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An image-source based computer model is presented for the prediction of sound
distribution in non-diffuse fitted enclosed spaces, such as factories. The new model, CISM,
was developed on the basis of the sound propagation predictions of the Ondet and Barbry
RAYCUB model in laboratory and industrial spaces. CISM uses an optimum
representation, based on the accuracy of the RAYCUB results, so that the prediction
accuracy is maintained while run-time and data input requirements are reduced. The basis
of CISM is described, and predictions for various configurations of a fitted laboratory
space, an empty factory incorporating a single barrier and a theoretical space with
absorptive patches are presented. For comparison, sound propagation measurements were
obtained and RAYCUB derived models, RAYCUB-DIR and RAYCUB-DIR REDIR,
were used to predict these sound levels. This work demonstrated that the CISM model is
as accurate as the ray-tracing model RAYCUB in the described enclosed spaces. The
advantages of the CISM model are a reduced run-time (for a typical factory, CISM is
approximately ten times faster than RAYCUB-DIR) and reduced data input (CISM uses
less than half the information required by RAYCUB-DIR).

7 1997 Academic Press Limited

1. INTRODUCTION

With the introduction of international legislation to protect employees at work, there is
now a need for an accurate practical prediction model to aid in the calculation of noise
exposure of workers in industrial environments. A computer model would enable an
employer to rearrange the working environment or an architect to design an industrial unit
meeting the new legislation, if necessary by the application of noise control measures.

For industrial halls, classical acoustic theory has been shown to be inappropriate, as the
sound field was found to be non-diffuse [1]. Computer modelling has been used to predict
sound distribution in factory spaces during the past 20 years; the Ondet and Barbry
program, RAYCUB [2], has emerged as the most accurate computer model, with many
authors [3–5], independently testing their own data to validate the model. The two
disadvantages of the RAYCUB model are the run-time requirements and the extensive
information necessary to represent an enclosed space.

In an attempt to overcome these shortcomings, a new model, the Complete
Image-Source Method (CISM), has been written. CISM is an image source model which
incorporates those representational features of RAYCUB, such as flexible zoning of
fittings, absorptive patches and acoustic barriers, which have been found to have the most
significant effect on prediction accuracy without compromising the run-time or data
requirements [6].
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This paper builds on the simple image-source model [7] which includes a parallelepiped
geometry, isotropically distributed fittings, an air absorption coefficient and sound source
directivity, to describe in detail the CISM model which includes absorptive patches, totally
sound absorbing barriers and unevenly distributed fittings.

CISM was compared to different versions of the RAYCUB model. For the laboratory
and theoretical spaces, RAYCUB was used. For the barrier case, two extended versions
of RAYCUB were used: RAYCUB-DIR, which includes sound source directivity and
RAYCUB-DIR REDIR, which additionally models diffractional effects [8]. The results are
presented in terms of sound propagation curves, average prediction differences, run-times
and data file sizes.

2. THE CISM MODEL

The parallelepiped image-source method has been used for the prediction of sound
distribution in factory spaces by Hodgson [1], Jovivic [9], Lindqvist [10], Kurze [11] and
Dance et al. [12]. Arbitrarily shaped performance spaces have also been modelled by using
the general image-source method, which has not previously been used for factory spaces
[13, 14].

CISM is based on geometric acoustics which represents the sound emanating from a
sound source as separate sound paths. Each sound path represents a unique combination
of reflections from any of the room surfaces, up to a predefined maximum reflection order.
The sound intensity attributed to a sound path can be diminished through surface
absorption, absorption by the fittings, air absorption, and the distance travelled according
to the inverse square law. A barrier will terminate the sound path and hence it will not
contribute to the sound distribution.

The factors which were found to deliver the greatest increase in prediction accuracy for
the minimum increase in input data for the RAYCUB model have been incorporated into
CISM. These factors include floor-ceiling or gangway zoning, a simple parallelepiped
geometry for the room, an air absorption coefficient and sound source directivity [6].

The parallelepiped image-source method uses pairs of parallel surfaces to define the
room; each surface is denoted by CISM as either positive or negative. For example, the
floor represents the negative surface of the floor/ceiling pairing, and hence the ceiling is
the positive surface.

2.1. 

