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Summary

Sound propagation in an urban environment is often significantly influenced by reflections at building facades.
The fagades are typically structured in depth in the order of magnitude of decimeters up to meters. Low frequency
reflections tend thus to be mirror like while at high frequencies they get a more and more diffuse or scattering
character. A model is presented to calculate the effects of both type of reflections. After a discretization of the
boundaries into grid cells, the sound pressure and energy exchange between the patches is calculated step by step.
A coherent model is established to handle specular reflections. It solves a Kirchhoff-Helmholtz formulation by
a time iterative process. The incoherent model for diffuse reflections assumes energy conservation and Lambert
distribution for the reflections. The advantage of the model - which is part of the new Swiss railway noise cal-
culation scheme sonRAIL - is its continuous behavior and the ability to take into account the reflector size. The
model for specular reflections was validated extensively and proofed to reproduce scale model experiments as

well as numerical FDTD simulations with good accuracy.

PACS no. 43.28.En, 43.28.Js, 43.50.Rq

1. Introduction

In contrast to a free field situation, sound propagation in
an urban environment is strongly influenced by reflections
and possible shielding effects. For extended or moving
sources like roads or railway lines, diffraction can often
be neglected as the total received sound energy is dom-
inated by the contribution of direct and reflected sound.
Reflections do occur at building fagades which are usu-
ally acoustically hard with no or little absorption. Typi-
cally such fagades show more or less pronounced struc-
tures with a depth stepping in the order of decimeters up to
meters. Depending on the frequency of interest, the result-
ing sound reflection is thus more likely specular or diffuse.

The influence of reflections on sound immission can
be determined in principle by scale model experiments
[1, 2]. However, investigations with many receiver posi-
tions make calculation procedures necessary. An excellent
overview of the state of knowledge can be found in [3, 4]
and in the book by Kang [5].

A first category of calculation schemes are empirical
models that predict the influence of buildings in an inte-
gral way [6, 7]. These models are based on few situation
parameters such as building density and propagation dis-
tance. Obviously they are quite coarse and unable to model
specific local geometries.

Received 4 November 2008,
accepted 8 March 2009.
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The second category of models simulates sound prop-
agation explicitly. Depending on the type of reflections,
different strategies can be applied. The underlying con-
cepts stem often from room acoustics where similar prob-
lems of multiple reflections occur. If the reflecting surfaces
are assumed to be flat, homogeneous and large, the mir-
ror source concept may be applied [8]. If the path length
differences between different reflection contributions are
not too small, an energetic superposition is appropriate.
However, in special cases of very narrow canyons, a phase
sensitive calculation may be necessary to account for in-
terference effects [9]. In case of structured facades, at least
for high frequencies, the reflections tend to become diffuse
like. For the special geometry of a street canyon of given
width and height, an analytical solution can be found for
the diffuse field under the assumption of a uniform scat-
tering in all directions [10]. With ray tracing algorithms
diffuse reflections can be modeled for any reflection direc-
tivity, as e.g. the Lambert cos(¢) angle dependency. Other
approaches to handle diffuse reflections are the diffusion
equation and the radiosity method. For special geometries
the diffusion equation can be solved analytically [11]. In
the general case a numerical scheme has to be applied to
solve the differential equation, as e.g. the finite difference
time domain method [12]. The radiosity method [13] di-
vides the boundaries into a number of patches and simu-
lates the energy exchange between them. The crucial point
is the determination of the form factors. For each sender
patch they describe the amount of energy that is transmit-
ted to the receiver patches. The application of wave the-

© S. Hirzel Verlag - EAA
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oretical models [14, 15, 16] is very much limited as the
large geometries demand for an extremely high computa-
tional effort.

In the following a new model is proposed with algo-
rithms that are positioned somewhere between geometri-
cal and wave theoretical approaches. Specular and diffuse
reflections are handled separately to account for their in-
dividual behavior. The model was developed as part of the
new Swiss railway noise model sonRAIL. The region of
application however is not restricted to train noise. Un-
der certain assumptions that will be discussed below, the
model can be used for any source type that can be de-
scribed as a combination of single point sources.

