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A computer simulation model for room sound field considering
diffuse reflection”

(Fe Jian, Wu Shuo-xian

Department of Architectiure, Zhejiang University, Hangzhou 310027, Chima

Abstract—A mudtiple random ray-tracing model was developed for predicting the distribution of sound pressure levels in an enclosed
space of any shape. This model considered two diffuse factors of a room: diffuse reflection due to reom surfaces and scattering due to
ohjects. The surface diffusion was treated by two different methods on the basis of probability analysis, and the scattering was

simulated by a multiple random ray-sracing process. Thus the sound pressure level distribution in a diffuse sound filed can be calculated
more precisely.
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1 Introduction

Since first paper published in 1958, computer simulation technique for room accustics has
developed a lot. [t plays a very important role in the research of sound propagation, in the
prediction of room acoustical property, as well as in the practice of noise control and acoustical
design . Especiatly cince 1980’s, some new models have been proposed for more precisely simulating
sound fields to realize auralization. At present, there are two main methods f[or describing sound
propagation in an enclosed space, namely, ray-tracing model and image source model. But usually
these models only consider specular refloction on room surfaces, so their discrepancy from real
conditions is considerable. Hodgson { Hodgson, 1991) has made some comparisons between
computer prediction and measurements in an empty scale-model room, varicus empty factories and
gymnasia. Consistent deviations between predictions and experiments were found. For improving
the prediction, he proposed that there should be 10%-40% diffuse reflections on the surfaces of the
scale-model room, and 60%-90% diffuse reflections in the empty factories. It can be seen that
diffuse reflection is a very important phenomenon and can not be ommited. Recently, some new
models considering diffusion have been propesed. One of them describes sound reflection process as
that a part of incident sound energy is reflected secularly, and the remainder diffusely. The diffuse
reflection is assumed to follow a stochastic process(Kuttruff, 1980). Anuther model assumes that
diffuse sound is radiated from diffuse image sources which are located in a range(Dalenback, 1992;
Borish, 1984). There are also some mcthods that combine both ray tracing and image source
model, such as early part image source and late part-tracing modei( Heinz, 1993), early part hybrid
method and late part ray-tracing(Naylor, 1992},

On the other hand, in most workshops or offices, there are many machines, equipments and
furniture, so that sound propagation becomes more complicated. Not only the sound waves are
reflected and absorbed by the wall surfaces, but elso they are scattered by the objects m them.
Sound propagation is then shown as a multiple scattering process. Kuttruff { Kuteruff, 19913
indicated two methods of inereasing the diffuseness of a room. They are diffuse reflection on
surfaces and scattering among objects. This means that the effect of scattering on the propagation
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of sound is also very iinportant. Hodgson(Hodgson, 1994) has also discussed the importance of
these two factors. To describe the multiple scattering of noise in urban area, Leschnik(Leschnik,
1980} developed a random ray-tracing model. This model only considered the scattering due 10
randomly distributed objects, bur did not include the reflection and absorption on boundaries. In
this paper, a 3-D(3 dimensional) random ray-tracing model and computer simulation technique are
developed 1o describe sound propagation in enclosed spaces, considering both difluse factors: diffuse
reflection on room surfaces and scattering ainong cbjects. The surface diffusion is treated by using

two different methods, and the scattering is simulated as a randomly scattering process.

2 Diffuse reflection on room surface

For describing a diffusing surface, a diffusion factor ¢ is used 1o account for the fraction of
incident encrgy to be diffused. The relation between absorbed, diffused and secularly reflected
energy on the surface is then:

at+ d(l-a)+ (1 -ad)(1-a)=1, (1)
where ¢ 15 the absorption ccelficient.

For a parily diffuse reflection, a random number ¥ between(Q, 1) is first generated. If 72 d,
the ray will be reflected diffusely, and il 7 > d, the ray will be reflected specularly.

For the specularly reflected ray, the reflection angle is equal to the incident angle. If the
incident directiom is described as directional angle{ @y, 89, ), the reflection angle is then given
by:

(cosey = cosa, — 2cosfcosa,
cosf) = cosfy — Zcosfcosf, (2)
Lcos¥) = cos¥y — 2eosfeosy,,
where @ is the included angle between the incident ray and the normal line of the surface, which
can be determined as
cosfl = cosfycose, I cosfycos@, + cosypcosy,, (3)
where(,, 8,, 7,) arc the directional angles of the normal line of the surface.
For the pant of diffuse reflection, we use following two simulation methods.
2.1 Uniform diffuse reflection

In this method, reflected rays are assumed to be radiated uniformly. In other words, for a
given reflecled ray, its reflection angle is randomly decided. Its probability of being reflected to any
direction follows an uniform distribution([Fig. 1} .

