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1. INTRODUCTION

When calculating sound propagation in urban streets it is essential to consider the effect of building
surfaces [1-6]. If street boundaries are relatively smooth, the image source method or ray-tracing
techniques can be employed. Previous work on this aspect has contributed significantly towards a
fundamental understanding of the behaviour of sound in urban streets [1]. If there are irregularities
on building or ground surfaces, it is necessary to take diffuse reflection into account [4]. Most
existing investigations concerning this aspect, however, have focused upon improving the accuracy
of prediction models [5-6]. The analysis of the fundamental characteristics of the sound field
resulting from diffusely reflecting boundaries appears to be insufficient.

The objectives of this work are therefore to investigate
(1) The fundamental characteristics of SPL (sound pressure level) distribution and reverberation in

urban streets with diffusely reflecting boundaries;
(2) The effectiveness of urban design options, such as street aspect ratio. building height and

street layout, for the sound field; and
(3) The usefulness of boundary treatments for noise reduction. This includes comparison between

diffuser and geometrically reflecting boundaries, effect of strategic absorber arrangements, and
so on.

A radiosity-based computer model has been developed for simulating sound propagation in urban
streets with diffusely reflecting boundaries. This paper starts with a brief description of the model; it
then presents typical results of a parametric study using the model.

2. MODEL

The radiosity method was originally developed for the study of radiant heat transfer in simple
configurations. With rapid development of computing resources, the techniques have been
continuously developed and widely used in computer graphics and lighting simulation [7-8]. By
considering relatively high frequencies, the method has also been used in room acoustics [9-11].
but theapplication in urban streets for simulating sound propagation has been rather limited.

Basically, the model developed in this paper divides the building facades and the ground of a street
into a number of patches (i.e. elements), and then simulates the sound propagation in the street by
energy exchange between the patches. The energy exchange between pairs of patches depends
on a form factor, which is defined as the fraction of sound energy emitted from one patch which
arrives at the other by direct energy transport. The model considers both a single street and a
typical urban element consisting of a major street and two side streets. For the sake of
convenience, it is assumed that the sound energy reflected from a boundary is dispersed over all
directions according to the Lambert cosine law.
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The modelling process is divided in the following steps [12]:
(1) Division of each boundary into a number of patches. The simulation is more accurate with finer

patch parameterisation, but there is a square-law increase of calculation time in the number of
patches. Given the fact that for a constant patch size, form factor calculations become less
accurate as the patch moves closer to an edge, in the model the boundaries are so divided that
a patch is smaller when it is closer to an edge. For convenience, the patches are all rectangular,
and the patch size variesin the manner of a geometric series. An absorption coefficient can be
given for each patch. This allows a detailed study of strategic absorber arrangements.
Determination of form factors. The model considers two kinds of relative orientation between
pairs of patches. either parallel or orthogonal. For the former, the form factor is calculated by
projecting the receiving patch onto the upper half of a cube centred about the radiation patch.
For the latter. computing a form factor 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 circularbase, and finally dividing by the area
of the circle. The accuracy in calculating form factors can be checked by the fact that the sum of
the form factors from any one patch to all the other patches should be 1. To achieve a required
accuracy with a minimum number of patches. there is an initial stage of determining patch
division.

Distribution of the energy from a source to the patches. Providing there is a line of sight
between the source and a patch, the energy fraction on the patch can be determined by the
ratio of the solid angle subtended by the patch at the source to the total solid angle. If the
source is directional, the energy fraction in each direction should be adjusted accordingly.
Exchange of energy between patches. With the energy distributed on patches, the energy
exchange can be processed using the form factors obtained above. During the exchange
process each patch is regarded as an energy source, which is expressed in a form of energy
response. Note that the energy exchange depends only on the form factors and the patch
energy after the preceding energy exchange. This 'memory-less' feature can significantly
reduce the requirement for computer storage. The absorption from air and vegetation can be
easily included in the energy exchange process. After each order of energy exchange, the total
residual energy on all patches is calculated. The energy exchange process stops when this total
energy reduces to a certain amount, typically 10‘3 ofthe source energy.
Calculation of acoustic indices at receivers. For each order of energy exchange, while energy is
travelling between patches. the contribution of each patch to each receiver is calculated. An
energy response can then be obtained for each receiver. from which the steady-state SPL, RT
(reverberation time), and EDT (early decay time) can be determined. The energy response is
also vital for street auralization.