2. General considerations for a calculation
model

While diffuse reflections are relatively convenient to im-
plement, specular reflections need a more costly calcula-
tion. The difficulty with specular reflections is that they
have a memory, which means that the exact geometry of
the complete path from the source to the actual reflector is
relevant. The history of a sound path is stored as phase and
amplitude information of the pressure and velocity distri-
butions on the reflecting surfaces.

Within the concept of mirror sources such a path can be
determined by a billiard construction. The check of "visi-
bility” decides whether a reflection occurs or not. However
this approach usually ignores two important aspects:

e Specular reflections need a certain area on a reflecting
surface. For low frequencies this area, which can be es-
timated by a Fresnel zone consideration, may easily be-
come larger than the reflector itself, resulting in a cor-
responding attenuation.

e Specular reflections occur in real life (with an accord-
ing attenuation) even if the point of reflection is not on
the reflecting surface itself.

The above mentioned properties are a consequence of the

wave nature of sound and the relative large wave lengths

compared to typical geometrical dimensions of built struc-
tures. These aspects can be handled properly only if a cal-
culation model is based on a wave theoretical formulation.

This request usually demands for frequency domain meth-

ods such as FE (Finite Elements) or BE (Boundary El-

ements) or time domain methods such as FDTD (Finite

Difference Time Domain).

In the present context it is assumed that diffracted sound
can be ignored and thus the sound field is dominated by
possible direct sound and reflections. For further calcula-
tions it is beneficial to use a priori knowledge about the
development of the sound field. The essential idea is to
solve a boundary element formulation in a time iterative
way. This fundamental concept can be used for both spec-
ular and diffuse reflections. In any case a discretization of
the reflecting surfaces into subareas is needed. The effect
of the total reflection at an observer point is then calcu-
lated by a summation of the contributions of each subarea
(Figure 1).

Document downloaded by @DAEL, 2026-05-21 16:56:56 - personal use only

ACTA ACUSTICA UNITED WITH ACUSTICA
Vol. 95 (2009)

S2

Q

Figure 1. Concept for the calculation of reflections. The geometry
shows the source Q and three reflecting surfaces .S, S,, 3. Each
surface .S; is divided into a suitable number of subareas or grid
cells with a representative point in the middle.

For the model presented here, we assume that there
is no frequency dependent ground effect and that sound
pressure and energy exchange occurs only between points
with direct sightline. The effect of the ground is accounted
for by limiting sound source radiation to the half space
only (solid angle 27 steradians). As already mentioned,
specular-like and diffuse reflections have to be handled
separately. Consequently, a calculation scheme for coher-
ent reflections and one for incoherent reflections is devel-
oped.

3. Model for coherent reflections

3.1. Theoretical considerations

The coherent model is based on the Kirchhoff-Helmholtz
integral

px,y 2 0) = ey

—jor/c —jor/c
i |, (jomss@ == 4 st = ) s
T )s on r
Equation (1) states that the sound pressure p(w) at any
point < x,y,z > in space can be expressed as a surface
integral of sound velocity Vs(w) and sound pressure ps(®)
over a closed surface .S. w is the angular frequency, r is
the distance from < x, y, z > to the surface point under

consideration, p is the density and c the speed of sound.
Introducing the wave number k, where

k=222 o eor/e o gk @)
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and evaluating the partial differentiation of the pressure
contribution

0 (et 1 0 ; ey OF
il - = (a—dkrY _ a=jkr 27
on < r ) r? (r()n (7) —e dn)

= l —jkrﬂe‘jk’ _ e—Jkrﬁ
r2 on on

| or
= e o (—jkr - DFwe 3)

with

or

= = cos(9) @)

and ¢: angle between the normal direction of the surface
and the direction to the point < x, y, z >, the Kirchhoft-
Helmbholtz integral can be rewritten in the following form:

p(x.y, z,0) = &)
1 C Tk Tt jkr
4—{ <provs(w) + Ps(o) 3
T Js r r

cos gbe‘jk’) ds.

