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The experimental verification of the acoustic field modeBuksn the cone-tracing method
[1, 2] is described. With simulateethogramsnd the impulse responses obtained experimen-
tally, a set of parametergarly Decay TiméEDT), C5o andCso were obtained. The parame-
ters measured at many receiving sites and those calcula@edloompared. Mean differences
of less than 2 dB were observed for the octave band mid-frezjee above 125 Hz.
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1. Introduction

The cone-tracing algorithm used for computer simulatiothefacoustic field in a
room has been designed for automatic optimisation of thagoeinforcement system.
Discussion of the optimisation model and the results obthinith it will be a subject
of a separate study.

Both the measurements and the simulations were performeeléature hall (Fig. 1).
Its volume was about 2450 ‘nthe total walls area was 1400°rand the number of
seats 500. The number of test sites in the hall was 13.

The co-ordinates of vertices of the room were set in such athalynone of the
room wall edges was shorter than 0.5 m. All the co-ordinatéseosource and the test
sites were measured and entered into the calculations witb 1 cm accuracy.

The values of the reverberation absorption coefficienthefrhaterials of the en-
closure walls were adopted from the published data [3, 4] el & from our own
measurements. During the measurements there was no agldtiehe room.
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Fig. 1. Schematic view of the enclosure (lecture hall), thensl source (S) and location of the measuring
sites (R).

2. The experimental method

Measurements of the impulse response of the room were petbusing a com-
puter set-up including an A2D-160 DSP board. The specthx®P was controlled by
MLSSA software. Schematic layout of the experiment is showFig. 2.

The sound source for the impulse response measurementsspaaker complex in
the shape of a regular dodecahedron; 15 cm diameter loudssee mounted on each
face of the column [5]. The dodecahedron source of a dianoé&s cm was fixed to a
stand which allowed the adjustment of its height above thar flothe range from 1.4
to 2.2 m. Directional characteristics of the sound sourageesponding to octave band
mid-frequencies from 125 Hz to 8 kHz are shown in Fig. 3.

All the measurements were performed with a B&K microphonelet@155. The
Maximum Length Sequence was used as the exciting signatewere 13 test sites
in the room (Fig. 1). For each site an impulse response wasumed and within all
the octave bands the parameteB3T, Cs5, C'sg were determined. The impulse response
recording time was approx. 1.8 sec.
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Fig. 2. Schematic drawing of the setup used to measure th@lsempesponse.
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Fig. 3. Horizontal directional characteristics of the stsource at 125 Hz to 8 kHz octave bands.
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3. Computer simulation

The simulation program is based on twne-tracingmethod where the cone tracing
is performed to determine a set of image sources apparentdigiven observation site.
Then, the calculations were made according to the imagesooethod. The simulation
software has been developed by the author using a sound &aleration engine for
automatic optimisation of the sound reinforcement systethe room.

3.1. The cone-tracing method

It has been assumed that the sound source can be regardediassaprce and that
all the measuring sites are located in the far field:

e = Ppoc
Yo Apd?’

)

wherep? — mean square of the acoustic pressure atiitfereceiving sited; — the
distance of this site from the sound source measured alerartbustic rayP — acoustic
power of the source.

Taking into account the specular reflection, air absorptma the directional char-
acteristics of the source leads to the formula below:
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wherek is the number of an image source at the distahggl — reflection index Ry —
the number of reflections at each image sou€g@ly, i) — directional characteristics
of the sound sourcep — sound absorption coefficient in air.

The summation symbol refers to the superposition of allrdoumtions from the im-
age sources in the echogram. E&ch index corresponds to a separate time coordinate
of a vertical line in the echogram. The distantg was calculated using the data from
the cone-tracingalgorithm.

3D directional characteristics of the sound source wereutated basing on two-
dimensional characteristics (Fig. 3). It was assumed tmatvertical and horizontal
directional characteristics are similar enough withindbeuracy of the model.

