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A radiosity-based theoretical/computer model has been developed to study the
fundamental characteristics of the sound fields in urban streets resulting from diffusely
reflecting boundaries, and to investigate the effectiveness of architectural changes and
urban design options on noise reduction. Comparison between the theoretical prediction
and the measurement in a scale model of an urban street shows very good agreement.
Computations using the model in hypothetical rectangular streets demonstrate that though
the boundaries are diffusely reflective, the sound attenuation along the length is significant,
typically at 20–30 dB/100m. The sound distribution in a cross-section is generally even
unless the cross-section is very close to the source. In terms of the effectiveness of
architectural changes and urban design options, it has been shown that over 2–4 dB extra
attenuation can be obtained either by increasing boundary absorption evenly or by adding
absorbent patches on the façades or the ground. Reducing building height has a similar
effect. A gap between buildings can provide about 2–3 dB extra sound attenuation,
especially in the vicinity of the gap. The effectiveness of air absorption on increasing sound
attenuation along the length could be 3–9 dB at high frequencies. If a treatment is effective
with a single source, it is also effective with multiple sources. In addition, it has been
demonstrated that if the façades in a street are diffusely reflective, the sound field of the
street does not change significantly whether the ground is diffusely or geometrically
reflective.

# 2002 Elsevier Science Ltd. All rights reserved.
1. INTRODUCTION

Many investigations have been carried out regarding sound propagation in urban streets
[1–14]. A common manner of solving the problem is to use the image source method or
ray-tracing techniques. Previous work in this aspect has contributed significantly towards
a fundamental understanding of the behaviour of sound in urban streets. However, if there
are irregularities on building or ground surfaces, it is necessary to take diffuse reflection
into account [2]. Bullen and Fricke, in order to consider the effects of scattering from
objects and protrusions in streets, analyzed the sound field in terms of its propagating
modes [4]. In a model suggested by Davies, the sound field was assumed to be the sum of a
multiply geometrically reflected field and a diffuse field that was fed from scattering at
boundaries at each reflection of the geometrical field [5]. Wu and Kittinger, by describing a
boundary with a smoothness parameter, developed a simple algorithm for traffic noise
prediction [8]. Heutschi suggested modelling sound propagation by a continuous energy
exchange within a network of predefined points located on individual plane surfaces, and
22-460X/02/$35.00 # 2002 Elsevier Science Ltd. All rights reserved.
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in this way it was possible to define any characteristic directivity pattern for the reflections
[9]. Picaut et al., by assuming that the surface irregularities of building façades were
adequate to produce diffusion in streets, developed a diffuse sound field model using the
mathematical theory of diffusion to predict the sound propagation and reverberation in
rectangular streets [11]. Kang carried out a systematic comparison between the sound
fields in urban streets resulting from diffusely and geometrically reflecting boundaries, and
considerable differences were demonstrated [13].

The objective of this paper is to analyze the fundamental characteristics of the sound
fields in urban streets resulting from diffusely reflecting boundaries, and to study the
effectiveness of architectural changes and urban design options on noise reduction. This
would be useful from the viewpoint of urban street design and street boundary
reconditioning. To simulate the sound propagation in urban streets with diffusely
reflecting boundaries, a theoretical/computer model has been developed using the
radiosity method, an advanced technique for considering diffuse boundaries. This paper
begins with a brief description of the model; it then presents some results of numerical
modelling.

2. NUMERICAL MODEL

The radiosity method was originally developed for the study of radiant heat transfer in
simple configurations [15, 16]. By considering relatively high frequencies and taking the
time factor into account, the method has been used in the field of room acoustics [17–19].
With similar principles, the radiosity method can also be used for the study of urban
streets. The basic principle of the modelling process is to divide the boundaries of a street
into a number of patches, and then to simulate the sound propagation in the street by
energy exchange between the patches [13].

A computer model, RASCL, has been developed to consider a rectangular urban street
with a length of X ; width of Y and height of Z; as illustrated in Figure 1. For convenience,
the ground is called G; and the two façades are defined as A and B respectively. A sound
source S is positioned at ðSx;Sy;SzÞ: In RASCL it is assumed that the façades are diffusely
reflective, namely, the sound energy reflected from a patch is dispersed over all directions
according to the Lambert cosine law. The ground can be either diffusely or geometrically
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Figure 1. Plan and cross-section of an idealized rectangular street. – – –, receiver planes for the calculations in
Figures 6–10; *, receivers for the calculations in Figures 11–16 and Table 1.
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reflective. In sections 2.1–2.3 all the street boundaries are assumed as diffusely reflective. In
section 2.4 the situation with geometrically reflecting ground is considered.

