.
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FIG. 14. Typical geometries of urban spaces
[52].

=
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Florence Chicago

tion law. This is in accordance with the fact that the prob- JG
ability for a sound particle to be reflected perpendicular to - “DAG+7G=4(RD). (23
the wall is maximal for the diffuse reflection law. Then, the

sound particle takes more time to spread out in the network - e ;
of buildings. This idea is validated by Figs. 12 and 13: when(nc:peﬁc)t’bg;fve?gfg”tf)(;’IQSFR S;';T‘p'y the: convolution
reflection tends to be specular,/o increasing, the diffusion ' T
then becomes faster. (

i DA+
a9t 7

d
(G*S)=[(E—DA+17 G}*S=&*S=S.

IV. SOUND PROPAGATION IN URBAN AREAS (24)

The aim of the present paper has been to show that the
background noise in simulated urban areas has a diffusing It is useful to remark that in this equation the solution
feature and that the roughness of the building facades is suf{R,t) can be applied only inside the streets. This remark
ficient, without extra hypothesis, to ensure such a behaviomnakes Eq(21) somewhat symbolic.
For application to realistic urban cases, it is obvious that this The coefficient of diffusionD, as shown in this paper,
property should remain, because the disposition of streetdepends on the geometrical disposition of the buildings in
(Fig. 14 is more similar to a random disposition than a per-the built-up area, on the frequency, and on the roughness of
fectly regular(periodig one. the walls. The attenuation coefficient depends on the atmo-

To predict practically the noise level from the knowledge spheric conditions(temperature, humidity, efc. the fre-
of the source distribution, one needs to take into account thguency, the nature of building facades, and the opened sur-
dissipative effects. The results of the previous section sugiaces. The relative importance of these two parameters
gest the adoption of the following equation to describe thedetermines the behavior of the noise, either diffusing or dis-
spreading out of the energy densi§R,t) of the background sipative. Very often, both behaviors occur for the same
noise: built-up area but for different frequency ranges.

Because there is an infinity of geometries of urban spaces,
it would be unrealistic to find an exact expression foand
o for each configuration. On the other hand, a statistical
study of the urban morphological parameters makes it pos-
whereD and 7 are, respectively, the diffusion coefficient and sible to describe the urban spaces by mean values. Then, the
the attenuation ternfaccounting for air attenuation, absorp- measurement of the coefficient of diffusion in a few typical
tion by walls, and by the open top>0). S(R,t) is the urban spaceéFig. 14 could be sufficient to describe statis-
distribution of sound sources. The solution of this equatiortically most of the other configurations. If this hypothesis is
can be obtained classically by the use of the Green functiowmerified, the use of Eq21) can be very useful for practical
G(R,t): prediction of background noise.

R? }

1
G(RO=7 by ex‘{ "2t
It was shown that the diffraction and the multiple reflec-
which is solution of the equation tions of the sound waves on building facades imply a diffus-

of
E—DAerr/f:S(R,t), (21

(22) V. CONCLUSION
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FIG. 16. Definition of the geometry. Propagation of a sound
particle fromA (defined by its curvilinear abscissa on the inci-
dent building to B (defined by its curvilinear abscissg,; on the
FIG. 15. Propagation paths from the building facatigto the ~ Next building.
surrounding buildings. Definition of the limit angles.
whered and L are, respectively, the distance between two
ing behavior for the acoustical rays in the case of a periodi®arallel facades and the length of a building facade. Further-
model of a city. As a consequence, such a behavior is likelynore, these angles depend also on the building size. From
for realistic cities. Then, a modified diffusion equation with the knowledge of the direction of propagatigy, it is then
two parameters could be used to predict background noise. @sy to determine the buildingX¢,1,Yy+1), which is
is expected that this equation could be implemented numerieached by the sound particle. In the present example, the
cally for noise prediction. position of the building, which is reached by the sound par-
ticle, is defined by

APPENDIX: DETERMINATION OF THE RECURRENCE Xi+1= Xk, (A2a)
LAWS T AND F
, Yii1= Y+ Ly3+d. (A2b)
The two recurrence laws andF have been built by con-

sidering both elemental geometrical relations and symme- By applying simple geometrical relations, the incident
tries of the network of buildings. Here, an example of reso-angle of the sound particle on the building fac&ddeads to
lution is proposed to describe the propagation of a soundgrig. 16
particle from a building facade to another one.

Let us assume that a sound particle is propagating in the ™
direction B, from a pointA, defined by its curvilinear ab- A1 B~ 3" (A3)
scissasy on the facadd-, of a building (X,Y). Notations
are detailed in Figs. 15 and 16. The curvilinear abscissg, ; of B on the new building is

First, by considering the curvilinear absciggaof A and  then
by taking into account the building size, one can determine
the limit anglesig,iq, ... ,ig, which characterize the nine Sk+1=5L—ds+ds, (Ad)
possible propagation paths to the surrounding buildiisge

Fig. 15. For example, considering the caQg defined in where
Fig. 4, the buillding fcl";lcadﬁ1 is reached ifB, is included L+s,
betweeniy andi,, defined by d,= 5 (Aba)
T d3=d2tanak+1, (A5b)
|0:§, (Ala) \/§
d2:d+(L+Sk)7 (ASC)
il:‘r’_w_ta,flw§ (Alp) A similar approach may be detailed for the other solutions

6 d—sy ’ Q,.Qs, ... .Qq defined in Fig. 4.
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