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In the companion paper “Hybrid method for numerisa&hulation of room acoustics with
auralization: Part 1— Theoretical and numerical asps” a new hybrid method for
numerical simulation of room acoustics, implemenbsdthe software RAIOS 3, was
presented. Here, the software itself and its maatures are discussed. It will be shown
that the proposed method actually results in vetiable and accurate predictions of the
main acoustical parameters: T30, EDT, C80, D50, GSILLF and LFC. The performance
of RAIOS 3 was assessed in an international intepgarison, coordinated by the
Physikalisch-Technische Bundesanstalt, in Germamyiere measured acoustical
parameters where compared to those predicted bijf&eht software. Due to the hybrid
method proposed, the comparative results shownra geod agreement between the
parameters predicted by our software and the measants, even in a somewhat diffuse
condition. In a statistical evaluation, the resutistained by the numerical code RAIOS 3,
stayed among the top 10%. The strong dependertbg giredicted acoustical parameters
on reliable room data, especially absorption anfiudiion coefficients, is also discussed.
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Introduction

The use of computer simulation for predicting thersl quality in
rooms has been a very powerful design tool amongjnears,
architects, and acousticians (Rindgl al, 1992). Many numerical
techniques for modeling the sound propagation (Eoiiis, 1982;
Kruzinset al, 1982; Farina, 1995; Alarca al, 2000), the sources of

computer

modeling, room acoustics, hybrid methodumerical

The results of RR1 showed so great discrepancasithprinciple, a
numerical prediction of these parameters seemeddeoalmost
impossible (Vorlander, 1995).

In 1996, another international intercomparison qubjwas
proposed by the same group in PTB, Rmind Robir2 (RR2), with
16 participants from 9 countries using 13 differsaftware. In this
project, the reference room was the Swedish com@tElmia, in
Jonkping. The process finished only in 1998. Thseilte of the RR2

sound (Tenenbauret al, 1992; Lewers, 1993) and the receivingwere much better than the ones of the RR1, butoitve complexity,

apparatus (Camilo, 2003) — going from non-direciamicrophones
to human or dummy heads with binaural charactesis(Blauert,
1997) — have been published. Some commercial saftwas also
developed and is continuously being improved. Hareeomputer
simulation of room acoustics is not a trivial taskcause of the great
number of phenomena to be taken into account: Mod@siping,
reflection, diffraction and diffusion, just to mamt a few. Besides,
the simulation results must be validated by retiabkeasurements for
a variety of rooms with distinct acoustical chagdstics. For the
same room, different algorithms may yield unlikeules. Of course,
looking at the impulse responses themselves, not rauch
information about the differences can be recognibatithe values of
the acoustical parameters computed from them —TlikeEDT, Cg,
LF, and so on — pinpoint the differences in an utakible way.
That was the main motivation of the Acoustics Dapant of the
Physikalisch-Technische BundesanstalPTB), the German
metrologic institute, to start, in 1994, the fimbject for acoustical
simulation intercomparison, callddound Robinl (RR1), with 16
participants from 7 different countries. An auditon pertaining to
PTB was taken as the reference room to the siroktiThen, the
participant teams should compute the acousticalnpetersrs,, EDT,
Cso, Dso, TS, G, LF and LFC, in the octave band centeret kdtiz.
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associated with the software state of the art at tilme, introduced
some inconsistencies. However, with no doubt, Rwind Robin
became a reference to software developers.

A third project, calledRound Robir8 (RR3), was launched by the
same group in 1999. For the RR3, the adopted refersoom was a
music recording studio in PTB. Despite its quitsygie boundary
geometry, the room comprises many diffusors. Besigsting the
software capacity to simulate diffusion, anothevelty was the fact
that three phases of crescent complexity were dotred in the
intercomparison. The process finished only in 2602 to the three
phases, the inclusion of interaural cross cormaflACC) calculus,
and to the fact that two room configurations (opsmd closed
curtains) were given. The RR3 had 21 teams fromdifferent
countries, involving 9 different software (usersl atevelopers were
accepted). Very good results were obtained by safrtiee participant
teams, confirming the maturity of numerical simiadatas a reliable
tool for acoustic design of rooms.

