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Abstract Students in Architecture are taught Sabine’s formula for the reverberation time
(RT) and common theory for the sound pressure level (SPL), but actually, these equations
are for a cubic space with a diffuse sound field and absorption materials distributed homo-
geneously through the room. The influence of room shape and uneven absorption distri-
bution on RT has been investigated for many decades. The consequences for SPL have
been dealt with much less. A simple mirror sources model is used to derive genera rules
for arectangular enclosure. The model predicts RT and SPL to increase in almost any case.
RT is mainly influenced by the longest room dimension, while SPL is decreased when ab-
sorption is perpendicular to the shortest dimension. It explains why ceiling absorption is
effective. Some simple adaptations can be made to the common theory to estimate the ef-
fect.

1. INTRODUCTION

The common acoustical theory on reverberation in enclosures is based on a linear decay of
the sound pressure level when a sound source is switched of. However, deviations are found,
both in measurements and in computer based cal culation methods, when enclosures are non-
cubic or when absorption materials are distributed inhomogeneously in the enclosure. These
deviations not only lead to differences in the reverberation time, but the actual sound pressure
levels for a constant sound source vary as well.

In the present research at the Faculty of Architecture of our University, the emphasis is on
developing acoustical guidelines for enclosures like offices, classrooms, sports facilities, and
rooms in institutions for mentally challenged people or people with a hearing loss. In these
cases the reverberation time gives a good indication about the acoustical quality of the enclo-
sure, but actually the sound pressure level is much more important. It isthe aim of the present
article to present some results from a ssmple mirror sources mode! to illustrate the decrease
and increase of sound pressure levels and to derive guidelines for architects about room shape
and distribution of absorptive materials.



2. THEORY

In many text books the theory of sound decay in an enclosure is described. The books of
Pierce [1] and Kuttruff [2] are examples to understand the basis of the present paper.
In theoretical derivations the sound pressure level SPL inaroomis calculated as:
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SPL is built up of a direct sound and a diffuse part, given by the first and the second term
within the brackets. Wis the source power; r and c are the density and speed of air, pre iSthe
reference sound pressure (2.10™ Pa). The distance between source and receiver is given asr;
Sisthetotal surface of the room and a is the mean absorption coefficient of all surfaces. Ris
the reflection coefficient, which is complementary to the absorption coefficientas R=1- a .
The theoretical derivation is based on the increase or decrease of sound energy in a room
when a sound source is switched on or off. If only the second term is considered (so for large
source-receiver distances), the theoretical decay can be written as afunction of timet:

. 6
@Vrcae(lRo ( bt):

SPL(t) =10log ~——<exp 2
przef gaSg )] ( )
where two values for the decay variable b are commonly used:
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for the Sabine and Eyring reverberation times respectively.

The “mirror sources model” is based on a similar derivation. The total sound power is found
at the microphone position when the power contributions are summed over all possible sound
sources found by geometrical rules. When all mirror sources (denoted by i) are added, the
total sound power E can be written as:
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where n; denotes the number of reflections for mirror source i. The direct sound isfound for i
= 0. It may or may not be included, but is left out in the majority of our calculations.

In a cube with the absorption homogeneously distributed along the surfaces, n; can be given
as N =1 /Iy » Where I Stands for the mean free path, calculated as I, = 4V/S. Note

that for acube | ;, = 2/3 L, where L isthe dimension of the cube.

Now let us assume that the space is rectangular with dimensions Ly~ Ly~ L., and, for con-
venience, L, 3 L, ® L,. Furthermoreit is assumed that there are only three reflection coeffi-



cients Ry, Ry en R; for the surfaces perpendicular to the X, y and z directions. The contribution
to the sound power of one mirror sourcei is now written as:

Wrc R¥ R;y Rz
=— 2 (5)
Pret fi

=

where ny, ny en n, represent the number of reflections in the three directions.

Again an attempt can be made to calculate the decay similar to Eq. (2). However, a solution
for the underlying integral has never been found, not even for the perfect cube. Solving the
integral numerically is not too difficult, but the summation of Eq. (4) is even simpler. This
subject is beyond the contents of the present article, but three different decay values emerge,
which are similar to Eyring’ s value:
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They are given here because there is one interesting special case, when b, =b, =b,. Obvi-

oudly thisis found for a cube with all absorption homogeneously along the surfaces, but it is
found also in non-cubic spacesif the dimensions are compensated by the absorption.

3. NUMERICAL RESULTS FROM THE MIRROR SOURCES MODEL

3.1 Numerical results for a rectangle

Equations (4) and (5) can be evaluated in a numerical process to derive decay curves if a
simple conversion is made whit r; = ct; .