2.1. PATCH DIVISION AND FORM FACTOR

First consider the situation where the façades and ground are all diffusely reflective.
Each of the three boundaries is divided into a certain number of rectangular patches. The
energy moving between pairs of patches depends on a form factor, which is defined as the
fraction of the sound energy diffusely emitted from one patch which arrives at the other by
direct energy transport.

Clearly, the simulation is more accurate with finer patch parameterization, but there is a
square-law increase of calculation time in the number of patches. To optimize the
calculation, in RASCL the boundaries are so divided that a patch is smaller when it is
closer to an edge. This is because, for a given patch size, numerical determination of form
factors becomes less accurate as the patch moves closer to an edge [20]. For the
convenience of computation, the division of boundaries is in the manner of a geometrical
series. If a boundary dimension is not large (such as along the width) and the patch
number is not great, the patch size increases from the edges to the centre. For a relatively
large dimension and/or patch number, to avoid extreme differences between patches, the
patch size varies only in a certain range from the edges, and becomes constant in the
remaining of the boundary.

A key stage of the modelling process is the determination of form factors. In a
rectangular urban street, the relative location between any two patches is either
orthogonal or parallel. For orthogonal patches, in RASCL the form factor is calculated
by using Nusselt’s method [19, 21]. Computing a form factor by this method is equivalent
to projecting the receiving patch onto a unit hemisphere centred about the radiation patch,
then projecting this projected area orthographically down onto the hemisphere’s unit circle
base, and finally dividing by the area of the circle. For parallel patches, the form factor is
calculated by a method developed by Cohen and Greenberg [22], which involves projecting
the receiving patch onto the upper half of a cube centred about the radiation patch.

2.2. ENERGY EXCHANGE

The starting point of the energy exchange process is to distribute the source energy to
the patches. Assume that the sound source S ðSx;Sy;SzÞ generates an impulse at time
t ¼ 0: The basic principle for distributing the source energy to patches is that the energy
fraction at each patch is the same as the ratio of the solid angle subtended by the patch at
the source to the total solid angle. The source directionality can be considered using a
weighting factor in the direction of each patch.

The patches can now be regarded as sound sources, which are called first order patch
sources below. The radiation strength of a first order patch source depends on the energy
at the patch received from source S as well as the patch absorption. In RASCL, for
convenience, an angle-independent absorption coefficient is considered for each patch.

In addition, air absorption when sound transfers from source S to patches and from one
patch to another should be taken into account. In RASCL, this is expressed by an
intensity-related attenuation constant M (Np/m). The absorption by vegetation, V , is
similarly considered.

By the form factors obtained above (see section 2.1), the sound energy of each first order
patch source can be re-distributed to other patches and consequently, the second order
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patch sources can be generated. By continuing this process of energy exchange the kth
order patch sources can be obtained ðk ¼ 1; . . . ;1Þ: It is important to note that the above
process is ‘memory-less’, that is, the energy exchange between patches depends only on the
form factors and the patch sources of preceding order. By considering this feature, the
requirement for computer storage can be significantly reduced.

A patch source is expressed in a form of energy response. For the configuration in
Figure 1, a kth order patch source on a street boundary is calculated by summing the
contribution from all the ðk � 1Þth order patch sources on the other two boundaries. For
example, to calculate the sound energy of a kth order patch source on the ground at time t;
GkðtÞl;m; the contribution from the patches on the two façades should be summed:

GkðtÞl;m ¼
XNX

l0¼1

XNZ

n0¼1

AGðl0;n0Þ;ðl;mÞAk�1 t �
dAGðl0;n0Þ;ðl;mÞ

c

� �
l0n0

þ
XNX

l0¼1

XNZ

n0¼1

BGðl0;n0Þ;ðl;mÞBk�1 t �
dBGðl0;n0Þ;ðl;mÞ

c

� �
l0n0

ð1Þ

where l; l0 ¼ 1; . . . ;NX ; m;m0 ¼ 1; . . . ;NY and n; n0 ¼ 1; . . . ;NZ are the patches along the
length, width and height, respectively. AGðl0;n0Þ;ðl;mÞ is the form factor from radiation patch
Al0;n0 to receiving patch Gl;m; with the consideration of patch absorption as well as the
absorption from air and vegetation. Ak�1½t � dAGðl0;n0Þ;ðl;mÞ=c	l0;n0 is the energy of the (k�1)th
order patch source Al0;n0 at time t � dAGðl0;n0Þ;ðl;mÞ=c: dAGðl0;n0Þ;ðl;mÞ is the mean beam length
between patches Al0;n0 and Gl;m: BGðl0;n0Þ;ðl;mÞ; Bk�1½t � dBGðl0;n0Þ;ðl;mÞ=c	l0;n0 and dBGðl0;n0Þ;ðl;mÞ are
defined accordingly. With a similar manner to equation (1), the sound energy of a kth
order patch source on the façades can be determined.