By modifying the boundary layout above, the model has been shown to correctly calculate the
acoustic characteristics of a cube [11]. This can be regarded as a validation ofthe algorithms.

3. COMPUTATION

By using the above model a parametric study has been carried out and some typical results are
presented below. Except where indicated, the configurations used are as follows. The buildings are
continuous along a street and of constant height on both sides. Each boundary is divided into 400-
600 rectangular patches. For the varied patch sizes, the ratio between two adjacent patches is
typically 1.1-1.5. Using these parameters the program calculates the form factors and the source
energy distribution on patches accurate to four decimal places. The facades and ground have a
uniform absorption coefficient of 0.1, and this coefficient is considered as angle-independent. The
absorption from air and vegetation is not included. The source is omni-directionai. The source and
receiver heights are 1m. The source-receiver distance refers to the distance along the street length.
The SPL at receivers is relative to the source power level, which is set as 100dB.
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3.1 A Single Street

Firstly, the SPL attenuation in a single street is analysed. The street length, width and height are
200m, 20m and 30m, respectively. A point source is positioned at one end of the street. In Figure 1
the SPL distribution on a horizontal plane at 10m above the ground is shown. It is noteworthy that
although the boundaries are diffusely reflective, the SPL varies significantly on the plane. For
example. the SPL attenuation is 28dB at source-receiver distances of 1m through to 200m. As
expected, the SPL variation becomes less when the horizontal plane is farther from the source. On
a plane of 30m above the ground, for example, the SPL attenuation is 21dB.

Further calculations indicate that the sound distribution in a cross-section is rather even unless the
cross—section is very close to the source. For the configuration in Figure ‘l, the SPL variation in a
cross-section is generally less than 1-2dB beyond the source-receiver distance of 10-15m.
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.

In Figure 1 the SPL attenuation with geometrically reflecting boundaries is also shown. The
calculation is made using the image source method [12]. it can be seen that by replacing diffuse
boundaries with geometrical boundaries in the street, the sound attenuation along the length
becomes considerably less, typically by 10dB with a source-receiver distance of 200m, This
suggests that, from the viewpoint of urban noise reduction, it is better to design the building facades
and the ground of an urban street as diffusely reflective rather than acoustically smooth. Although it
might be unrealistic to design all the boundaries as pure diffuser reflective, some diffuse patches
on a boundary, or boundaries with a high diffuse coetficient, are helpful in making the sound field
fairly close to that resulting from diffuse boundaries, especially when multiple reflections are
considered [13]. Similar to diffuse boundaries, street fumiture, such as trees, lampposts, fences,
barriers, benches, telephone boxes. bus shelters, and so on, can also be effective in reducing
norse.

 

Figure 1. SPL distribution on a plane of mm above the ground, and comparison with the SPL attenuation with
geometricafly reflecting boundaries.
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3.2 A Major Street with Two Side Streets

For a better understanding of the sound field in a network of interconnecting streets typical of urban
areas, it is useful to investigate the behaviour of sound at street junctions and the sound
propagation from one street to an intersecting street. Figure 2 shows the SPL distribution with nine
evenly distributed point sources from position A to B. The size of the urban element is 120m by
120m, and the street width and height are 20m, In the calculation the diffraction over buildings is
ignored because in the configurations considered, the energy transferring through street canyons is
dominant. From Figure 2 it can be seen that the average SPL in the major street (Le, the street with
sound sources) is considerably higher than that in the side streets, at QdB in average. Also, the SPL
attenuation along the side streets is significant, at about 15-17dB. These results quantitatively
demonstrate that if noise sources are along a major street, it is an effective way to reduce noise by
arranging buildings in side streets.