The first curves from the model are for a cubic space of 10" 10" 10 m®. All surfaces have the
same absorption coefficient. These chosen dimensions are not very useful from the architec-
tural viewpoint. However, results can be scaled up and down with alinear scale factor aslong
as SPL and the reverberation time are scaled accordingly.

The left part of figure 1 shows the results for three values of the absorption coefficients: 10%,
30% and 90%. In the numerical process the influence of the direct sound is left out as was
also done in the theoretical Egs. (2) and (4). The curves (full lines) are compared with a curve
from Sabine's theory, according to Egs. (2) and (3a). The lower dotted line is for Eyring’s
decay value (Egs. 2 and 3b). The horizontal parts at the start of the curves are because it takes
some time for the first reflections to arrive at the receiver position. In this case this is found

asty, =4, /c=19.5ms.

The decay of the mirror sources model is not linear, although deviations are small. This can
be seen from the 30% case of figure 1, but a closer look at the 10% and 90% cases show the
same effects. We found no physical or mathematical proof, but our hypothesis is that curves
are always concave.



The first part of the decay curve from the mirror sources model agrees better with Eyring’s
value than with Sabine's. However, when a mean value is calculated over the later part of the
decay curve, Sabine's decay value is a better estimate. This is best demonstrated by the 30%
curve, but is found in many other cases as well. Thisis probably also the reason why in prac-
tice Sabine’ s reverberation time is used more often than Eyring’s value.
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Figure 1: Decay curves for a cubic space of 10" 10" 10 m® (left) and for a space of 40" 10" 2.5 m?. Absorption is
homogeneously distributed along all surfaces.

In the right part of figure 1 the calculations have been repeated for a room with dimensions
40" 10" 2.5 m® (so with equal volume). All surfaces have an absorption coefficient of 30%,
which means that the total absorbing surface increases from 180 m* to 315 m?. According to
Eq. (1) SPL should decrease from 51.9 to 49.5 dB and Tsyp, from 0.90 to 0.51 s. However, this
is not the case as both SPL and T, increase considerably. The increase in sound pressure
level is because the first mirror source is much closer to the receiver than in the cubic space.

The reverberation time is calculated from the slope of the decay curve. Since straight curves
are not found, the slope is found by statistical curve fitting. The early decay time (EDT) is
fitted along the interval between the top O dB-level at t = 0 and the -10 dB level. The official
reverberation time should be fitted between -5 and -35 dB, athough in practice a shorter in-
terval is often used if the signal to noiseratio isinsufficient (-5 to -25 dB). Table 1 shows the
values calculated from both curves. They are much larger than the values from Sabine's and
Eyring’ s equations, except for EDT from the mirror sources model.

Tablel: Reverberation times for a rectangular room (40" 10° 2.5 ), with 30% absor ption coefficient. Sabine
and Eyring values are calculated with Egs. (3a, b). Mirror sources values are from curve fitting along the curve
of figure 1 (left), for four decay intervals.

Sabine Eyring mirror sources model
obp -10 -5p -15 -5p -25 -5p -35
0.51 0.43 0.53 1.07 1.44 184

The increase of the reverberation time has been a subject of quite some investigations. There
is even a European standard method, laid down in NEN 12354-6 [3], based mainly on Nils-
son’s work [4]. However, surprisingly little attention has been paid to the increase in sound
pressure levels. Our emphasis is on this subject since it is at least equally important for the
abatement of noise.



3.2 A quasi-homogeneous case and ceiling absorption

As mentioned earlier, there is one special case when b, =b, =b, (givenin Egs. 6). Thisis

illustrated in the left hand side of figure 2. As a basis the curve “cube” is given, which is
equal to the central curve in figure 1. For the curve “qguasi-homogeneous’ the input in the y-
direction is taken the same, so Ly = 10 and a, = 0.30. But now Lx = 40 and L, = 2.5, and the
absorption coefficients are found as ax = 0.76 and a, = 0.085.

In the cubic space the value of T was found as 0.81 s. This value is between Sabine's and
Eyring's values (0.90 and 0.78 respectively). As can be seen from the left hand side of figure
2, the value of T25 remains more or less the same (T2s = 0.79 to be exact). However, Sabine's
and Eyring’s values increase, because the amount of absorption surface is decreased from
180to 166 m2, t0 0.98 and 0.90 s.

It is @ good means to choose b, = by =b, in order to minimize the reverberation time, but

unfortunately it is not a good means to decrease SPL. The value of SPL isin the 40" 10" 2.5
case 5.5 dB higher than in the 10" 10" 10 cube (56.9 versus 51.4 dB). The reason is that the
first mirror sources are close to the receiver.
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Figure 2: Decay curves when a cubic space with homogeneous absor ption is compared with a rectangle with
non-homogeneous absor ption. See text for explanation.