In RASCL the mean beam length between two patches is determined by subdividing
each patch into u by v (u; v51) elements and then calculating the average distance between
each pair of elements. A similar method is also used for calculating the distance from a
patch to source S or to a receiver. When patches are reasonably small, it is often
sufficiently accurate to use u ¼ v ¼ 1; namely the distance to the patch centre.

2.3. RECEIVER

Now consider the energy response at a receiver R (Rx;Ry;Rz). For each order of energy
exchange between patches, the sound energy at the receiver contributed from each patch
source should be considered. For example, at time t the energy contribution from all the
kth order patch sources on the ground can be determined by

EkðtÞG ¼
XNX

l¼1

XNY

m¼1

Gkðt � Rl;m=cÞl;m

pR2
l;m

cosðxl;mÞ
" #

e�ðMþVÞRl;m ; ð2Þ

where xl;m is the angle between the normal of patch Gl;m and the line joining receiver R and
patch Gl;m; Rl;m is the mean beam length between receiver R and patch Gl;m; and
e�ðMþVÞRl;m represents the absorption of air and vegetation.

By considering the energy from all orders of patch sources as well as the direct energy
transport from source S; the energy response at receiver R can be given by

LðtÞ ¼ 10 lg fEdðtÞ þ
X1
k¼1

½EkðtÞG þ EkðtÞA þ EkðtÞB	g � Lref ; ð3Þ

where EkðtÞA and EkðtÞB are the energy contribution from the patches on façades A and B,
EdðtÞ represents the direct sound and Lref is the reference level.
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With the energy response the steady state sound pressure level (SPL) at receiver R can
easily be calculated. The decay curve can be obtained by the reverse-time integration of
LðtÞ: Consequently, reverberation time, which has been demonstrated to be a useful index
for streets [23, 24], can be determined. In RASCL both the early decay time (EDT) and
RT30 are considered. The EDT is obtained from the initial 10 dB of the decay. RT30 is
determined using the rate of decay given by the linear regression of the measured decay
curve from a level 5 dB below the initial level to 35 dB below.

After each order of energy exchange, the total residual energy on all patches is
calculated. Calculation stops when the total energy reduces to a certain amount, typically
10�6 of the energy of source S:

2.4. GEOMETRCALY REFLECTING GROUND

In sections 2.1–2.3 it is assumed that the ground is diffusely reflective, but RASCL can
also consider geometrically reflecting ground. A geometrically reflecting ground can be
treated as a mirror and the sound source S and the patch sources will have their images, as
illustrated in Figure 2. The initial energy in the patch sources on the façades is from the
sound source S as well as its image, S0: For the latter, the absorption coefficient of the
ground is taken into account. During the energy exchange process, the energy in a patch
source on a façade, say A, is calculated by summing the contribution from all the patch
sources on façade B and its image, B0. At receiver R; for each order of energy exchange
between patches, the sound energy contributed from each patch source and their images is
summed. In addition to the multiple reflections considered above, the direct sound and the
first reflection from source to receiver through the ground are also included.

2.5. MODEL VALIDATION

To validate the model, a comparison has been made between the prediction by RASCL
and the measurements carried out by Picaut et al. [11] in a 1 : 50 scale model of an urban
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Figure 2. Cross-section of an idealized rectangular street with diffusely reflecting façades and geometrically
reflecting ground, showing the distribution of source energy and energy exchange between patches.
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street. The street length, width and height are 96, 8 and 12m respectively. The model
façades follow a statistic distribution extracted from an actual Haussmann building façade
[14]. This type of façades is rather common in European cities and they are considered as
diffusely reflective. The measurement data given by Picaut et al. [11] are based on the
average in the frequency range 400Hz to 1�6 kHz, so that the calculation is also in this
range. The measured absorption coefficient of the façades is about 0�05 at middle
frequencies. The ground is acoustically smooth and highly reflective, so that an absorption
coefficient of 0�01 is used in the calculation. A point source is used in the calculation,
which corresponds to the spark source used in the measurement. The source is positioned
at (16, 4, 2)m, and the receivers are along line (20–95, 4, 2)m with an interval of 2�5m.