The results in Figure 2 can also be approximately regarded as the Leg (equivalent continuous
sound level) when a single source is moving from position A to B. As expected. when the source is
closer to the middle of street junction, the average SPL in the streets becomes higher because less
energy from the source can be reflected out of the street canyons.

To investigate the effect of side streets on the sound field of the major street. calculation is made
with various geometrical and absorption conditions in the side streets. It is interesting to note that
despite the significant changes in the side streets, the SPL variation in the major street is only about
1dB. This suggests that the energy reflected from side streets to the major street is negligible.

If noise sources are in one side street, considerable extra SPL attenuation can be obtained in the
other side street it the two streets are staggered, because this can diminish the direct sound.
lengthen the reflection path. and increase the number of reflections. For the configuration in Figure
2. the extra attenuation is 4—5dB if a side street is staggered by 20m, and this attenuation increases
to 10-15dB if the staggered distance becomes 40m.

Figure 2. SPL distribution with nine sources from pasirion A and B. or with a single source moving from A to B.

Proc.l.O.A. Vol 22 Pan 2 (2000) 



 

Proceedings of the Institute of Acoustics

3.3 Absorption

Boundary absorption is useful for diminishing reflection energy and consequently, reducing the
overall SPL in urban streets. Broadly speaking. absorbers on street boundaries can be absorbent
materials. open windows as sound energy sinks, gaps between buildings, and so on. Figure 3
shows the SPL attenuation along the length with six typical absorption conditions. The street length,
width and height are 120m. 20m and 18m, respectively. A point source is at (30m. 6m, 1m). The
calculation of SPL attenuation along the length is based on the average of four receiver lines,
namely (31-90m. 2m, 1m), (31-90m. 2m, 18m), (31—90m, 18m, 1m), and (31-90m, 18m. 18m).

From Figure 3 it can be seen that in comparison with the case where the absorption coefficient of all
the boundaries is 0.1, an extra SPL attenuation of 3-5dB can be obtained by increasing the
absorption coefficient to 0.5, or taking one side of buildings away, or treating the ground as totally
absorbent. In Figure 3 the SPL attenuation in the free field is also shown, which indicates the limit of

absorbent treatment. The extra SPL attenuation caused by air absorption with M=0.015Np/m is
about 2-6dB. Where M is an intensity-related attenuation constant in air. M=0.015 corresponds
approximately to the air absorption at 5kHz at a temperature of 20°C and relative humidity of 40-
50%.

For a given amount of absorption, it is useful to investigate the effect of strategic arrangement of the
absorbers in cross-section. it has been demonstrated that the sound attenuation along the length is
highest if certain absorbers are arranged on one boundary and lowest if they are evenly distributed
on all boundaries.
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Figure 3. SPL attenuation along the length in six typical cases. --- , boundary absorption coeftcient 0.1; El,

boundary absorption coeflcient 0.5; —, buildings on one side of the street only; ---, ground total/y absorbent;

0, air absorption M=0.015;, —, free field.
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3.4 Street Geometry

To investigate the effect of street aspect ratio on the sound field, calculation is carried out with a
range of street heights from 6m to 54m, which corresponds to a change in height/width ratio of 0.3
to 2.7. Again, the street length and width are 120m and 20m, and a point source is positioned at
(30m, 6m, 1m). Figure 4 shows the sound attenuation along the length with four street heights,
where the receivers are 1m above the ground, and the SPL is based on the average of five
receivers across the width. As expected, the sound attenuation becomes less with increasing street
height. In the near field, say within 10m from the source. the difference between various street
heights is relatively less. which indicates the strong influence of the direct sound. With the increase
of source-receiver distance, the effect of boundaries becomes more important and thus, the
difference between various street heights becomes greater.

It is noteworthy that when the street height is 54m, although the street height/width ratio is rather
high and the boundaries are diffusely reflective, the SPL still varies significantly along the length.
For example, the sound attenuation is 19dB at source-receiver distances of 5m through to 90m.