Equation (5) is solved here iteratively. For now it is as-
sumed that the surfaces are acoustically hard which means
the surface velocity Vg is identical to 0.

3.2. Formulation of the algorithm

Step 1:

According to Figure 1 the fagade areas \S; are divided into
subareas .S; ; of size AS. Initial sound pressure is set to 0
for all surface points,

ﬁo,i,j =0. (6)

Step 2:

A first estimate for the pressure distribution p;;; on the
surfaces .S; is found by calculating the direct sound contri-
bution from the source,

y . [Wpe _y, z
Prij=12j P ko oy < 5 @)

where W is the sound power of the point source and y
is the angle between the direction from the surface point
to the source and the surface normal vector. The factor 2
counts for the pressure doubling on hard surfaces.

Step 3:

The n-th estimate of pressure p,; ; at point j on surface .S;
is found by adding the contributions of the last changes of
the pressure values on all other surfaces (Figure 2).

y y 1 y y
Dnij = Pn-1,ij + ZE Z Z (Pn—tis.t — Pnzosi) )

1+ jk :
-#Cosqf)e_Jk’AS, V/Sf,d)ﬁ
r2 2

s

(TR

where ¢ is the angle between the normal vector of the
sender surface and the direction from the sender to the re-
ceiver point, y is the angle between the normal vector of
the receiver surface and the direction from the sender to the
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Figure 2. Situation for the iterative updating process of cell j on
surface i. The geometry is shown for the contribution of cell 7 on
surface s.

receiver point. If y or ¢ is larger than 7 /2 the contribution
is set to 0. Possible absorption at the surfaces can be ac-
counted for by a scaling of the corresponding contribution
in equation (8) with /1 — @, where a; is the absorption
coefficient of the sender surface with index s. Regarding
the number of iterations needed (step 3), no general rule
can be given. The order of reflections that has to be con-
sidered depends strongly on the geometry and possible ab-
sorption on the surfaces.

4. Model for incoherent reflections

4.1. Theoretical considerations

The physical concepts behind the model for incoherent re-
flections are Lambert’s law and the fundamental princi-
ple of energy conservation. The sound power emitted by a
sender and received by a reflecting surface is given by the
product of surface area and normal component of sound
intensity. It is assumed that near field effects can be ig-
nored which means that sound pressure and velocity are in
phase and their amplitude ratio equals pc. The sound inten-
sity vector points in the same direction as sound velocity.
This direction depends only on the last sender position. For
that reason no memory is needed that stores the history of
the geometry of the sound path. The normal component of
incoming sound intensity d/ on a surface element is given
by

W2 cos ¢, 9)

4rr

dI =

where W is the sound power of the sender, r; is the dis-
tance from the sender to the surface element, ¢ is the an-
gle between the direction from the surface element to the
sender and the normal vector of the surface. The sound
power dW received by a surface element of area dS
amounts to dI - dS. It is assumed that dW is reflected
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according to Lambert’s law. In 1 m distance the reflected
intensity d/(1m, y) in direction y can be written as

dI(1m, w) = Iycos . (10)

The constant I in equation (10) has to be adjusted in such
a way that the integral over the surface of a half sphere
S (to represent all directions) equals the received sound
power dW/.

/2

J dI(lm,y) = [
s 0

sin® w

daw Iy cos w2z siny dy

10271'

= Iyr. an

Finally, the intensity at a receiver point at distance r, with
angle y to the surface normal vector stemming from d.§ is
given by

daw 1
dI(ry, w) = ——Ccosy . (12)
T r2

4.2. Formulation of the algorithm

The normal component of the intensity on the surface ele-
ments is used as sound field variable.