A comparison of sound distribution between calculation and measurement is shown in
Figure 3, where the SPLs are normalized with respect to the value at x ¼ 20m. In the
calculation, the sound power level of the source is set as 0 dB. It can be seen that the
agreement is very good, generally within  1�5 dB accuracy. In Figure 3 is also shown the
calculated, SPL distribution based on diffusely reflecting ground. It is seen that the result
is rather close to that with geometrically reflecting ground. The SPL difference between
the two kinds of ground increases with increasing source–receiver distance. At 79m from
the source, the SPL with diffusely reflecting ground is about 3 dB lower than that with
geometrically reflecting ground. An important reason is that with more diffusely reflecting
boundaries, the sound path length generally becomes longer [13]. For comparison, the
calculation based on the image source method, namely, by assuming that all the street
boundaries are geometrically reflective, is also shown in Figure 3. It is seen that the result
is significantly different from the measured values. At 79m from the source, the SPL

difference is about 10 dB.
In Figure 4 is shown the comparison in reverberation time between calculation and

measurement. The agreement is very good, with an average difference of 6%. The
reverberation time based on the image source method is also shown in Figure 4. It is seen
that the calculated values are much longer than the measured data, at about 180%. A
−50

−45

−40

−35

−30

−25

−20

20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95

Position in the street, x (m)

R
el

at
iv

e 
S

P
L(

dB
) 

Figure 3. Comparison of SPL attenuation along the length between measurement [11] (*) and calculation
( , RASCL with geometrically reflecting ground; , RASCL with diffusely reflecting ground; � � � � � � , image
source method).
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Figure 4. Comparison of RT30 between measurement [11] (K) and calculation ( , RASCL with
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main reason is that in comparison with the sound decay resulting from geometrically
reflecting boundaries, if the façades become diffusely reflective, the initial energy is
increased slightly [25] and the later energy due to flutter echo type of reflections is
decreased substantially. This can be clearly seen by comparing typical decay curves in the
two cases, as shown in Figure 5, where the receiver is at (75, 4, 2)m, namely, the source–
receiver distance is 59m. The calculated reverberation time and decay curve, by assuming
the ground as diffusely reflective, are also shown in Figures 4 and 5. It is seen that the
result is rather close to that with geometrically reflecting ground.

In the calculation using RASCL there is an initial stage of determining patch division,
including patch numbers and ratios between adjacent patches, so that a required accuracy
in calculating form factors and the source energy distribution can be achieved. The
accuracy in calculating form factors can be evaluated by the fact that the sum of the form
factors from any patch to all the other patches should be unity. The accuracy in
distributing the source energy to patch sources can be similarly evaluated. For the above
street, the patch numbers used are X ¼ 16 and Y ¼ Z ¼ 12: Along the length, the patch
size increases from l ¼ 1 to 15, decreases from l ¼ 46 to 60, and is constant between l ¼ 16
and 45. For the varied patch sizes, the ratio between two adjacent patches is qx ¼ 1�05:
Along the width and height, the patch size increases from the edges to the centre with a
ratio of qy ¼ qz ¼ 1�1: Using these parameters RASCL calculates the form factors and the
source energy distribution on patches accurate to three decimal places.

Overall, through the above comparison and analysis the accuracy and effectiveness of
RASCL is demonstrated. It is also shown that if the façades in a street are diffusely
reflective, there is no significant difference in the sound field of the street whether the
ground is diffusely or geometrically reflective.

By considering more boundaries, the above algorithms can be used for rectangular
enclosures. Such a model was shown to correctly calculate the acoustic characteristics of a
cube [19]. This can be regarded as a further validation of the algorithms. Moreover,
comparisons were made between the calculated reverberation times by the program and
the measured values in the scale models of a regularly shaped enclosure and a flat
enclosure, and the agreement was very good [19]. Furthermore, a series of tests was made
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Figure 5. Comparison of the decay curves obtained using three calculation methods: , RASCL with
geometrically reflecting ground; , RASCL with diffusely reflecting ground; � � � � � � , image source method. The
receiver is at (75, 4, 2)m, namely, the source–receiver distance is 59m.
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in regularly shaped enclosures with unevenly distributed boundary absorption, and there
was good agreement between the calculation by the program and the result obtained using
the classic theory [26].