The software RAIOS 3 was one of the participantshef RR3,
being the only representant from Latin Americahiis project. A brief
overview of the software, a detailed descriptiothef RR3 and some
comparative results obtained by all participantshef project, along
with a statistical analysis of them, will be prasehand discussed in
the sections that follows.
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The Computational Code RAIOS 3

The computational code RAIOS 3 implements the faybri

method for numerical simulation of room acoustiashose
theoretical and numerical aspects were discussé@eimenbaunet
al., 2007). The software was developed in C++ languag a
Microsoft Windows platform. The software interfagecludes a
computer graphics module that allows the user tbeed visualize
the virtual room. It's principal screen is depiciedrig. 1.

As can be seen in Fig. 1, the screen comprisesrfadules. The
largest one is the edition module; the upper-rigiotule is for data
input; the lower-right module contains a commaneaathe lower-
central module consists in a graphical area fockihg the correctness
of the input data and, finally, the lower-left mé&@lshows the simulation
results in a graphical form (as a function of tianefrequency). In the
data input module, the reverberation time can keiqusly calculated
by one of the approximate formulas of Sabine, Ey(iRierce, 1991),

and Fitzroy (1959). The auralization module is sbbwn in the
software's principal screen and will not be diseddsere.

The software input data are: information about eaolnd
source, including the power spectrum in octave baddectivity,
position, orientation, number of rays emitted NRjoag other;
information about each receiver, including the getival diameter,
position and other; and information about the rogepmetry,
including size, position, orientation and materail each plane
surface (other shapes are discretized into smatflepsurfaces). The
surface materials are associated with absorptioth scattering
coefficients in the eight octave bands between 63 800 Hz.
Some other input data must also be furnished: theospheric
conditions, including temperature, humidity and dvaetric

pressure; the stopping criteria or maximum deddy in dB, before
abandoning the remaining energy of each ray; themben of
elementa\ for the spatial discretization; and the impulsgpmnse
discretization timé\t, in milliseconds.

|Z|§ |E|1 Properties
Smc'HnnsilSufm, Run
“Atmosphere
Tempesature ['C] 20
Humidiy (%] 50
Pressure [atm] 1

i Discretization
Impulse resp.[ms] 1
Surface [elem.] 800

~Stop Criteria
Stop decay [dB] 60
(¥ Sabine

() ,. Results

" Eynng
" Fitzioy

~Preview

4 Controls

Figure 1. Principal screen of RAIOS 3.

Numerical tests of convergence showed that typiahles, for a
simulation with good accuracy in a room with readsa complexity,
are: NR= 500k;AL = 60 dB;Ng = 1k; andAt = 1 ms. For auralization
purposes the time discretization must be moreeéfin

Essentially, the software computes the squared rvopulse
response (echogram) at different source-receiveanbauations,
being also capable of computing the binaural impuésponse of a
virtual human head at a given position. From thkogcam, the
decay curves are computed by the Schrbeder baegraiton
method (Schréeder, 1965). These curves can benedtaiobally or
in octave bands, as well as the room quality pat@rseas defined
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by ISO 3382. The main available parameters arerdtierberation
time T5o; the early decay time EDT; the clarity factGgy; the
definition Dsg; the centre time TS; the strength factor G; theréd
fraction LF; the bass ratio BR; and the interawralss-correlation
family IACC, IACCE and IACCL, among other.

Figure 2 depicts the initial part of the squaredcsgiar impulse
response, without filtering, computed by RAIOS B8poae source-
receiver combination in the room shown in Fig. heTamplitude
scale is arbitrary and the time scale was limite820 ms. Observe
that there is no specular energy beyond, approel;ma00 ms.
Note that the vertical amplitude scale is linear.

April-June 2007, Vol. XXIX, No. 2 /223
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Figure 2. Initial part of the squared specular impulse response.