The basic image-source method does not represent fittings, so an approach to simulate
these was required. In previous image-source models by Hodgson [1], Jovicic [9], Lindqvist
[10] and Kurze [11], the fittings were assumed to be isotropically distributed. Lemire and
Nicolas [15] were the first to model fittings as a floor zone based on the average fitting
height. Hodgson [16] found that the Lemire and Nicolas approach led to predictions which
under-estimated sound levels in fitted rooms near the sound source.

Current image-source models have been validated in laboratory spaces, in which the
fittings were distributed either isotropically [9] or uniformly across the entire floor area [15].
The RAYCUB model is capable of representing arbitrary fitting distributions.

CISM extends the Lemire and Nicolas model by dividing the space into three horizontal
or vertical zones. The unevenness of the fitting distribution is typically caused by gangways,
open areas in industrial spaces and the non-uniform vertical distribution of fittings. The
difference between CISM and the Lemire and Nicolas model is the parameter used to
define the density of the fittings. CISM uses the Kuttruff scattering frequency parameter,
q [17], whereas the Lemire and Nicolas model appears to have no direct relation with q
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and hence the predicted sound levels of the two models can differ significantly. The CISM
fittings model is, however, incapable of representing the scattering of the sound, unlike the
models of Ondet and Barbry [2], Jovicic [9] and Lindqvist [10], so that at large distances
from the nearest sound source CISM becomes progressively less accurate. In addition,
CISM cannot model the backscattering from fittings, which can increase the sound level
if the sound source is close to the fittings [1].

The sound path attenuation due to fittings is represented by a factor based on the
distance travelled inside the zone. In this way the fittings are modelled as a dense
continuous medium, the density being determined by the scattering frequency, q, as defined
by Kuttruff,

q= s
N

F=1

SF /4V, (1)

where N is the number of fittings in the zone, SF is the surface area of a fitting and V is
the volume of the zone.

The attenuation coefficient due to the fittings in a zone, fa , is given by

fa =(1− aF )=dF = ( q, (2)

where q is the scattering frequency of the zone, dF is the distance travelled by the sound
in the zone, as defined below, and aF is the average absorption coefficient of the fittings
in the zone.

The total fitting attenuation coefficient, f, is the product of the fitting attenuation
coefficients of the individual zones. The distance the sound path travels in a zone, dF , is
calculated by first determining the distance in the zone travelled in the z direction, dFz ,
which is given by the equation
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where k is the reflection order for the z pairing of surfaces, Fz is the average height of the
fittings, sz is the height of the source and rz is the receiver height. P− indicates that the
first reflection was on the negative surface of the pairing and P+ indicates that the positive
surface was struck first.

In Figure 1 is shown a simplified two-dimensional example illustrating the calculation
of dFz , where the source and receiver are both below the fitting height, Fz , and the sound
first strikes the floor, P−, and is reflected twice, so k is even. Hence line 7 of equation (3)
is appropriate. The first reflection in the surface P− creates the image-space, I'z−, in which
the first order image-source, Source', is located. The image-space I0z+ is created to
incorporate the image-source, Source0, created by the second order reflection. I'z+ has no
image-source, as the surface first struck was negative.
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Translation of the axial distance, dFz , into the radial distance, dF , travelled inside the
fitted zone is achieved through the application of simple geometry. Simple subtraction is
used to calculate the distance travelled in a centrally fitted zone, fcentre .

2.2.   

The representation of absorptive patches in an image-source model was developed by
Gibbs and Jones [7]. The Gibbs and Jones model was capable of representing one centrally
located patch per surface; each surface could have an arbitrary associated absorption
coefficient, although all patches must have the same absorption coefficient.

With the Gibbs and Jones model used as a basis, CISM has been developed to model
any number of arbitrarily positioned and sized absorptive patches on any of the room
surfaces. Each absorptive patch has an associated absorption coefficient. To illustrate the
calculation within the model, the effect on the sound path of an absorptive patch located
on the left wall of a room is detailed in the following equations.