2.6. DISCUSSION

As indicated previously, RASCL is applicable for diffusely reflecting street boundaries.
However, if most street boundaries are largely diffusely reflective in a street, due to the
effect of multiple reflections, the sound field should still be close to that resulting from
purely diffusely reflecting boundaries [27]. This is supported by the result that if the
façades in a street are diffusely reflective, there is no significant difference between the
sound fields resulting from geometrically and diffusely reflecting ground. Moreover,
although the street grounds are usually geometrically reflective, vehicles, pedestrians, and
street furniture (e.g., bushes, lampposts, fences, barriers, benches, telephone boxes and bus
shelters) may bring considerable diffuse reflection. Furthermore, there seems to be strong
evidence that even untreated boundaries produce diffuse reflections [28]. This may further
extend the application range of the model.

It is noted that RASCL is an energy-based model, which ignores wave effects and thus
the application range is mainly at middle and high frequencies. Given that with diffusely
reflecting boundaries the interference patterns may not be significant in a street, especially
for broadband sound sources and relatively high frequencies, in RASCL the ground effect
[29–32] is not considered [2]. Temperature- or wind-gradient-induced refraction is also not
taken into account. At lower frequencies, street boundaries may tend to be more
geometrically reflective and thus, it would be important to consider wave effects. For a
single street with geometrically reflecting boundaries, Iu and Li developed a coherent
model using the image source method, and it was demonstrated that such a model can give
a better prediction than incoherent model at low frequencies [12, 33].
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3. COMPUTATION

Using RASCL a series of calculations has been carried out in a number of hypothetical
rectangular streets. The street geometry represents certain types of urban street in Europe
[34, 35]. Firstly, a typical street configuration is considered in order to investigate the
characteristics of the sound fields in urban streets resulting from diffusely reflecting
boundaries. Then the effectiveness of architectural changes and urban design options on
noise reduction, especially on increasing sound attenuation along the length, is studied.
For the sake of convenience, it is assumed that all the boundaries are diffusely reflective.
Note that the source–receiver distance below refers to the horizontal distance along the
street length.

3.1. A TYPICAL URBAN STREET

The street configuration corresponds to Figure 1. The street length, width and height are
120, 20 and 18m respectively. The buildings are continuous along the street and of
constant height on both sides. A point source is positioned at (30, 6, 1)m. The façades and
ground are assumed to have a uniform absorption coefficient of 0�1 [3, 14]. The patch
divisions are similar to those used in the calculation described in section 2.5. For the sake
of convenience, absorption from air and vegetation is not considered.

The SPL distribution on a horizontal plane of 1m above the ground is shown in
Figure 6(a), where the sound power level of the source is set as 0 dB. It is noteworthy that
although the boundaries are diffusely reflective, the SPL varies significantly on the plane.
Along y ¼ 10m, for example, the SPL attenuation is 22�7 dB at source–receiver
distances of 5–90m (i.e., 26�7 dB/100m). As expected, the SPL variation becomes less
when the horizontal plane is farther from the source. In Figure 6(b) the sound distribution
on a plane of 18m above the ground is shown. Along y ¼ 10m the SPL attenuation at
source–receiver distances of 5m through to 90m is 16�8 dB (i.e., 19�8 dB/100m).
By comparing Figures 6(a) and (b), it can be seen that the SPL difference between the
two planes decreases with increasing distance from the source. Beyond the source–
receiver distance of 10–15m, this difference is less than 1–2 dB, which means that
in this range the sound distribution in cross-section is rather even. This can also be
seen in Figure 7, where the sound distributions along six lines, (1–120, 1, 1)m,
(1–120, 5, 1)m, (1–120, 19, 1)m, (1–120, 1, 18)m, (1–120, 5, 18)m, and (1–120, 19, 18)m,
are compared.

The sound distribution on a vertical plane at a distance of 1m from façade A is shown in
Figure 8(a). At x ¼ 30m, namely the source position, the SPL variation with height is
significant, at about 8 dB. With increasing distance from the source in the length direction,
the SPL variation with height decreases rapidly. Beyond x ¼ 50m, it becomes less than
1 dB. In Figure 8(b) the sound distribution on a vertical plane which is 1m from façade B
is shown. It can be seen that, because façade B is farther from the source than façade A,
the SPL variation with height is generally less than that in Figure 8(a). At x ¼ 30m, for
example, the variation is only 2�5 dB.

The sound distribution in three typical cross-sections at x ¼ 35; 45 and 55m is shown in
Figure 9. It can be seen that in the cross-section of x ¼ 35m the SPL variation is 7�5 dB,
and with increasing source-receiver distance this variation decreases rapidly. Beyond
x ¼ 55m, the variation is usually less than 1�5 dB.