In the right hand side of figure 2, the two curves of the left figure are repeated as dotted
curves. One curve has been added where a, and a; have been interchanged (ax = 0.085 and
a,=0.76.), so the classical case of ceiling absorption isintroduced.

The three values of b are very different, so a strong concave curve is found. The total ab-
sorbing surface is very high (672 m2) and hence Sabine’ s reverberation timeisaslow as 0.24
sand SPL isonly 43.3 dB. The results from the mirror sources model do not agree at all: Ty
=2.79 and SPL from Eq. (2) =49.9 dB.

In figure 3 SPL’s from the numerical model are compared with SPL’s from Eq. (2). In the left
figure the influence of non-uniform absorbing material is shown in a 10" 10" 10 m® cubic
space. In the basis situations all absorption coefficients are 20%. SPL-values vary considera-
bly as the total amount of absorbing surface may vary. However, deviations from SPL from
Eq. (2) appear very small. It isinteresting to see that SPL’s from the mirror sources model are
somewhat lower than SPL’ s from common theory.

The influence of shape appears much more important as shown in the right side of figure 3.
In this case al surfaces have a 20% absorption coefficient. Deviations between the mirror



sources model and common theory are as high as 11.5 dB, athough this last value is for a
somewhat peculiar space: 80" 10" 1.25 m3.
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Figure 3: Comparison of the mirror sources model with values from common theory, denoted by SPL,. The
source power level istaken as 70 dB (re 10-> W). In the left figure all spacesare cubic (10" 10 10 n®). The
basisisthe (54.3, 53.9) value where all surfaces have the same absor ption coefficient of 20%. Other dotsrepre-
sent a variety of absorption coefficients with 20 / 20 / 99% as an extreme case.

In the right figure all surfaces have the same absorption coefficient 20%. The basis formis cubic (10" 10" 10
m3) , resulting in the (54.3, 53.9) value. Triangles represent a constant volume of 1000 m®, with extreme di-
mensions 80" 10" 1.25; squares vary from’5” 10 10 to 80" 10 10 m®, diamonds are for square room: from
10" 10 to 80" 80 with equal heights of 10 m.

3.3 Source-receiver distance

Eq. (1) contains aterm for the direct sound with a given distance between the source and the
receiver. For the second term in that equation it is implicitly assumed that the source and re-
ceiver are in the center of the room. So far, this assumption has also been made for the mirror
sources model, but it is easy to drop this assumption by using an extended version of Eqg. (4).
In figure 4 results are presented for a room with a 40" 40 m? floor surface. In the left figure a
comparison is made with results from common theory. In the right hand figure results are
compared for ceiling heights 2.5 and 10 m.

The mirror sources model predicts an increase of 1 to 2 dB (compared with common theory)
a 1m from the source. This is found in measurements as well. The differences between
common theory and the mirror sources model are quite strong between x = -10 and -5. It de-
pends on the architectural function of the space if the effect should be considered as positive
or negative. Around a conference table an increase of SPL may be welcomed; for a restaurant
it is probably a nuisance. Increasing ceiling height may be another tool to reduce SPL, which
isshown in figure 3, right.

When x is of the order of +15, the mirror sources model predicts lower values than common
theory. This effect was dealt with in more detail in a separate paper [5], where corridor-like
shapes and L- and U-shapes were used to decrease SPL’s. It is outside the scope of the pre-
sent paper.
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Figure 4. Calculations for a roomwith x and y coordinates ranging from -20 to +20 m. Source position is at
(-15, -15), the microphone is at y = -14, while x-values range from -19 to + 19; so the shortest distanceis1 m
and since Ly = 70, SPL is predicted by common theory as 59.0 dB. All surfaces have the same absor ption coef-

ficient of 20%.

In the left figure comparisons have been made with results from common theory (called “ Sabine” ) for a room
with 2.5 m ceiling height. Calculations have been done with and without the direct sound, respectively given by
squares and triangles. In the right figure two ceiling heights are compared: 2.5 and 10 m, again with and with-

out the direct sound included.

3.4 An adapted version of common theory

Attempts have been made to find an adapted version of Eq. (2) to calculate the influence of
shape. Therefore a figure has been drawn with the results from the mirror sources model
(relative to SPL’s from common theory) along the horizontal axis. For the variable along the
vertical axis different methods have been tried. The final result is givenin figure 5.

Since shape appears very important in figures 3, the first variable that comes into mind is the

mean free path. So the following substitution was made:
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Another substitution is based on the summation of the first order mirror sources;
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The best estimation appears between these two cases:
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where p is some arbitrary exponent.