The gradients of the image-path in three dimensions (Gx , Gy , Gz ) are calculated from the
image-source, s, with co-ordinates (sx , sy , sz ) to the receiver, r, with co-ordinates (rx , ry , rz )
as

Gx =(sx − rx )/d, Gy =(sy − ry )/d, Gz =(sz − rz )/d, (4)

where d is the length of the direct line between the image-source and receiver.
The co-ordinates of the intersections of the sound paths with the image-surfaces are

calculated as follows. The x co-ordinate, Cxj , of the intersection of the jth reflection with
the image-surface is given by
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where nx is the reflection order, P− and P+ represent the plane first struck and lx is the
room length. From the Cxj , the corresponding y and z co-ordinates Cyj , and Czj , can be
calculated as

Cyj=1,nx
=Gy /Gx ( (Cxj − rx )+ ry , Czj=1,nx

=Gz /Gx ( (Cxj − rx )+ rz . (6)

The parameters Hyj and Hzj , which take the values ‘‘true’’ or ‘‘false’’, are used to indicate
whether the sound paths hit a patch in the y- or z- planes on the jth reflection. For example,

Figure 1. A simplified 2-D illustration of the fittings model in CISM.
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Figure 2. A room surface with an absorptive patch as represented by (a) CISM and (b) RAYCUB.

parameter Hyj is given the value ‘‘true’’ if one of the following inequalities is satisfied,
showing that the sound path hits the patch in the y plane on the jth reflection. Otherwise
Hyj takes the value ‘‘false’’.

F J6(Cyj �ly ) ( ly+PyminECyjE(Cyj �ly ) ( ly +Pymax , (Cyj �ly ) even _
G G
g h
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Here ly and lz are the dimensions of the room and Pymin,Pymax,Pzmin and Pzmax are the minimum
and maximum boundaries of the patch. The symbol ‘‘�’’ represents integer division. Hzj

is calculated similarly.
For each reflection order, if both Hy and Hz are true, then the sound path was reflected

by the absorptive patch and the reflection coefficient, Rx , as used in the simple
image-source equation [6], is multiplied by (1− apatch )/(1− ax ), for the appropriate patch
and room surface. The advantage of this approach is that the absorptive patch can be
positioned over the room surface rather than dividing the entire room surface into separate
patches; see Figure 2. In this way the data necessary to define a room is significantly
reduced.

A simplified 2-D example is shown in Figure 3 to illustrate equations (5)–(8). The
position of the image-source, as calculated in the simple image-source equation, is shown.
The gradient of the sound path is calculated in equation (4), giving Gx =−0·8 and
Gy =−0·6. Next, equation (5) is used to calculate the three crossing ordinates of the sound
path and the X-axis, Cx1, Cx2 and Cx3, representing the reflection off the left wall. As three
is odd and the first wall struck is denoted as negative, then line 1 of equation (5) was used
to give Cx1 =0, Cx2 =−40, Cx3 =−80 and Cx4 =−120. Equation (6) calculates the
ordinates of the sound path as it crosses the Y-axis in the image-spaces, giving Cy1 =2·5,
Cy2 =−27·5, Cy3 =−57·5 and Cy4 =−87·5. By substituting these values into the
inequalities (7), it can be shown that Hy1 and Hy3 take the value ‘‘true’’.

2.3.    

A brief history is presented here of the modelling of barriers in image-source models
during the past 20 years. Stehel and Braune [18] briefly detailed an image-source model
capable of modelling barriers which could reflect sound from any room surface or barrier
in a parallelepiped enclosed space, although no results were presented. The Kurze model
[11] for barrier performance was validated in 54 shallow rooms, including both open-plan
offices and industrial halls; the model was found to be accurate. Kurze predicted the barrier
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performance by representing the direct shielding by the barrier and the sound striking the
barrier as being scattered to all receivers. Kotarbinska [19] developed an image-source
barrier reflection–diffraction model specifically for flat rooms; that is, only the floor, the
ceiling and the barrier were modelled. This model was preliminarily verified in a 1:5 scale
model and found to be reasonably accurate in two different experiments.

The CISM barrier model is based upon the absorptive patch model. The barrier can be
modelled as an arbitrarily positioned and sized rectangular totally absorptive room
surface, with a restriction on the barrier orientation that only barriers parallel to one of
the six room surfaces can be modelled. As the absorptive patch must be located on one
of the room surfaces a checking procedure was introduced to the absorptive patch model
and a variable d is introduced to indicate whether or not the barrier is struck. As the barrier
is located inside the space two conditions need to be checked: first, if the highest order
image-barrier is struck; and, second, if the ‘‘real’’ barrier is struck. In Figure 4 is shown
an example of the workings of the barrier model. If the barrier is struck, d is set to zero,
and the sound does not contribute to the overall sound level at the receiver point of
interest; otherwise, d is set to one.