Generally speaking, the SPL attenuation curve along the length is concave. In other
words, the attenuation per unit distance becomes less with the increase of source-receiver
distance.
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3.2. STREET ASPECT RATIO

To investigate the effect of street aspect ratio on the sound field, a range of street heights
from 6m to 54m is considered, which corresponds to the height/width ratio of 0�3 to 2�7.
Other configurations are the same as those in Figures 1 and 6–9. Calculations show that
the SPL attenuation along the length becomes less with increasing street height. An
apparent reason is that with a greater street height, less energy can be reflected out of the
street canyon. In Figure 10 is shown the difference between Z ¼6 and 54m in SPL on a
horizontal plane at a distance of 1m from the ground. In the near field, say within 10m
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from the source, the difference between the two street heights is insignificant, which
indicates the strong influence of the direct sound. With the increase of source–receiver
distance, the effect of boundary reflections becomes more important and thus, the
difference between the two street heights becomes greater. Beyond about x ¼ 110m, there
is a decrease in the SPL difference. This is because there is no boundary beyond x ¼ 120 m
and consequently, the effect of boundary reflections is diminished.

It is noteworthy that with Z ¼54m, although the street height/width ratio is
rather great, the SPL still varies significantly along the length. Along y ¼ 10m, for
example, the SPL attenuation at source-receiver distances of 5–90m is 19�3 dB (i.e.,
22�7 dB/100m).
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Figure 9. SPL (dB) distribution in three cross-sections in a typical street: (a) 5m from the source; (b) 15m
from the source; (c) 25m from the source.
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3.3. BOUNDARY ABSORPTION AND BUILDING ARRANGEMENTS

In a previous study [13], it has been demonstrated that by replacing geometrically
reflecting boundaries in a street with diffusely reflecting boundaries, considerable extra
attenuation can be obtained. This section analyzes the effectiveness of boundary
absorption and building arrangements upon the sound attenuation along the length in
the case of diffusely reflecting boundaries. For the sake of convenience, the configurations
of the boundary treatments correspond to the patch division. The effectiveness of a
treatment is evaluated by the extra SPL attenuation caused by the treatment with
reference to the typical case described in section 3.1. In each cross-section four typical
receivers are considered, which represent relatively high and low SPL in the cross-section.
Correspondingly, the calculation of sound attenuation along the length is based on the
average of four receiver lines, namely (31–90, 2, 1)m, (31–90, 2, 18)m, (31–90, 18, 1)m,
and (31–90, 18, 18)m, as illustrated in Figure 1.

The extra attenuation caused by evenly increasing the absorption coefficient of all the
three boundaries from 0�1 to 0�3, 0�5, 0�7 and 0�9 is shown Figure 11. It can be seen that
with increasing absorption coefficient, the extra attenuation increases proportionally.
With an absorption coefficient of 0�9 the extra attenuation is 6–7 dB along the length,
which is significant and also approximately indicates the maximum effectiveness of
boundary absorption on noise reduction. Recently, there have been considerable works on
outdoor sound absorbers [32, 36–37], mainly for noise barriers, but they are also useful for
urban streets. Moreover, open windows and gaps between buildings can be regarded as
sound energy sinks.

In Figure 11 it is seen that the extra attenuation generally increases with increasing
source–receiver distance. This is mainly because in the near field the direct sound plays an
important role and thus, the boundary absorption is relatively less significant. It is also
seen in Figure 11 that in the far field there is a slight decrease in the extra attenuation, and
this is more noticeable with increasing absorption coefficient. The major reason for this is
that, with increasing source–receiver distance, the sound attenuation due to distance
becomes more important and the role of reflection order, which is highly related to the
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Figure 11. Extra SPL attenuation caused by increasing the absorption coefficient of all the three boundaries
from a ¼ 0�1 to 0�3 ( ), 0�5 (– – –), 0�7 ( � � � � � � ) and 0�9 ( ).



J. KANG806
effectiveness of boundary absorption, becomes relatively less important. The periodicity in
Figure 11 and in some other figures in this section is a phenomenon related to the
numerical process. The periodicity patterns vary with different patch division.