Step 1:

The surfaces .S; are divided into subareas S; ; of size AS
(Fig. 1). The initial intensity is set to O for all surface
points,

I()y,"j = 0 (13)

Step 2:

The first estimate of the intensity distribution I ; ; on the
surfaces S; is found by calculating the propagation from
the source to the receiving surfaces

Iij= 4% cosy,  w<3 (14)
where W is the sound power emitted by the point source,
r is the distance to the source, y stands for the angle be-
tween the direction from the surface point to the source
and the normal vector of the surface. For y > 7 the inten-
sity I is set to 0.

Step 3:

The n-th estimate of the intensity distribution I,,; ; is found
by adding the contributions of the last changes at the sur-
face points (see Figure 2):

1
Tnij = Torij + ~ Z Z(In_l,s,, — Loy (15)

5

1
- —cospcosyAS qlgz,qﬁg
2 2

S

where ¢ is the angle between the direction from the sender
surface point to the receiver surface point and the sender
surface normal vector. For y > 7 or ¢ > 7 the contribu-
tion I is set to 0.
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Again possible absorption at the reflecting surfaces can
be accounted for by a scaling of the corresponding con-
tribution in equation (15) with (1 — a;) where a; is the
absorption coefficient of the sender surface with index s.
Step 4:

Finally the intensities found according to equation (15) are
converted into sound pressure values with

Ipc=p? (16)

where p' is the sound pressure under free field conditions.
If the fagade surfaces are acoustically hard, sound pressure
doubles on the surfaces. In this case one gets

p=2\Ipc resp.

p* = 4Ipc. (17)

5. Discretization

The grid cell size for the discretization is of highest im-
portance regarding the calculation effort. A bisection of
the grid cell width increases the number of grid points by
a factor of 4. As the propagation has to be evaluated from
all grid points to all grid points, the calculation effort is of
order n*> where n is the number of grid points. All in all the
resulting effort increases by a factor 16 corresponding to
the fourth power of the grid cell width.

For the incoherent model the discretization is not very
crucial, a relative coarse grid with a cell size in the order
of 1 m is possible. The coherent model on the other hand
reacts more sensitive to the discretization. A sufficient res-
olution is necessary for proper mapping of the pressure
distribution. If the discretization is not fine enough, very
high sound pressure values usually occur. This is a conse-
quence of the fact that the contributions of the reflecting
area cancel each other due to destructive interference. A
too coarse discretization is unable to model this process
properly.

The problem of required dicretization can be investi-
gated having in mind the concept of Fresnel zones. Fres-
nel zones denote regions that deliver sound pressure to a
receiver point with phase shifts within an interval of 180
degrees. These zone areas have to be represented with suf-
ficient accuracy by the points of the discretization grid.
The worst case is thus given for smallest Fresnel zones
which corresponds to the situation of normal sound inci-
dence and small source and receiver distances.

Here the maximum allowable grid cell size is deter-
mined numerically with the algorithm of the coherent
model introduced above. To do so, a source and receiver
point were assumed at the same location in distance d from
a reflecting surface. The sound pressure for a first order
reflection was then calculated for variable frequency f,
varying distance d and varying grid cell size Ax = Ay.
Figure 3 shows an exemplary calculation result for a re-
flector area of 10 by 10 meters. Depending on frequency,
there is a limiting value of the grid size above which sound
pressure escalates.
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Figure 3. Influence of the grid cell size on relative sound pres-
sure for a first order reflection. The reference 0 dB corresponds
to the theoretically expected receiver level for an infinitely ex-
tended reflector. Three curves are shown for frequencies 200, 600
and 1000 Hz. The distance d of source/receiver to the reflecting
surface was set to 20 m.

Table 1. Maximum grid cell size AXxpyax, A¥max as a function of
frequency used in the model for coherent reflections.