2.4.   - 

The complete model, CISM, implements the simple image-source equation [7] and
extends the equation to include the elements detailed above. For each receiver point, the
sound intensity is summed from all the sources, each of which produces sound paths that
travel a unique route to the receiver by reflecting off the room surfaces, thereby attenuating
the sound intensity by the appropriate reflection coefficient, R, which incorporates the
absorptive patch attenuations, as described in section 2.2. This unique route has an
associated directivity factor, Q, which adjusts the intensity associated with the sound. The
sound intensity is also reduced by air attenuation as defined by the coefficient A. Finally,
the sound has three possible fitted zones to travel through causing a total fittings

Figure 3. A simplified 2-D illustration of the CISM absorptive patch model.
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Figure 4. A simplified 2-D illustration of the CISM barrier model.

attenuation of f, as described in section 2.1. The resultant total sound level, L, at a
particular receiver point is given by
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Here m is the number of sound sources, n is the reflection order, Ws is the sound power
of the source, d is the distance travelled by the sound and d determines if the sound strikes
the barrier.

3. VALIDATION RESULTS

The predictions of the CISM and RAYCUB models were compared in three
configurations of a laboratory space for the 2 kHz octave band, in an industrial space
containing a single barrier for the octave bands 125 Hz to 4 kHz, and in a theoretical space
with two configurations of absorptive patches.

3.1.    

The laboratory space was a parallelepiped room 30 m long by 8 m wide by 3·85 m high,
with an omnidirectional loudspeaker array located in the centre of one end of the room
at a height of 0·85 m. Ten sound level measurements were taken along the central length
of the room at a height of 1·5 m, for the 2 kHz octave band; see Figure 5. The floor was
constructed of concrete (a=0·05) and the wall material was formed from cellular concrete
(a=0·1). For more information concerning the laboratory space, see reference [2].

The three configurations of the space were as follows: Case 1, empty; Case 2, 40 blocks
evenly distributed on the floor; Case 3, 240 fittings located in one half of the room. Each
fitting was a polystyrene block (a=0·3) of dimensions 0·5 m wide, 0·5 m long and 1 m
high. The overall dimensions of the space and the layout of the fittings in the two fitted
configurations are shown in Figure 5.

The geometry of the laboratory space was modelled as parallelepiped, with each of the
six surfaces being allocated an appropriate absorption coefficient. In Cases 2 and 3 the
fittings were modelled as a sub-volume or zone by both RAYCUB and CISM; the sound
source was modelled as omnidirectional with an associated sound power level.
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The receiver cells used in the RAYCUB model were cubic with a cell side length of 1 m.
The number of reflections modelled, N, was defined by using an energy discontinuity
percentage: that is, the percentage of energy which should be attenuated before the sound
path is assumed to contribute negligibly to the overall sound level. An energy discontinuity
of 99% was chosen as it has been shown to give the most accurate predictions in laboratory
spaces [6]. The energy discontinuity percentage, P, is given as

N=
ln (1−P/100)

ln (1− aav )− hl
, (9)

where aav is the average absorption coefficient of the room, h is the air attenuation
coefficient and l is the mean free path length of the space.

3.2.  

For each of the three laboratory spaces, the performances of CISM and RAYCUB are
presented in terms of average prediction difference (predicted minus measured sound level
at each receiver position) to indicate the magnitude of the overall prediction accuracy and
sound propagation (SP) curves (sound pressure level minus the sound power level); see
Figures 6–8.

Case 1. The purpose of the empty space prediction was to demonstrate the accuracy
of the CISM model in the simplest possible space. The predicted SP curves were similar
to the measured curve (see Figure 6), giving an average prediction difference of 1·2 dB for
CISM and 1·3 dB for RAYCUB. Hence, the CISM predictions were almost identical in
shape and level to those predicted by RAYCUB. This indicated that the CISM model was
accurate, and hence more complex spaces could be used in the investigation.

Case 2. The SP curve predicted by CISM was similar in shape and level to that predicted
by RAYCUB; see Figure 7. This resulted in an average prediction difference of 0·8 dB for
CISM and 1·2 dB for RAYCUB. The inaccuracy of CISM at the nearest receiver to the
sound source was due to a lack of backscattering in the model which RAYCUB
approximated by using the statistical random redirection of rays striking the fittings.

Figure 5. (a) The dimensions of the space and positions of the sound source and receivers in Cases 1, 2 and
3. (b) The configuration of the fittings in Case 2. (c) The configuration of the fittings in Case 3.
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Figure 6. Measured (() and predicted by CISM (+) and RAYCUB (w) sound propagation in Case 1 (q=0)
for the 2 kHz octave band.