In Figure 12 is shown the effect of absorbers over the ground. The absorbers are
arranged along the length, and four cases are considered: Case I, absorbers from y ¼1�23
to 3�06m and from y ¼16�94 to 18�77m; Case II, absorbers from y ¼5�85 to 14�15m; Case
III, absorbers from y ¼0 to 5�85m and from y ¼14�15 to 20m; and Case IV, absorbers
over the entire ground. The ratios of absorber to ground area in the four cases are 18�3,
41�5, 58�5 and 100%, respectively. To demonstrate the maximum noise reduction by each
treatment, in the calculation the absorption coefficient of the absorbers is assumed as 1. In
Figure 12 it can be seen that from Cases I to IV the extra attenuation increases
continuously. In Case IV, where the ground is totally absorbent, the extra attenuation is
about 3–4 dB. It appears that the extra attenuation is approximately proportional to the
absorber area.

The effect of façade absorption is shown in Figure 13. Four cases are considered: Case
V, absorbers along the length, façade B only; Case VI, absorbers along the length, façades
A and B; Case VII, absorbers along the height, façade B only; and Case VIII, absorbers
along the height, façades A and B. For the sake of convenience, the absorber locations
correspond to the patch division in the calculation. For each treated façade, the ratio of
absorber to façade area is 50%. The absorption coefficient of the absorbers is again
assumed as 1. From Figure 13 it can be seen that with absorbers on façade B only, the
extra attenuation is about 1–2 dB, and with absorbers on both façades, the extra
attenuation is around 2–4 dB. It is interesting to note that with a given absorber area there
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is almost no difference in sound attenuation between vertically and horizontally
distributed absorption. This suggests that with diffusely reflecting boundaries, the
arrangement method of absorbers on a boundary plays an insignificant role for the sound
field.

The extra sound attenuation caused by reducing the height of façade B to 15�25m (Case
IX), 9m (Case X), 2�75m (Case XI) and 0m (Case XII) is shown in Figure 14. As
expected, from Cases IX to XII the extra attenuation increases continuously. With Case
XII, the influence of façade B upon sound attenuation along the street can be clearly seen,
which is about 2–4 dB.

For a given amount of absorption, it is useful to investigate the effect of strategic
arrangement of the absorbers in cross-section. Cases IV, VI and XII have approximately
the same amount of absorption but different absorber locations. By comparing Figures
12–14, it can be seen that the extra sound attenuation is similar in Cases VI and XII, but is
systematically greater in Case IV, particularly in the near field. A major reason is that, due
to the low source height, the sound energy distributed to the first order sources on the
ground is considerably more than that on the façades, especially in the near field.
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Consequently, absorbers are more effective when they are on the ground than on façades.
With increasing source–receiver distance, however, multiple reflections become dominant
and the energy distribution on the first order sources is relatively less important. As a
result, in the far field, the extra attenuation in Cases IV, VI and XII is almost the same.
Further calculation regarding absorption distribution shows that the sound attenuation
along the length is the highest if certain absorbers are arranged on one boundary and the
lowest if they are evenly distributed on all boundaries.

It is also interesting to investigate the effect of gaps between buildings. In Figure 15 is
shown the extra sound attenuation in two cases, namely, Case XIII, one gap on façade B
from x ¼ 48 to 72m; and Case XIV, one gap on façade A and one gap on façade B, both
from x ¼ 48 to 72m. In the calculation, the absorption coefficient of the gap is assumed to
be 1. The main reason for this assumption is that for an urban element consisting of a
major street and two side streets, it has been demonstrated that if a source is in the major
street and all the boundaries are diffusely reflective, the reflected energy from the side
streets to the major street is negligible [38, 39]. It is noted that the leakage of sound
through the gaps is a frequency-dependent process and the situation becomes more
complicated if low frequencies are considered. From Figure 15 it can be seen that in the
length range containing the gap(s), there is a considerable extra SPL attenuation, which is
about 2 dB in Case XIII and 3 dB in Case XIV. Conversely, after the gap(s), say x >75m,
the extra attenuation becomes systematically less, and before the gap(s), say x545m, the
extra attenuation is almost unnoticeable. These results suggest that although all patches
affect the SPL at a receiver because they are diffusely reflective, the patches near the
receiver are more effective.
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3.4. ABSORPTION FROM AIR AND VEGETATION