S Eéfg LD L2515 )

2-p

(7b)

(8)



The highest correlation factor (R? is of the order of 95%) is found when the exponent p is of
the order of 0.4 to 0.6. However, the correlation curve itself is 1.5 dB too high. Eq. (8) has
been chosen to turn into a cubic spaceif L, =L, =L,. Thisisfound in the figure around the

(O, 0)-coordinate, but since cubic spaces are very rare in architectural practice it would be
more convenient to subtract an extra 1.5 dB.

However, even if the absolute values from Eq. (8) are not fully correct, the equation gives a
good indication how shape and absorption positioning could be used in architectural practice.
It will be used in the last chapter.
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Figure 5: Correlation between the mirror sources model and Eg. (8). Thin lineisfor anideal case; the black
lineisfor best fit.

4. BUT, IS THE MIRROR SOURCES MODEL RELIABLE?

Concave decay curves are found very often when measuring rooms. Especially in corridor-
like enclosures big deviations from linearity are always found. This is aso the reason that
measured EDT-values can be considerably shorter than reverberation times calculated from
20 or 30 dB intervals. However, The mirror sources model sometimes predicts extreme de-
viations that we did not found in our own measurements. Because it is aways difficult to
estimate the absorption coefficients from existing materials in rooms, scale model measure-
ments are performed at present to gain more insight in this subject.

When calculations are done in a ray-tracing model with specular reflecting surfaces results
should be the same as those from the mirror sources model. This is confirmed by compari-
sons made with three models (Raynoise, Epikul, CattAcoustic). However, results from ray-
tracing models appear very senditive to diffusion factors given to surfaces and a mirror
sources model does not incorporate diffusion. The effect is illustrated in figure 6. Calcula-
tions have been done (in Catt Acoustic) in a rectangular space of 21° 12° 55 m>. All walls
have the same absorption coefficient 0.25.

Results are given in a SPL-RT-diagram. The dots along the diagonal curve represent the SPL
and RT-values for the diffuse field when different values of a are used. The small square on
this curve represents the input value a = 0.25. All calculations have been done for one source
position and 20 microphone positions.

If both common theory and ray-tracing models were ideal, all SPL-values calculated at dif-
ferent microphone positions, should lie within this rectangle. In figure 6 this appears not the
case. Of course, SPL-values vary through an enclosure because of the contribution of the di-



rect sound (the first term in Eq. 1). If this were the only reason, all ray-tracing dots would be
within the small square if the receiver isin the diffuse field or on the left side of this square
for small source-receiver distances. Because Eq. (1) is not fully adequate, dots are also found
at the right side of the small square.
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Figure 6: RT and SPL values from a ray-tracing computer model for three different diffusion factors. Room size
is21°12' 5.5 m®; a = 0.25 (small square). There is one source position and 20 microphone positions.

In fact, the biggest deviations are found in the RT-values. The reverberation times appear
very sensitive to the diffusion factor, which has been a subject of many debates about the
possibility to calculate the reverberation time from ray-tracing models. Fortunately, the sen-
sitivity of the SPL-values appears much less, probably because the ray tracing model is based
on energy calculations and SPL is an energy-based variable.

So, an answer to the question whether or not the model sources model can be used for the
prediction of SPL-values is: it is just as good as a ray-tracing program. Extra scale model
measurements must clarify more.

5. CONCLUSIONS FOR ARCHITECTS

Equation (8) has its uncertainties, but even if it is not very accurate to calculate the absolute
values of SPL, it is useful for architectural practice since comparisons can be made between
different room shapes and absorption distributions. Hence the following general conclusions
can be drawn:

- An architect has to think about his’her main concern, the reverberation time or the sound
pressure level. In arectangular room the reverberation time depends on the properties along
the longest dimension, the sound pressure level on the shortest dimension.

- As aways, room shape and absorption distribution depend on architectural function. In
many cases high sound pressure levels must be abated, but on some occasions (conference
rooms) high levels under alow reflective ceiling may be advantageous.

- If high levels should be avoided (in a restaurant for instance) the first step is to increase
ceiling height whenever possible. Eq. (8) depends on the mean free path, which in low
rooms depends mainly on the shortest dimension.



- In practice ceiling absorption is often used: it has the largest surface and room cleaning is
easy. The first part of Eq. (8) shows why it is effective, but it also shows when absorption
on the walls should be added as well.

- The mirror sources model predicts an increase of sound pressure levels, when compared
with common theory, when the receiver is close to the source. At bigger distances a
decrease is found, so the floor plan of aroom can be used to reduce noise levels.
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