Frequency [Hz] 200 400 600 800 1000
Cell size [m] 045 032 026 022 0.20

From a great number of numerical evaluations the maxi-
mum allowable grid cell size Ax, Ay was found according
to

AXmax = Aymax ~ 0.11V/d 4, (18)

where d is the distance to the reflector, 4 is the wavelength.
Equation (18) has strong similarity with the radius r; of
the first Fresnel zone for large distances d,

T A P
=\[dE+Z myfds  for d» 2. (19
" 2" 16 ; for d>»g. (19

From a comparison of equation (18) and (19 follows) that
AXmax = AYmax is about 16% of the radius of the first
Fresnel zone.

In practice, a reasonable assumption for distances be-
tween reflectors in an urban environment is d = 10m.
From that follows the maximum grid cell size according
to Table 1.

6. Validation of the model for coherent re-
flections

6.1. General assumptions

For the validation of the coherent reflections model, com-
parisons with physical scale model experiments and nu-
merical simulations with a FDTD (Finite Difference Time
Domain) model were performed. The calculations were
done for discrete frequencies of 250 Hz, 500 Hz and 1 kHz.
The discretization of the fagade surfaces was set to Ax =
Ay = 0.2m for all frequencies. The pressure at a distinct
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Figure 4. Source used for scale model experiments. The opening
for sound radiation has a diameter of 2 mm and is located at the
bottom end of the black cone.

receiver position was calculated as average value over a
circular area with radius 1.0 m. By this process the sen-
sitivity to local interference was reduced, comparable to
an averaging by integration over one octave band. All re-
ceiver levels shown below are understood relative to the
level produced by the source at a distance of 1 m.

6.2. Scale model experiments

The physical model experiments used a scale of 1:16. As a
source a piezo tweeter mounted in a small cavity was used.
The cavity was connected to a cone with a small open-
ing of 2 mm for sound radiation (Figure 4). This configu-
ration ensures an omnidirectional radiation characteristic.
The cavity leads to a considerable broadening of the im-
pulse response of the source. However, as the system un-
der consideration can be regarded linear this results solely
in a convolution of the wanted system impulse response
with the impulse response of the source. The frequency
range of the source extends from 3 to 40 kHz which trans-
lates into a span of 190 Hz to 2.5kHz in real live scale.
This range allows for an evaluation of the 250, 500 Hz,
1kHz and 2 kHz octaves. Sound pressure was captured by
a 1/4” B&K microphone type 4135 and fed to a MLSSA
correlation measurement system. In each octave band the
extra air absorption for the model frequencies was esti-
mated and compensated. An assumed contribution at time
to in the impulse response travels the distance sg = ¢ -t
and is therefore attenuated by air absorption according to
0.001 - acty [dB] where « is the air damping constant in
dB/km for the corresponding frequency band and the en-
countered temperature and humidity and c is the speed of
sound. Consequently the measured and squared impulse
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Figure 5. Definition of the geometry of situation A, consisting of
five source positions a to e, three buildings with their lower left
corner LL1 to LL3 and the receiver point 1. The labeling of the
axis is in meters in full scale dimensions.

Table II. Measured (M) sound pressure levels [dB] at the receiver
position for the five source positions a to e in the three octave
bands 250, 500 and 1000 Hz. The columns (C—M) give the level
differences between calculated and measured values.

M:250 C-M M:500 C-M M:1000 C-M
a 271 1.0 -25.4 -0.2 -24.9 0.3
b -295 1.1 -29.2 0.5 -27.4 0.2
c -327 0.7 -33.4 -0.4 -34.4 -0.1
d -339 -1.9 -36.8 -2.3 -39.8 -1.7
e -398 0.7 -41.5 -1.6 -45.0 -0.9

response A2 (t) in frequency band 7 is transformed into the
corrected energy impulse response //2(¢) according to

h;Z(t) — hi(t)lo(an~t/29.412). (20)

The geometries investigated consisted of three cuboid
buildings of full scale dimensions 10x8x9m (length x
width x height) with smooth and acoustically hard sur-
faces. The buildings stood on the plane z = 0 and had
always the same orientation with the longest side point-
ing in the y direction. The receiver was positioned at a
height of 4 m directly on the surface of one of the build-
ings. Compared to free field, this leads to a sound pressure
doubling. For each arrangement of buildings, five identical
point source locations with height z = 0 were investigated,
delivering five sound pressure octave band spectra at the
receiver point.

