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Using Wave Based Geometrical Acoustics (WBGA) to investigate room resonances
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Room modes can easily be calculated for simple room shapes using analytical equationsodivhen r
shapes are irregular, room wave phenomena can be calculated using numerical methods such as Finite
Element Method or similar which are computationally he@gnventional geometricacoustics, using

plane wave propagation and sound absorption coeffis] fail to calculate room resonances. In contrast,
Wave Based Geometrical Acoustic, WBGA, based on the image source method, spherical wave
propagation, impedance discontinuities and sound pressure summation, can accurately simulate room
resonances botim the frequency and spatial domain. This paper presents room resonances simulations
using the WBGA and compares them to measured data.

1 Introduction

When a source emits sound in a room, normal modes of vibration are excited, each responding activediogrte

receiver positiontoom shapeandsurfaces material$\bove a certain frequencyl] these modes seize to have a phase
relationshipdue to sound scatterirtbus the fieldis said tobecomediffused meaning isotropic and homogeneoins

contrast below the Schroeder frequency, the excited sound field has precise phase relationships among the modes of
vibration thus forming standing wavedntil the advent of computerdye study of standing waves or resonances could

only be performed using anallyal solutions applicable only to symmetrical rooms. Currently, numerical methods
(BEM, FEM and others) heavy in computational time, can be used to analyse room resonances in asymmetrical rooms
with finite surface impedancesnother methodused in room amustics andoopular in the acoustical community is
Geometrical Acoustics (GA)This isbased on the concept derived from Optics that wave fronts travel in straight lines
[2]. The use of GA in room acoustics has been proven to be a very useful taelvétahe lack of phase farmation

in sound rays due to sound propagation discontinuities, limits tige raf applications which GA can be usda
contrast,Wave Based Geometrical AcoustifBGA) [3] extends GA to account fomipedance surfaces, complex
presure summation, spherical wave propagation, and with the ute afnage source method, carceunt for the
phenomena of reflection, diffraction, refraction, transmissiod others. It has been showr {Bat in rectangular

rooms the WBGA is as accueaas the BEM. This jmer presents calilations of room resonancesamectangular room

using Olive Tree LalBuite[4], a sound propagian software application which employs WBGA in a 3D simulation
environmentand compares them to sound measurem&htssound measurements were taken in the TV room of the

first author. Results are presented both in the spatial and frequency domain. As far as the authors are concerned, they
are not aware of many such studies other the ones found in these refes@jcEhég difference between this study and

the others is that the rooonder investigation includes furniture, suchaasound absorbing sofaoth for measring

and simulationgurposesThis paper is divided into the following parts. Sectioprdvides a comgrison between
published data an@TL-Suite (a WBGA software)esultsfor validation purposedt is followed bya descriptiorof the
procedure followed for sound measurements and 3D simul&ewstion 4providesthe measured results while Section

5 a conparisonbetween measured and simulated results in the frequency and spatial domain.fdllus/esi by a

section withdiscussion and conclusions.



2 Validating Olive Tree Lab-Suite

Recently, the second author has preparéilogy of papers dealing with WBA. One ofthe papes [7] validates Olive
Tree LabSuite in terms of sound reflection in calculating room resonamesgd on the work of R.H.Bolb]] The
second §] validates Olive Tree LaBuite (OTL-Suite)in terms of sound diffraction in calculatinige seat dip effeéc
based on the work of And®][ A short description of the findings are presented here.

2.1 Room ResonancesCalculation vs experimental results

For validation purpose§i gur es 17 and 5lviereaded. IB that papes, Bakpepneented with a small
scale roomessentiallytwo-dimensionglwith non-parallel walls.The height of the model was small compared to the
sound wavelength used therefore no normal modes with vertical components could déweliigures below show in
colour the results calculatagsing Wave Based Geometrical Acoustics (WBGBY means ofOTL-Suite. The 3D
model used in the calculations wafill scale Multiplied by a factor of 10)Superimposed are the experimental results,
courtesy of the Journal @he Acoustical Society of America.

Figurel: Mapping on the left is at 1721 Hz (experimental detairtesy of the ASA) while the coloured mapping in
the 1/39 octave band of 200 HZhe mapping on the right is at 2302 Hzgexmental data) while the coloured
mapping in the 1/3octave band of 250 Hz. In red high sound levels and in greerbjow [

From the figure above, one may conclude that there is adequate correspondence between measurements and
calculations especially dne takes into consideration the following:

A During the experiments only a single frequency was used while for the simulation, 4 frequencies within
the 1/3Y octave band (mapping in 1/ 2ctave).