However, the actual difference between CISM and the measured sound level was small,
showing that the backscattering effect was marginal.

Case 3. As in Case 2, the models approximately predicted the shape of the measured
SP curve; see Figure 8. Again, CISM flattened the shape of the SP curve, due to the lack
of backscattering which affected the predicted sound levels of the receivers directly in front
of the fitted zone, resulting in an average prediction accuracy of 1·5 dB. RAYCUB was
more accurate with an average prediction difference of 0·6 dB due to the prediction of the
backscattering effect.

Figure 7. Measured (() and predicted by CISM (+) and RAYCUB (w) sound propagation in Case 2 (q=0·09)
for the 2 kHz octave band.
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Figure 8. Measured (() and predicted by CISM (+) and RAYCUB (w) sound propagation in Case 3 (q=0·56)
for the 2 kHz octave band.

The marginal increase in accuracy in Case 2 of RAYCUB compared with CISM, and
the increase of less than 1 dB in Case 3, an extreme case, do not justify the inclusion of
backscattering into the CISM model.

3.3.    

The theoretical investigation concerned the modelling of absorptive patches in two
arrangements in a fictitious space. The first configuration, Case 4, had an arrangement of
one patch centrally located on each room surface, whereas the second, Case 5, had a typical
noise control approach of surrounding the sound source with absorptive materials, three
patches located on the surfaces nearest the sound source; see Figure 9. The absorption
coefficient of the absorptive patch was taken to be one minus the absorption coefficient

Figure 9. The theoretical space showing (a) positions of source and receivers, (b) centrally located patches,
Case 4, and (c) noise control patch configuration, Case 5.
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Figure 10. The CISM (+) and RAYCUB (w) predicted sound propagation in the theoretical space with
arbitrary absorptive patches, Case 4.

of the room surface that it was located on; thus for the floor patch a=0·95, for the ceiling
patch a=0·85 and for the wall patches a=0·9.

It was considered important to model the exact location of the absorptive patches, as
it has been shown that modelling patches by using an average technique over the room
surfaces produces poor results both in terms of accuracy and SP shape [20]. The number
of reflections used by CISM and RAYCUB was determined on the basis of a 99% energy
discontinuity.

Case 4. Very similar SP curves both in shape and level were predicted by CISM and
RAYCUB; see Figure 10.

Figure 11. The CISM (+) and RAYCUB (w) predicted sound propagation in the theoretical space with noise
control patches, Case 5.
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Figure 12. The empty factory space, showing the positions of the acoustic barrier, the source and the receivers.

Case 5. As can be seen from Figure 11 when compared to Figure 10, there was a 5 dB
drop in the sound level predicted by both models compared to the previous predictions
for the nearest receiver point to the sound source. As was seen in Case 4 the SP predictions
of CISM and RAYCUB were very similar in both shape and level. For the furthest receiver
positions from the sound source the predicted sound levels were the same as for Case 4,
using only half the area of absorptive material.

3.4.   

Sound measurements were taken in an empty factory by Jones [21]. The space was 56 m
long, 36 m wide and 8·6 m high, rising to a central apex of 10·6 m. The walls were
constructed of brick, the ceiling was clad with 90 mm of rockwool backed with galvanized
steel and faced with a perforated liner, and the floor was made of concrete. The factory
was not fitted with machinery, but did contain steel skips set away from the measurement
area. Sound measurements taken in the space demonstrated the existence of a non-diffuse
sound field.

A barrier 2·7 m wide, 0·1 m deep and 2·4 m high was positioned centrally in the space;
see Figure 12. The barrier was constructed from four interlocking panels. Each panel was
formed from two layers of 0·05 m thick rockwool sandwiched between perforated
hardboard and framed by a galvanized steel channel, to form a slab 0·9 m by 0·6 m by
0·1 m. The barrier performance was typical of this type of design; for the central octave
bands 125 Hz to 4 kHz the calculated absorption coefficients based on reverberation-room
measurements were as follows: 0·41, 0·96, 0·99, 0·89, 0·82 and 0·81.

The sets of measurements both with and without the barrier present were made in the
factory space by using a Brüel and Kjaer Type 4224 sound source. The sound source
showed a significant directivity pattern and hence RAYCUB-DIR and RAYCUB-DIR
REDIR were used for the predictions rather than RAYCUB. Sound propagation
measurements in the space were made for each of the octave bands 125 Hz to
4 kHz.