Case A

Figure 5 shows the geometry of situation A. A valid first
order specular reflection occurs for source positions a and
b. Table II lists the measured and calculated sound pressure
levels.

Case B

Figure 6 shows the geometry of situation B. A valid first
order specular reflection occurs for none of the source po-
sitions. Table III lists the measured and calculated sound
pressure levels.
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Figure 6. Definition of the geometry of situation B, consisting of
five source positions a to e, three buildings with their lower left
corner LL1 to LL3 and the receiver point 1.

Table III. Measured (M) sound pressure levels [dB] at the re-
ceiver position for the five source positions a to e in the three
octave bands 250, 500 and 1000 Hz. The columns (C—M) give
the level differences between calculated and measured values.

M:2250 C-M M:500 C-M M:1000 C-M
a -30.6 -2.7 -33.3 -0.2 -36.2 3.1
b -334 2.3 -35.6 -1.1 -39.1 0.5
C -36.4 -1.2 -37.1 -3.2 -41.1 -1.3
d -35.7 -5.2 -37.9 -4.8 -41.8 -3.0
e -41.6 -1.9 -42.4 -2.6 -45.1 -1.0
y
32
28
24 LL3
20
16 % . f
12%
8%
45 LL2
a
4 8 12 16 20 24 28 32

Figure 7. Definition of the geometry of situation C, consisting of
five source positions a to e, three buildings with their lower left
corner LL1 to LL3 and the receiver point 1.

Case C

Figure 7 shows the geometry of situation C. A valid first
order specular reflection occurs for the source positions
a, b, c. Table IV lists the measured and calculated sound
pressure levels.

Case D

Figure 8 shows the geometry of situation D. A valid first
order specular reflection occurs for the source positions
a,b,c,d. Table V lists the measured and calculated sound
pressure levels.
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Table IV. Measured (M) sound pressure levels [dB] at the re-
ceiver position for the five source positions a to e in the three
octave bands 250, 500 and 1000 Hz. The columns (C—M) give
the level differences between calculated and measured values.

M:250 C-M M:500 C-M M:10000 C-M
a -242 0.5 -25.1 -2.2 -24.3 -1.3
b 253 0.2 -24.4 -1.0 -23.8 -1.1
c -282 0.2 -28.2 0.7 -26.0 0.2
d -303 -1.7 -32.7 0.0 -33.8 0.8
e -369 0.9 -39.1 1.1 -42.1 2.1

Table V. Measured (M) sound pressure levels [dB] at the receiver
position for the five source positions a to e in the three octave
bands 250, 500 and 1000 Hz. The columns (C—M) give the level
differences between calculated and measured values.

M:250 C-M M:500 C-M M:1000 C-M
a -25.6 1.4 -24.2 -1.1 -25.6 -1.7
b -246 0.7 -25.4 -2.8 -24.6 -1.4
c -25.7 -0.6 -24.9 -2.4 -24.2 2.2
d -239 -0.9 -24.6 -0.1 -23.5 0.1
e -313 -1.0 -32.0 -3.4 -33.0 -2.9

Table VI. With FDTD simulated (F) sound pressure levels [dB] at
receiver position 1 for the five source positions a to e in the three
octave bands 250, 500 and 1000 Hz. The columns (C—F) give the
level differences between calculated and FDTD simulated values.

F:250 C-F F:500 C-F F:1000 C-F:000
a -24.0 0.6 -23.3 -1.7 -24.5 0.9
b -21.7 0.4 -22.8 -1.6 -24.1 1.6
c -200 0.4 -22.3 0.6 -22.8 1.2
d -19.6 0.5 -19.3 -0.7 -21.8 1.1
e -203 -0.8 -20.0 -1.3 -19.3 -0.8

Heutschi: Reflections in urban environment

LL3
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Figure 8. Definition of the geometry of situation D, consisting of
five source positions a to e, three buildings with their lower left
corner LL1 to LL3 and the receiver point 1.