A The 1/3% octave bands centre frequencies values do moesmond to the frequency values reported by
Bolt.

A As reported by Bolt in the same paper, microphone positioning was very sensitive to sound level changes.
This means that frequency deviations (wavelength) cause equally abrupt changes in level.

2.2 Validation of the WBGA in simulating Seat Dip Effect

The Seat Dip Effect i@ wellstudied phenomenon of low frequency sound attenuation at grazing incidence over
surfaces characterized by roughness, either of periodic epeviwdicin structure 10]. This phenomeon is called the

seat dip effect because it is mainly observed in theatres and halls. In effect, the total sound pressure is made up of the
direct sound wave, scattered and reflected waves off seat rows and floor. For validation purposes, we preseat below
results from the 1982 paper by And. [
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FIG. 2. Comparison between the sound pressures measured and those cal-
culated, in reference to that of the direct sound. OOO: Tone-burst measure-
ments with the 1/10 scale model (after Sessler and West?). .....: Continuous-
wave measurements with the 1/10 scale model (after Sessler and West®). —

z

V"Lx

B ouverreeLan

. S1J|TE | == Calculations with the boundary condition of the measurements,
{d, =76 cm).
Figure2:. On the |l eft, the 3D full scale model wused for

experimental dataCalculations are superimposed as a red curve oeesriginal graph by Ando (courtesy of the
Journal of the Acoustical Society of America).

3 Room under investigation

The objective of the exercise is to compare measurements with simulated results in terms of spatial sound distribution
and frequency responskhe figure below showthe 3D modebf the room whicthas23 surfaceslt also shows a grid

of 6 x 6 at a height of 1.2 m from the floor where simulations and sound measurements were pefforthedight, a
picture of the room with the sofa.

Figure 3: On the left, the 3D model of the room and on the right, a picture of the room with the sofa.

Since the measurements and sound mapping grid was set at 0.5m, the maximum frequency which can be mapped
without aliasing is of therder 0f343Hz.

3.1 Measurementsi Instrumentation

The measurements were performed using a measurement system for 3D impulse responsel, IRIE Marshall
Day Acoustics. It utilizes a compact tetrahedral microphone array, the Core Sound TetraMiciswiated in the
desired receiver position. Tleom is excited by a single swegpe stimulus. The IRIS software provides the stimulus,
recor ds t pomse ang pratésses and gisualtbesresult immediately. The IRIS system allows you to trace



individual impulses back to the surface where they came from by loakinignsity vectors. You can select individual
impulses and the corresponding vector is highlighted.
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Figure4: On the left, Tetrahedral microphone arraythe middle, the IRIS sound intensity vector plot. On the right,
the IRIS impulse response

A custom made LF speaker was used for the excitation. The speaker haindn diver which is
omnidirectional at f r equen c ieguencyugspohseasnzedsoredtandSitwlatet see T h e
figure below.
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Figure5: On the left, the measured frequency response of the complete custom made speaker including the red curve
for the LF unit. On the right the measured ammulated frequency response of the LF unit alone. The measurement
was made in the Tyréns seamechoic chamber. Despite 1 m deep sound absorbing wedges on all walls and ceiling
room resonances are affecting the measurement result at low frequenctbs. @ L-Suite model,the simulated
frequency responsegas used.

3.2 Measurementsi Procedure

Measurements were made at 36 positions in the roarhaight of 12 m. The same positions were aisged in the
simulation in OTL &ite. In each position the 3D jmlse response was recorded and, in this case, exported in mono
from IRIS to WinMLS[12] for post processing.

3.3 3D modeli Roomsound field simulation

One of the most crucial parameter in simulating sound propagation in a 3D environment is to modekthadgac

study with its most essential features, such as its geometry and materials. The geometry should include enough detail
according to the frequency range of the experiment. In this particular caseth®imaage investigated im the low
frequendes, 40 Hz @eterminedby the loudspeaker) to 343 Hz (or 315 Hz'i&tave band, determined by the
microphone positions gridthe room geometry is not very demanding in detail. However, there is an open question
about the presence of the loudspeaker colamd its scattering effeeis well for the equipment radupboard which

acts as resonator (Figurebelow) The model simulates the speaker box as a point source, which is a very theoretical
assumptiorwhile the equipment furniture as a closed .Heéor the materials in th8D modelledroom,we have useds



a parametesurface impedance calculated with the Multilayered Structure Builder (MLSB) of®ilte which is
based on the Transfer Matrix Method (TMJ].
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Figure6: The Multilayered Structure Builder of OFBuite used to calculate properties of one of the walls of the room.
The graphs give the spectra of theface impedance and the equérda sound absorption coefficient.