3.2. Acoustic field parameters

Values of the parameters measured previously in the expatimere then calcu-
lated from the echograms. The Early decay tire®7T) was calculated by a linear
regression fit to the reverberation curve [6]. The paramséigs andCgy were directly
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determined from the echogram according to the well knowmidas:

k50 ms

kZl Py
Cs0 = 10logy I
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k50 ms

and
kSO ms

Z Py
k=1

Ema

> P
k80 ms
whereksms andksgms are the indexes of these lines in the echogram, which octanr af
at least 50 ms and 80 ms, on the time scale, respectiyglydenotes the maximum line
index in the echogram.

Cso = 10logy

4. Results of the measurement and simulation of the impulse response

In order to verify the acoustic field model, the impulse resmmhas been measured
and the echograms were numerically simulated. Both, thelation parameters and the
experimental conditions were deliberately chosen so asitate best the sound source
as well as the propagation conditions of the real audientteAarge number (of the
order of10%) of the cones was used in the simulation to reduce the uratésieffects
of the cone-tracingmethod inaccuracy. The origin of this inaccuracy is the diffiy
to reproduce exactly some elementary phenomena and theidabie mapping of the
sound wave into a finite number of cones. Their bases weneedl®o overlap (up to the
2-nd order [7]). If the overlap of those bases of the cones@@dan observation point
belonging to two or more cones, the cone nearest (with réspére symmetry axis) to
the observation point was selected.

The parameters representing the wall size of the room, thegbauof cones, their
overlap and the order of the image sources in the numericdemeere selected in
such a way that the cone base diameter was never larger thavathdimensions. The
least possible number of acoustic rays that satisfy thesdittons was adopted in the
simulation.

To compare the simulated and measured quantities, theittogéar amplitudes of
the echograms were displayed using the following definition

p2
LRy, = 10log;q =~

2
mr

I

wherepi — square of the room impulse response ofitkta sample or the height of the
k-th line in the echograny?,, — maximump? value in the given range.
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Figure 4 shows the initial 100 ms time span of the squared leemesponse, mea-
sured at the R12 point of the room at the octave band mid-&necpuof 1 kHz. Simula-
tion results for the same point are plotted in Fig. 5.
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Fig. 4. Initial 100 ms of the squared impulse response medsat R12 and 1 kHz mid band octave
frequency.
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Fig. 5. Initial 100 ms of the simulated echogram at R12 sitt aBkHz mean octave band frequency.

The octave band characteristics shown in (Fig. 4) were o&daihrough digital fil-
tering of the broadband impulse response. In the range obtder reflections, the time
domain patterns of those measured and computer simulatedeens exhibit remark-
able similarity. Minor differences that occur between agrtlines are due to several
simplifications made in the geometric representation ofrtlan and result probably
also from the point source approximation. Physically, ¢ad source diameter was about
60 cm. Therefore, the spectral lines in the experimentab@e@m become broadened as
well as slight shifts (order of 2 ms) between some of thesslimay occur. Inaccuracies
could also originate from the model of the audience seagy. Were only represented
by their appropriateeverberation absorption coefficienthe shapes of the particular
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chairs or tables were not taken into account. Such an appitoaihe presentation of
these elements of the interior follows from the restrictidrthe rectilinear sound wave
propagation and from neglecting the diffraction in the i&fta process. Some lines in
the echogram may have been missed since the number of walisiad in the model is
smaller. There is yet another mechanism leading to the donigg some of the image
sources, namely the lines in the echograms simulated witltdhe-tracingmethod.
The effect, described in literature asssing-image$7], has been attributed to the fi-
nite angular aperture of the cones, which do not “illumih&te room wall surfaces in
100%. In the extremely disadvantageous cases, hardlyhasgl0% of the wall surface
is analysed as the viable sound wave reflective site, whighlezal to missing of some
image sources essential for the process. To lessen this(etrich is similarly present
in other geometrical models of the acoustic field analysiag applies an additional
overlap of the cones, i.e. they are attributed to a largeulangperture than neces-
sary to achieve a total coverage of the sphere around theesofipplication of this
method causes an enlargement of the wall area “illumindtgdi cone. Unfortunately,
excessive enlargement of the cone aperture can generatieaaldmage sources in the
numerical model, which are unrelated to the actual sounpgggation path in a room.
Therefore, the overlap of cones adopted in these calcoktmvalidate the model was
limited to a double value of the minimum aperture.