166, = ¢4

12% *2

4 8 12 16 20 24 28 32

6.3. Numerical simulations with FDTD

Four additional test cases were generated by calculating
sound propagation in a built-up situation with a reference
model based on wave theory. Here a 2D Finite Difference
Time Domain (FDTD) algorithm with space discretization
of 0.02 m was used [17, 18]. By applying a pressure pulse
as initial condition and observing the development of the
sound field in time, an impulse response can be found at
any of the grid points. With the simplifying assumption
that the buildings are much higher than the first Fresnel
zones on the facade surfaces, the 2D results can be ex-
tended to the 3D case by weighting the pressure impulse
responses with 1/+/r where r = ¢t and ¢ is the speed of
sound and ¢ is time. After Fourier transformation, spectral
information is available and can be displayed for example
as octave band levels at the receiver point.

As for the scale model experiments, the geometry in-
vestigated with FDTD consisted of three cuboid build-
ings K, L, M with smooth and acoustically hard surfaces
(Figure 9). Again the buildings had a height of 9m and
stood on the plane z = 0. The four receivers at height 4 m
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Figure 9. Geometry of the FDTD model.

were assumed flush mounted with the surface of one of the
buildings (pressure doubling). For each receiver point five
identical point source positions at height z = 0 were inves-
tigated, delivering five sound pressure octave band spectra
at the receiver points.

Case E: receiver position 1

A valid first order specular reflection at receiver position
1 occurs for the source positions a, b, ¢, d, e. Furthermore
there are valid higher order reflections. Table VI lists the
measured and calculated sound pressure levels.

Case F: receiver position 2

A valid first order specular reflection at position 2 occurs
for the source positions d, e.Table VII lists the measured
and calculated sound pressure levels.

Case G: receiver position 3

A valid first order specular reflection at position 3 occurs
for the source positions b, c. Source position e leads to a
second order reflection. Table VIII lists the measured and
calculated sound pressure levels.

Case H: receiver position 4

A valid first order specular reflection at position 4 occurs
for the source positions a, b. The source positions a, b, ¢
lead to a third order reflection.Table IX lists the measured
and calculated sound pressure levels.
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Table VII. With FDTD simulated (F) sound pressure levels [dB]
at receiver position 2 for the five source positions a to e in the
three octave bands 250, 500 and 1000 Hz. The columns (C—F)
give the level differences between calculated and FDTD simu-
lated values.

F250 C-F F:500 C-F  F:1000 C-F
a -30.4 -4.3 -32.6 -3.9 -36.0 7.0
b -30.4 -0.9 -31.8 -4.2 -35.2 2.7
c -27.4 1.9 -29.0 -2.9 -32.0 -0.4
d -29.5 -1.0 -30.0 0.7 -31.0 1.6
e -24.9 2.3 -23.5 0.9 -26.5 1.5

Table VIII. With FDTD simulated (F) sound pressure levels [dB]
at receiver position 3 for the five source positions a to e in the
three octave bands 250, 500 and 1000 Hz. The columns (C—F)
give the level differences between calculated and FDTD simu-

lated values.

F:250 C-F F:500 C-F  F:1000 C-F
a -31.6 1.8 -34.4 1.6 -36.4 8.6
b -28.4 0.7 -30.0 1.1 -31.1 1.0
c -25.9 32 -25.8 34 -25.4 2.9
d -29.7 -2.5 -30.7 2.4 -34.8 -1.8
e -25.5 -2.8 -25.7 1.4 -25.6 1.5

Table IX. With FDTD simulated (F) sound pressure levels [dB] at
receiver position 4 for the five source positions a to e in the three
octave bands 250, 500 and 1000 Hz. The columns (C—F) give the
level differences between calculated and FDTD simulated values.