The sound source was positioned at a distance of 1 m directly in front of the barrier,
at a height of 0·2 m. SP measurements were taken at six points one metre apart in the
vicinity of the barrier; see Figure 12.

3.5.   

CISM represented the space as a parallelepiped of volume equal to that of the actual
space, whereas the RAYCUB-DIR and RAYCUB-DIR REDIR models represented the
exact geometry of the space. Both models used a 90% energy discontinuity, which has been
found to be appropriate for industrial spaces [6].
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T 1

The averaged insertion loss prediction differences in the barrier investigation

Frequency (Hz)
ZXXXXXXXXXXXXXCXXXXXXXXXXXXXV

125 250 500 1k 2k 4k

RAYCUB-DIR 1·9 3·7 4·1 4·9 2·8 1·7
RAYCUB-DIR REDIR 1·0 1·6 2·3 3·3 1·7 1·9
CISM 1·8 3·3 2·8 4·0 2·5 0·9

For brevity, only three insertion loss (IL) graphs, at 125 Hz, 1 kHz and 4 kHz, are
presented, in Cases 6, 7 and 8, respectively, see Figures 13–15. These were considered to
be a representative sample of the results. Table 1 has been included for completeness,
showing the average insertion loss prediction difference for each octave band, 125 Hz to
4 kHz.

Case 6. The relatively small insertion losses, 7–10 dB, measured at 125 Hz, suggested
that a significant proportion of the sound was diffracted around the barrier. The
RAYCUB-DIR REDIR model predicted the insertion losses accurately, giving a 1·0 dB
average prediction difference. However, both CISM and RAYCUB-DIR failed to predict
the reduced insertion loss directly beyond the barrier (see Figure 13), producing an average
prediction difference of 1·8 dB and 1·9 dB, respectively. Hence, directly beyond the barrier
sound diffracted around the barrier contributed 4 dB to the overall sound level, the
insertion loss predicted by RAYCUB-DIR minus the measured insertion loss. Further
from the sound source, the effect of the barrier diminished and hence all of the predictions
became more accurate.

Case 7. The measured insertion losses at 1 kHz demonstrated an unusual shape due to
the interference effects affecting the sound level when the measurements were taken in the
absence of the barrier, which resulted in a flat sound propagation curve. This effect was
ignored by the intensity based models: it would be necessary to use a pressure based

Figure 13. The measured (() and predicted CISM (+), RAYCUB-DIR (w) and RAYCUB-DIR REDIR (×)
insertion loss in the empty factory space with barrier, Case 6, for the 125 Hz octave band.
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Figure 14. The measured (() and predicted by CISM (+), RAYCUB-DIR (w) and RAYCUB-DIR REDIR
(×) insertion loss in the empty factory space with barrier, Case 7, for the 1 kHz octave band.

approach to model interference effects [12]. As a result, all of the models failed to predict
accurately the insertion losses (see Figure 14), except for the furthest receiver positions
where the reflected sound dominated the sound field. Overall, the insertion losses were
predicted within approximately 4 dB of those measured.

Case 8. At 4 kHz the measured and predicted insertion losses were similar for all the
models, and hence CISM predicted the insertion loss to within 0·9 dB on average, while
the ray-tracing models RAYCUB-DIR and RAYCUB-DIR REDIR produced a 1·7 dB
and 1·9 dB average prediction difference, respectively; see Figure 15. The diffraction model
of RAYCUB-DIR REDIR had no significant effect at this high frequency and hence
produced a similar prediction to RAYCUB-DIR. CISM produced accurate predictions at

Figure 15. The measured (() and predicted by CISM (+), RAYCUB-DIR (w) and RAYCUB-DIR REDIR
(×) insertion loss in the empty factory space with barrier, Case 8, for the 4 kHz octave band.
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T 2

The run-times (s) and data file sizes (bytes) for the RAYCUB, RAYCUB-DIR REDIR and
CISM models

RAYCUB RAYCUB-DIR REDIR CISM
ZXXXXCXXXXV ZXXXXCXXXXV ZXXXXCXXXXV
Data size Run-time Data size Run-time Data size Run-time

Case 2 672 10 672 2 153 2
Case 5 918 35 918 7 180 10
Case 7 732 40 1048 8 223 6
Factory 912 970 1696 194 835 16

higher frequencies as the acoustic barrier behaves as a totally sound absorbing barrier and
geometrical considerations become increasingly important.