Based or such a probability analysis, we divide the latitude angle [0, =/2] into M parts, and
the reflection angle can be described as:

6= 5 % 3p (4)
where §, is the included angle between the
surface normeal line and the reflected ray.

If a random number r is generated

among (0, 1), and ! ;41 < T<Jﬁ. the ray

should be reflected along &, direction, and @,

can be easily changed to directional angles
Fig.1 Uniform dittuse reflection (a'r , ﬂ , yi) ]
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2.2 Diffuse reflection according to Lambert Law

Using Lambert function to treat diffuse reflection is a common method. It can be described as:

Iy = Iy % cos8,
where I, denotes the reflection energy along the surface
normal line, and I, is the reflection encrgy along & direction
(Fig. 2).

It can be seen from Fig. 2 thar along the direction of
surface normal line, the reflection energy is the strongest,
and the bigger the angle ¢ is, the smaller the reflection
the probability

distribution of its reflection direction is not uniform. It

energy is. As to a given incident ray,
would be reflected most probably along the surface normal
line, and as the reflection angle deviated, the probability of
being reflection along this angle would be decreased. On the
basis of the above analysis, we developed a new simulation

mecthod. If the biggest probability is present as py which is

(5)

)

Fig. 2 Diffuse rellection according
to Lambert Law

happened along the surface normal line, the probability with which a ray is reflected along angle &,

is given by:
Py = Pycost;.

(6)

The total probability along reflection direction should be unit. If we divide the range [0, n/2] into

M parts, the reflection angle &, may also be described as Eq. (4).

M
Since: EPH =1,
i=0 :

M .
then: Py X cos(£ X J—)
0 Z,; 2 M
1
P, = %\ )
J_‘::COS(E XM)
T i
cos| 5 X 7
and P, — 2 M

M x N
ECOS(E XM)
&

-1
For a random number r between (0, 1}, i, E Py <r<
j=0 !
k
and 8, = % X 4'\7{

3 Scattering among objeccts

(7)

1, (&)

(%)

(10)

E Py, then 8, is the reflection angle,

Before a sound ray hits a surface, it may hit a scatter first, such as furniture, machine, etc.

The scatterer density » in a room is given by;

n=N/V,

(11)

where N is the number of the scatterers in the room and V is the volume of the room. The surface

density of scatters in the room can be determined by:
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1 &
ng = 4‘,;5;, ) (12)
where 5; is the surlace area of ith scatterer. The mean {ree length ¥ between the scatterers, which
is also the distance that & sound ray travels between two arbitrary objects, is given by Leschnik
{ Leschnik, 1980) .
y = 1/ng, (13)
In general, the distribution of scatterers in a room is not regular, and rhe number of scatterers is
quite big, so it is very difficult and not necessary to definitely trace the sound ray among these
objects. In this paper, we use the model developed by Leschinik ( Leschinik, 1980) for the
conditions of urban and forest areas, and we add the boundary condition of a4 room in. Thus, the
location of objects obeys a 3-D Poisson distribution and the distance R travelled by a ray between
two objects has the form:

R =-In(r)/ng = [-Inis)]7, (14)
where r is a random number between ((, 1}. When R is smaller than the distance traveted by the
ray from initial point to a room surface, the ray will hit an object first, and its further propagation
direction is in dependent of its incident direction, and can be determined according to Eq. (15)-
(16):

IB = arccosr
Itp = 2ar;

cosa = cosfsing

, (15)

cosfi — sinfsing, (16)
cosy = cosg

where ¥, and 7, are the random number between (0, 1).

4 Multiple random scatlering model

The sound source may be placed at any position in a room. It gives out large quantity of sound
tavs along any direction evenly. Computer will trace each ray one by one. [f the ray impinges on a
scatterer, it will randomly selected a new traveling direction, with a part of energy being absorbed.
If the rey meets a wall of the room, it will be reflected specularly or diffusely, with a part of energy
being absorbed too. After undertaking multiple reflection, scattering and absorption on roums
surfaces or scatterers, the sound ray will be withdraw from tracing when its energy is smaller than
onc sct value. The next ray is generated in turn. Finally, by summing up the energy spatial
distribution of sound energy in the room.

Whenever a sound ray hits a scatlerer, or a rcom surface, a parl of sound energy will be

absorbed. After N times impinging, its sound energy becomes:
N
Ey = Euﬂ(l*ﬂf), {17)
el

where, Egis the initial energy a sound ray carries, a, is the absorption coelficient of an object or &
eurface. Once the sound energy is smaller than one set value, computer tracing is stopped and next
sound ray is generated. Here we used another method to judge if a ray will be absorbed. Each
time, compuler generates a random number r between (0, 1) and if r < g;, the sound ray is
considered to be absorbed. With a large quantity of rays, hoth methods are equivalenc.