The effect of street geometry has also been investigated for the urban element in Figure 2. With
street width of 40m the SPL is about 3-8dB lower than that with street width of 10m. Similarly. the
SPL is systematically increased by the increased street height. For example. with streetheight of
60m the SPL is about 3-6dB higher than that with street height of 20m. In the side streets the SPL
variation is greater than that in the major street. This is probably because in the major street the
direct sound plays an important role. whereas in the side streets the sound field is dominated by
reflected energy.

80

75

55

  

0 10 20 30 40 50 60 70 80 90 100110120

L Distance along the street length (m)

  
Figure 4. SPL attenuation along the length with increasing street heigthidth ratio. ---, street height 6m;
—, 18m; ---, 30m; -—-, 54m.

168 Proc.|.O.A. Vol 22 Part 2 (2000)

  



 

Proceedings of the Institute of Acoustics

3.5 Reverberation

in comparison with the application in lighting simulation and computer graphics, an important
feature of using the radiosity method in acoustics is that the time factor, or reverberation, should be
considered. This can increase the computation time significantly. Reverberation is an important
index for the acoustic environment in urban streets [14]. On the one hand, with a constant SPL,
noise annoyance is greater with a longer reverberation [15]. On the other hand, suitable
reverberation time. say 1-2s, can make 'street-music' more enjoyable.

Figure 5 shows the effect of source-receiver distance, street height and boundary absorption on
decay curves. In the calculation the street length and width are 120m and 20m. and a point source
is positioned at (30m, 6m, 1m). By comparing Curves 3-5, where the street height is 18m and the
source-receiver distance varies from 5m to 60m, it can be seen that reverberation increases
systematically with increasing distance from the source. A similar phenomenon also occurs in long
enclosures [11,16]. By comparing Curves 1, 4 and 6, where the source-receiver distance is 20m

and the street height varies from 6m to 30m, it can be seen that reverberation increases
significantly when the street height becomes higher. The effect of boundary absorption can be seen
by comparing Curves 2 and 4. where reverberation is approximately doubled when the absorption
coefficient decreases from 0.5 to 0.1. Overall, in the configurations in Figure 5, the HT is about 0.7-

2s. This suggests that the reverberation effect is significant in such a street.

Reverberation has also been calculated for the urban element shown in Figure 2. In the side streets

the reverberation is systematically longer than that in the major street. This is particularly significant
for EDT. The main reason for the long reverberation in the side streets is the lack of direct sound.
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Figure 5. Deacy curves in six typical cases. Curve 1, street height H=6m and source-receiver distance

SR=20m; Curve 2, H=18m, SFl=20m and the boundary absorption coeffcient 0.5; Curve 3, H=18m and

SFf=5m; Curve 4, H=18m and SH=20m; Curve 5, H=18m and SH=60rn,' Curve 6, H=30m and SFf=20m.
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4. CONCLUSIONS

A radiosity-based theoretical/computer model has been developed for calculating the sound fields in
urban streets with diffuser reflecting boundaries. Using the model, a parametric study has been
carried out for a single street and for a typical urban element consisting of a major street and two
side streets. The main results are:
(1) Even with diffusely reflecting boundaries, the sound attenuation along a street is significant;
(2) The sound distribution in a cross-section is rather even unless the cross~section is very close to

the source;
(3) In comparison with geometrical boundaries, with diffuse boundaries the sound attenuation along

a street is considerably greater, typically by 10dB with a source—receiver distance of 200m;
(4) With multiple sources or a moving source along a major street, the average SPL in a side street

is typically 9dB lower than that in the major street;
(5) By increasing boundary absorption, considerable extra sound attenuation can be obtained,

typically 5dB in a single street. Air absorption has a similar effect;
(6) When changing the width/height ratio of a single street, say from 0.3 to 2.7, the variation in

average SPL is typically 3-BdB.
(7) With boundary absorption coefficient oi 0.1, the reverberation time in a street is typically 0.7-2s.

This suggests the importance of considering reverberation in urban streets.
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