F250 C-F F:500 C-F  F:1000 C-F
a -28.6 0.3 -28.4 -0.1 -29.2 22
b -25.9 14 -23.4 2.2 -24.5 0.4
c -25.7 -0.4 -27.4 -1.5 -29.9 1.2
d -29.6 -33 -32.8 -0.5 -34.4 -6.5
e -27.2 -0.5 -28.6 -0.3 -29.8 1.2

Table X. Statistics of the coherent model deviations to the mea-
surements and FDTD simulations.

250Hz 500Hz 1000 Hz
average [dB] 0.6 1.0 -0.3
standard deviation [dB] 2.0 1.8 2.6

6.4. Discussion

The test cases A to H show that the sound pressure at a
receiver drops off relatively slowly if the source is moved
away from the region where specular reflections hit the re-
ceiver. This transition is reproduced to good accuracy with
the proposed coherent model. On the other hand pure geo-
metrical approaches such as ray tracing (assuming to cre-
ate specular reflections) or mirror source models can make
no statement for ’shadow zones’. Consequently these mod-
els heavily underestimate the reflected sound pressure in
situations with no valid mirror source (e.g. source posi-
tions ¢, d, e in case A).
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Figure 10. XY plots of the deviations between the coherent
model and scale model measurements and FDTD simulations.
All dB values are understood relative to a reference level in 1 m
distance.

Taking into account all comparisons from above, the
statistics shown in Table X is found. Figure 10 shows the
corresponding XY plots. With 7.0 and 8.6 dB the largest
deviations are found at 1000 Hz for the source position a
in the test cases F and G. In both cases the reflections are
weak and overestimated by the proposed model compared
to the FDTD simulations. These differences are frequency
dependent and occur only at 1000 Hz. This leads to the
assumption that the low sound pressures found in FDTD
are the consequence of an interference effect between re-
flected and diffracted sound.

With the exception of outliers mentioned above, there
is generally a good agreement between the new model
and the measurements and wave theoretical calculations
respectively. The average differences are below 1dB, the
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standard deviations are somewhat larger, however, for ex-
tended sources such as roads or railway lines the error of
the total sound exposure reduces significantly due to aver-
aging over several source positions.

7. Conclusions

Two algorithms are presented to calculate diffuse and mir-
ror like reflections in an accurate way. The scheme for
diffuse or incoherent reflections is frequency indepen-
dent and based on the principle of energy conservation
and comparable to the radiosity method. Specular or co-
herent reflections are handled by an iterative solution of
the Kirchhoff-Helmholtz integral. Compared to the mirror
source concept, the method proposed here shows contin-
uous behavior as there is no need for YES/NO decisions
in connection with shadow zones and the validity of mir-
ror sources. Furthermore, form and size of the reflecting
surfaces and their influence on the reflection strength are
considered.

From a formal point of view both algorithms presented
- for diffuse and coherent reflections - are identical. How-
ever, as the two algorithms calculate different sound field
variables, they can not be mixed. After the selection of a
frequency it has to be decided whether the coherent or the
incoherent model has to be applied. For typically struc-
tured fagades, it is appropriate to use the coherent model
in the lower frequency range. For wave lengths in the
same order of magnitude as the structure depths, the dif-
fuse model is applied. As an indicatory value for typical
facades the transition frequency can be set to 600 Hz. An
advantage as well as a difficulty of the coherent model is
the fact that a single frequency sound pressure distribution
on the boundaries shows high local variability due to inter-
ference effects. While evaluating a third-octave or octave
band level at a certain receiver position this interference
effect would be reduced significantly. This is because the
interference pattern is strongly dependent on frequency.
For computational reasons it is preferable to use as less
frequencies as possible. On the other hand there is already
information at no cost about the local variation. Thus it
suggests itself to perform an averaging over space and not
over frequency. The resulting receiver levels have then to
be understood as representative for a small region around
the receiver point itself. A circular area of 1 m radius has
proven to be appropriate.
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