The room is divided into many small cubes, by summing up the numbers of sound rays passing
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through each cube, and adding the sound energy carried by these rays, the sound energy
distribution in 3-I> space can be obtained. Computer simulation flow chart is shown in Fig. 3.

lnput: source, room gize, cube size
Center points of surfaces, number of rays

Input: number & surface areas of scalterers
sbsorption coefficient of surface & scatterers

{

[ Surface plane equations |

l Initial direction of sound ray I
|

| Distance from initial point to surface:/ |

!
I Free distance X Ddelween scatlerers |

¢ Tes

Yes No
kay hits surface, Rey hits scatteres
determine intarsection determine intersection
point point

Absorbed by Absorbed by
surface? scatterer?
No

Yes ¥o
Specular - -
eflection? Determine scatiering

direction
Yes ho
Determing specular Determine diffuse
reflection direction reflection direction
l Intersection point s new ipitial point

Results record

Fig.3 Tlow ckart of computer simulation '

5 Application

We measured the sound fields of two workshops in Electroacoustic Equipment Plant of
Hangzhou, and compared measurements with computer simulation results.
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Fig. 4 Plane of workshop 1 and
measuring puinis
a; air conditioner; b: 1able; ¢: cabine:; d:
machine tool; e; power box; I cabinet; g:
computer desk; h: numeric contrel machine
wol; i: pulse power supplys j: numeric
control precision machine 1ocl; k: machine
rool; 1: printer; s; sound source; 1-27,

MeAsUring points

5.1 Workshop 1

The plane of workshop 1 and measuring points are shown
in Fig. 4. There are muany machines and furniture in the
workshop. The size of the room is 12.0%10.4 % 3.3 m3, For
calculation, the absorption coefficients of wall surfaces are
checked from Architectural Acoustics Handbook according to
their materials and constructions, while that of the objects can
not be easily obtained, because not only the materials of the
machines and {urniture, but also their shapes and structures
will influence the absorpticn coefficient. Thus, we assign the
coefficients of 0.05-0.15 to these objects. The calculation
results showed that the differences are quite small.

The sound field distributions of workshop 1 are calculated
by the method of random dilfuse reflection and diffuse
reflection model according to Lambert Law. It is found that
the calculated results mached the measuring results quite well
while d =0.6—0.8. For random diffuse reflection, when d
=10.8, the mean and maximum deviation {from measurement
are 0.73 and 2.6 dB; when 4 =0.6, the mean and maximum
deviation from measurement are 1.04 and 2.5 dB. For diffuse

reflection according to Lambert law, when 4 = (0.8, the

mean and maximum deviation from measurement are 0.73 and 1.8 dB; when 4 =0.6, the mean

and maximum deviaiten from measurement are 1.02 and 2.2

dB. It can be seen that, the calculation results with big o 1 10 2
malch the measurements quite weil. The results of Lambert b
diffusion method is a lirtle bit good than the other method, but 2 1 b

¢ L 12 19|—' 20

the difference is so small that we may consider both metheds
are equally feasible for calculating the sound in fields of such
room like workshop with rough walls and many cbjects in it.

5.2 Workshop 2

The plane of workshop 2 and measuring points are shown
in Fig. 5. The size of the room is 10.5%13.7X4.3 m®. 16
The comparison of measurements and calculation results
ot workshop 2 with the method of random diffuse reflection,
and the results calculated by using the diffuse reflection model

according to Lambert Law showed that the mean deviations of
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K L Fig. 5 Ilane of workshop 2 and

calculating rcsults from measurcments arc within 3dB. The measuring poins
same conclusion applies to workshop 1 as well. a: paper pile; b: forming machine; c:
table; d: cabinet; e; machine tool; f:

6 Conclusions

controlling machine; g: working table; s:

sound source: 1-24 . measuring point

Sound propagation in some rooms such as workshops and offices follows a complicated multiple

random scattering process. In these rooms, sound waves are not only submitted to be reflected and
ahsorhed on wall surfaces, but also 10 be scattered hy ohstacles such as machines and furniture. The

diffuseness of the room is caused by both diffuse reflection on room surfaces and scattering among
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objects. The 3-D random acoustic ray-tracing mode! present in this paper considers both diffuse
factors together. It will describe the actual sound propagation process more precisely and easily.

This model can be applied to noise control and acoustical design practice.
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