Arithmetic mean deviations of th€sy, Csyp andEDT parameters, the simulated
the measured ones in this room, are shown in Fig. 6 and Fig. 7.
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Fig. 6. Site averaged differences between the measuredranthted values of’so andCsp.

In Table 1 there is a list of the differences between the patarsCs, Csy andEDT,
all determined at octave band mid-frequencies from 125 Hx kélz. Average values
of these differences were calculated at the successiveuniegsites. The arithmetic
mean was used for all the averages and mean standard desiatie included in the
table.
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Table 1. Mean differences between the basic acoustic parameteasnetitin the measurement and
the simulation.Scs0, Scso, Sepr and Sgpry, refer to the standard mean deviations @fy, Cso,
EDT and EDT%, respectively.

Octave band
mid-frequency AC50 | Scso AC3yo Scso | AEDT | Sgpr | AEDT% | Sepr%
[Hz] [dB] [dB] [dB] [dB] [sec] [sec] [sec] [sec]
125 0.53 | 1.89 0.87 1.57 0.24 0.33 16.2 9.1
250 —0.82 | 1.08 | —0.34 0.91 0.28 0.21 12.6 5.6
500 —-1.88 | 1.29 | —-1.5 1.04 0.34 0.12 12.8 4.2
1000 —0.64 | 1.14 | —0.47 0.94 0.46 0.15 15.8 3.9
2000 —0.36 | 1.28 | —0.08 1.09 0.49 0.11 16.3 3.2
4000 0.45 | 0.95 0.36 0.9 —0.06 0.05 3.9 1.8
8000 1.82 | 1.18 2.00 1.13 | —0.32 0.23 45.4 21.3

—@— difference EDT  —{1— difference EDT %

10 50
[s] [%]
1{ 20
05
{2
0of
{2
05 ]
1 10
-1.0 0
125 250 500 1000 2000 4000 8000
f[Hz]

Fig. 7. Site averaged differences between the measurediandbted EDT value. “EDT %" denotes
the difference relative to the measured value of EDT.

In Fig. 8, the parameterSsy, Csy and EDT are shown for the extreme cases of
the best and the worst match between the simulation and megasnt. Their analysis
leads to the conclusion that the general form of the vanadithese parameters in the
frequency domain is preserved.

A satisfactory agreement was found between the real anditelssed values
within a limited frequency range. The best match is obsefeedhe 250 Hz, 1 kHz,

2 kHz and 4 kHz octave bands, where the discrepancies are afrtier of 1.5 dB for
Cs0 andCsp. FOrEDT (early decay time) the relative differences are less thdrof the
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Fig. 8. Comparison of the parameté&rsy, Cso and EDT for the receiving points of the best agreement
— A and the worst agreementB-between simulation and measurement. Receiving points &g R1,
respectively.
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measured values. The origin of the larger discrepancidseateimaining octave bands
are caused probably by the failure of the adopted model tousxtdor the diffraction
and diffused reflection phenomena, which both play a corside role in the sound
propagation within the lowest and the highest frequencyban

The amplitude differences of the lines occurring at the sime moments in the
simulated and measured echograms appear larger thandtlm®ahticipated when com-
paring the magnitudes of th&s,, Csp andEDT parameters. A possible origin of this
inconsistency is the time samplingi(= 36 kHz is the sampling frequency) featured in
the measured impulse response but which is absent in théesédwechogram.

5. Concluding remarks

The results of measurements of a selection of acoustic feslanpeters for the au-
thentic lecture room have been reported, which verify themater model of the same
room. The results indicate a satisfactorily corresponderi¢his model with the actual
measurements: the discrepancies of the measured parardetaot exceed 1.5 dB in
the frequency range 250 Hz—4 kHz (except the 500 Hz octavd)blnthe frequency
range from 125 Hz to 8 kHz, the differences did not exceed 2TdRis, the verified
computer model can be employed for simulations of an aaofistd. It seems also fea-
sible to apply this model of the acoustic field to optimise argbreinforcement system
basing on the parameters available from echograms.
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