The figure above, shows as an example the matayiars used foone ofroom walls. The graphs give the spectra of
the surface impedance and the equivalent sound absorption coefficient. The surface impedance tateadiezetly
into the 3D model for calculation purposéshe source spectrum usé@d modeling was taken from a narrdvand
simulatedanalysiswhich was transformed into 1/3 octave bands in OTSuite. The spectrum and levels used are
shown in the left figure below, while on the right, shows a picture of the loudspeaker used forsheemeats.
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Figure7: On the left, the 1/30oct. band spectrum of the source derived fedmulatednarrow band values, while on
theright shows the LF speaker used for the sound measurements.

4 Measurements results

The figurebdow shows the raw data as they are seen in WinMLS, used for post processing purposes. In order to be
able to compare measurements with calculated results in the spatial domain, raw sound measurements data were
exported from WIinMLS in 1/3rd octave bands.eBk were then introduced into OHuite which can provide
visualization of such data as a 3D mapping for each of the relevant octave bands,ii.8156iz. As far as the
frequency domain is concerned, a comparison between the measured and calculliset nresde for two of the
receivers inthe room inhigh resolution. The measured data resolution was 0.624991 Hz while the calculated spectra
resolution was set at 1 Hz. To be able to compare measurements with calculated results, the high resolutszh meas
data were shifted to the calculated level.
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Figure8: Raw data of the frequency resposiaed impulse response the 36 pointasthey are read from IRIS into
WinMLS.

5 Measured vsSimulation results

5.1 Spatial Domain

The 3D mald has 21 surface$.or mapping, hie calculation timdor a grid 6 x6 (36 calculation positiongt a height

of 1.2m, took about 5 minutesvith a typical laptopwhen taking into account 5 orders of reflection, 1 order of
diffraction. For 9 orders of refiction andl order of diffraction it took about36 hours The later were the settings of
the calculation results presented in the figures shown below, which pdhteagpatial soundield distribution
(mapping) for both measurements and calculations.grtd is 0.5m for both casddeasured data are shown as the top
map, while calculated results as the bottom map.




Figure9: Room soundield mapping on a grid 6 x 6 at 0.5m and a height of 1.2m, tmp-measured versus calculated
resultsi bottom map. Some of the objects of the room are left in the picture for orientation purposes. Eaclalpéture
indicates the 1/3octave band results are presented.

5.2 Frequency Domain

For the frequency responsgo calculations were ran. One for Rec. 4 and another for Rec. 15. The locations of the
receivers are shown Rigure10 (left) which alsoshows the sound source as a point source without the presence of the
loudspeder cabinetFigure10 (right), shows the driver being located on one side of the speaker cabinet which prevents
direct sound from the source to a number of receivers. This is demonstr&igdrim10 (middle) which shows thiR

of the 2 receiversRec.4 had direct sound from the loudspeaker driver while Rec. 15 had no direct sound but diffracted
sound around the speaker cabifidte calculation timéor Rec. 4 with 7 ordes of reflectionandl1 order of diffration,

took about5 minutes The calculation time for Rec. 1%ith 9 orders of reflectionl order of diffractionand 1
reflection in between diffraction edgeasok about 4ours

Figure10: On the lefttwo of the 36 receivers for which a frequency analysis was simulated and bbtomn Rec. 4

(distinguished by white label) and Rec 15, both shown in orange. Middle: The IR ¢ftheeceivers which shows

that Rec.4 had direct sounaiin the loudspeaker driver on one side of the cabinet (shown on the right) while Rec. 15
had no direct sound but diffracted sound around the speaker cabinet.SRegiker cabinet shamg the driver location.

—&— Mic 4 Meas Resolution=0.6Hz in 1/3rd oct band |— Mic 4 7Refl, 1 Diff, Finite Edge Diff
—8— Mic 4 7Refl, 1 Diff, Finite Edge Diff 10 —— Mic4 Meas Resolution=0.6Hz
M5 ¢
110 ¥ 30
105 /A\_ M 20 A }
g 3 r~e A M
T 95 & / 5 T 10 c y
S o & / S / Wﬁvfr 1/
3 85 ¥y 3 / v N W |
E -10
80 I I
75 -20
[ ' ' -30
102 ﬂ‘:- OLIVE TREE LAB 102 a COLIVE TREE LAB
Frequency (Hz) o, SUITE Frequency (Hz) E::’ SUITE

Figurell: Rec.4, with 7 orders of Reflection, 1 order of Diffractiofinite Edge Diffraction