At relatively high frequencies, air absorption may considerably reduce the sound level in
urban streets. The absorption from vegetation may have a similar effect. For the street
configuration in section 3.1, the extra SPL attenuation caused by air absorption with
M ¼0�005, 0�015 and 0�025 Np/m is shown in Figure 16. The three M values correspond
approximately to the air absorption at 3, 6 and 8 kHz at a temperature of 208C and
relative humidity of 40–50% [40]. Again, the source is at (30, 6, 1)m and the sound
attenuation calculation is based on the average of four receiver lines, namely (31–90, 2,
1)m, (31–90, 2, 18)m, (31–90, 18, 1)m and (31–90, 18, 18)m. From Figure 16, it can be
seen that the effect of air absorption is significant. With M ¼0�025Np/m, for example, the
attenuation is 9 dB at a source–receiver distance of 60m. As expected, due to the increase
in average sound path, the extra attenuation increases systematically with increasing
source–receiver distance. It is also noted that with diffusely reflecting boundaries the
sound path in a street is generally longer than that with geometrically reflecting boundaries
and thus, air absorption is more effective [41].

3.5. MULTIPLE SOURCES

The calculations above are based on a single source, which is useful to gain a basic
understanding of sound propagation in urban streets. The results are representative of
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Figure 16. Extra SPL attenuation caused by air absorption: , M ¼ 0�005; – – –, M ¼ 0�015; � � � � � � ,
M ¼ 0�025:

Table 1

Extra SPL (dB) attenuation with multiple sources caused by some treatments shown in

Figures 11–14 and 16

Cases x ¼ 60m,
a ¼ 5m

x ¼ 60m,
a ¼ 15m

x ¼ 62�5m,
a ¼ 5m

x ¼ 67�5m,
a ¼ 15m

Figure 11, a ¼ 0�9 5�6 5�6 5�6 5�6
Figure 12, Case IV 3�3 3�3 3�3 3�3
Figure 13, Case VII 2�3 2�2 2�3 2�2
Figure 14, Case XII 2�5 2�5 2�5 2�6
Figure 16, M ¼ 0�025 4�1 4�0 4�2 4�3
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certain types of urban noise, such as low-density traffic. They are also useful for
considering noise propagation from a junction to a street. Certainly, it is also important to
consider the situation with multiple sources. If boundary conditions are constant along a
street, the sound distribution with multiple sources can be readily calculated by using the
data from a single source [42]. Assume that incoherent multiple sources are evenly
distributed along the length and the source spacing is a: Table 1 shows the extra SPL

attenuation with a=5m and 15m, caused by some treatments shown in Figures 11–14 and
16. In the calculation, receivers are considered to be in two typical cross-sections: x ¼60m,
with no horizontal distance from a source; and x ¼62�5 or 67�5m, halfway between two
sources. Corresponding to the calculation with a single source, for each cross-section, an
average is made at four receivers, namely (x; 2, 1)m, (x; 2, 18)m, (x; 18, 1)m, and (x; 18,
18)m. By comparing Table 1 with Figures 11–14 and 16, it can be seen that the extra
attenuations with multiple sources caused by the treatments highly correlate to the extra
attenuations with a single source in the relatively near field. Overall, the results in Table 1
demonstrate that if a treatment is effective with a single source, it is also effective with
multiple sources.
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4. CONCLUSIONS

A radiosity-based theoretical/computer model, RASCL, has been developed for
computing the sound fields in urban streets with diffusely reflecting façades. In the
model, the ground can be considered as either diffusely or geometrically reflective.
Comparison between the theoretical prediction and the measurement in a scale model of
an urban street shows very good agreement. The algorithms have also been validated in
other spaces. Note that RASCL is an energy-based model, which ignores wave effects and
thus may be inherently inaccurate at lower frequencies.

Using RASCL a series of computations has been carried out for a number of
hypothetical rectangular streets. Computation in a typical street shows that though with
diffusely reflecting boundaries, the sound attenuation along the length is significant,
typically at 20–30 dB/100m. The sound distribution in a cross-section is generally even
unless the cross-section is very close to the source. It has also been demonstrated that if the
façades in a street are diffusely reflective, there is no significant difference in the sound field
of the street whether the ground is diffusely or geometrically reflective.

The effectiveness of architectural changes and urban design options on increasing
sound attenuation along the length in the case of diffusely reflecting boundaries has also
been studied using RASCL. The results show that over 2–4 dB extra sound attenuation
can be obtained either by increasing boundary absorption evenly or by adding absorption
patches on the façades or the ground. Reducing building height has a similar effect.
A gap between buildings can provide about 2–3 dB extra sound attenuation, and the
effect is more significant in the vicinity of the gap. Air and vegetation absorption is
rather effective in increasing sound attenuation along the length, and the extra
attenuation could be 3–9 dB at relatively high frequencies. It has also been demonstrated
that if a treatment is effective with a single source, it is also effective with multiple
sources.
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