4. PERFORMANCE

The results presented in section 3 demonstrated that the predictions of CISM were as
accurate as those of RAYCUB in spaces which included absorptive patches, uneven fitting
distributions and acoustic barriers.

In Table 2 are presented the run-times (s) and data file size (bytes) for RAYCUB,
RAYCUB-DIR, RAYCUB-DIR REDIR and CISM in some typical cases (Cases 2, 5 and
7) and in a previously predicted factory space [6]. An Intel Pentium IBM PC running at
90 MHz was used in all of the calculations presented.

Case 2. The original RAYCUB model was five times slower to execute than
RAYCUB-DIR in the fitted laboratory space due to optimizations in the RAYCUB-DIR
model; see Table 2. CISM was equally as fast as RAYCUB-DIR in this relatively small
space, where it would be expected that the ray-tracing model would be quicker to execute.
As the space was simple, all of the RAYCUB models represented the room identically,
whereas CISM required less than one quarter of the data of RAYCUB.

Case 5. In the theoretical space with three absorptive patches, RAYCUB-DIR was
marginally faster than CISM, due to the representation of patches adding significantly to
the complexity of the model. Absorptive patches are more effectively modelled by CISM
than RAYCUB, with CISM requiring one-fifth of the data of RAYCUB to describe the
space fully.

Case 7. RAYCUB-DIR was slow to execute compared with CISM in the barrier space
due to the large volume of the room. RAYCUB-DIR and RAYCUB-DIR REDIR used
a different representation for the barrier, the latter requiring 40% more data than the
former, so that the diffraction area around the barrier could be modelled. CISM
represented the space using approximately one-quarter of the data used by the RAYCUB
based models.

Factory spaces. Six factories were previously investigated: all were large and all were
predicted using a 90% ED. Four of the six factories used multiple sound sources, between
13 and 21 sources, and the number of receivers, between 39 and 112, was also much greater
than in the previous cases discussed. From Table 2 it can be seen that, for a typical factory,
CISM calculated the sound distribution approximately 12 times faster than
RAYCUB-DIR and 60 times faster than RAYCUB, achieving an average prediction
accuracy of 2·0 dB as compared to 1·5 dB for RAYCUB-DIR. CISM required, on average,
one half of the information of the RAYCUB-DIR model.
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5. CONCLUSIONS

An image-source model, CISM, was developed on the basis of the predictions of
RAYCUB, so that only the essential characteristics for representing a factory space were
included. This allowed the model to execute quickly using the minimum amount of
essential information, thus overcoming the main disadvantages of the RAYCUB model.
The CISM model was designed to represent geometrically parallelepiped enclosed spaces
with totally sound absorbing rectangular barriers and rectangular absorptive patches on
the room surfaces. The fittings contained in the space could be represented as three
volumes divided by parallel planes.

CISM was shown to predict accurately the sound propagation in a laboratory space
configured as empty, floor-fitted and half-fitted. A theoretical space configured with
arbitrarily positioned absorptive patches and patches located for optimal noise control was
used to test the CISM model by comparison with the predictions of the RAYCUB model.
CISM and RAYCUB predicted near identical sound propagation curves in both the
arbitrary and noise control cases. By comparing the sound levels predicted for the arbitrary
case with those of the noise control case, the advantage of a noise control approach was
clearly demonstrated by the models.

In the barrier investigation, CISM predicted more accurately than RAYCUB-DIR in
a complex space which the ray-tracing model could more accurately represent and
geometrically model. This could be explained by the more precise nature of the
image-source method compared to the ray-tracing technique. RAYCUB-DIR REDIR
produced more accurate predictions, as this model incorporated an approximation for
diffractional effects. However, incorporating a diffraction model into CISM would be
cumbersome and impractical, defeating the advantages of the model.

CISM produced predictions as accurate as those of RAYCUB in the cases investigated,
but did so using less information than required by RAYCUB, although the run-times were
similar to those of RAYCUB-DIR. When the CISM and RAYCUB-DIR models were
compared for typical industrial halls, CISM was 12 times faster than RAYCUB-DIR and
used half of the information required by RAYCUB-DIR.

A demonstration version of CISM is available on the World Wide Web at
http:��www.sbu.ac.uk� 0 acogrp�steve.html. The program requires Netscape 2.0 to run.
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