The initial part of the squared diffuse impulse p@sse,
computed by RAIOS 3 at the same source-receivebiation, is
depicted in Fig. 3. It is worth noting that the dityple scale — also
linear — is quite different from that of Fig. 2 sinthe initial diffuse
energy level is noticeably less than the specuiaer 8lthough, there
is much more energy in the reverberant tail of shaeared diffuse
impulse response, captured by the energy transitiethod. For
instance, at 200 ms, the energy level representmdr25% of the
maximum level of the diffuse energy.

The superposition of the squared impulse respor(Hes
specular and diffuse ones) leads to the squaredichyimpulse
response, whose initial part is shown in Fig. 4e Timgnitude scale
is the same as in Fig. 2 and the time is showna@a0 ms.
Comparing Figs. 2 and 4, one can see a noticeabtedse in the
amplitude and, most of all, in the time duration tbé impulse
response tail. As commented before, even if theegeéraspects of
the impulse responses do not change too much, ¢bastcal
parameters computed from the hybrid IR and fromsthecular IR
may differ dramatically.
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Figure 3. Initial part of the squared diffuse impulse response.
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Figure 4. Initial part of the squared hybrid impulse response.
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The octave band decay curves computed by RAIOS 3taywn
in Fig. 5. Since no random noise was considergtarsimulation (it
could be included), the decays are a bit longer #ittual ones (where
some background noise is always present). Obséevdréquency
dependent slopes, with higher decay in higher #eqies, as would
be expected. The sudden fall down at the right sideach decay
curve is very similar to what happens in practioeegdsurements),
when using the back-integration technigue (Bart®73).

— 125 Hz
250 Hz
— 500 Hz
1 kHz
— 2kHz
— 4kHz

0 0.1 0.2 03 04 05 086 07 08 09

Figure 5. Octave band decay curves computed by RAIOS 3.

The Round Robin 3

The 3rd Round Robin on room acoustics computer Isition,
launched in 1999, had 21 participants, from 15 tes) using 9
different software. The participants were softwaevelopers as
well as typical users. For this project, the musicording studio of
PTB was adopted as the reference room and it wasdad to be
analyzed in three phases of increasing complekitthe first phase,
the music studio was physically modeled with a vemude
configuration. The model consisted in seven plaaéswvith equal
absorption and scattering coefficients in all oetévands (from 125
Hz to 4 kHz). Two source and three receiver pasitiovere
considered (six source-receiver combinations) ainé acoustical
parametersTs,, EDT, Cgo, Dso, TS, G, LF, LFC and IACC were
then required for each simulation, resulting in 3Zdues to be
furnished to RR3 coordinators. This phase was dgdn for
checking the software under well-defined conditiamd it was
useful to establish a communication protocol betw#e project
organizer (PTB) and the participants. Figure 6 shtve provided
room geometry along with the source (S) and recéREpositions.

in TanesWR3P1 Room roa

Figure 6. Model of the room for phase 1 of the RR3: Simplified geometry.
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In the second phase, the actual (measured) almorpind
scattering coefficients were given and some gedcattdetails of
the room were also included, as shown in Fig. 7this phase,
differently from the first one, two configurationgere considered:
room with open curtains and with closed curtainsulding,
therefore, the number of simulations to be perfarf@8 results).

Figure 7. Model of the room for phase 2 of the RR3: Intermediary
geometrical complexity.

Finally, in the third phase, almost all geometridatails of the
music studio were given, including the diffusersfites of the roof
and of one of the room walls, as can be seen in &id\l plane
surfaces of the diffusers was modeled with the sailvsorption
coefficient as in phase 2 and the scattering atefft was modeled
as being 0.2 for all frequency bands.

Each participant team in RR3 received an identificanumber,
known only by the organizers and, of course, théiggzant himself.
The number 16 identified the software RAIOS 3. ¢ £nd of each
phase, the results furnished by all participantsevaailable in the
project website (www.ptb.de), so anyone could etalu by
comparison, if some parameter was misadjusted. Wass anyway, a
relative analysis, and resulted in no informatiballgfor the next phase,
since, as a matter of fact, three very differenbom® were in
consideration. In the last phase, after divulgihgarticipants results,
the experimental data were also published, giliregatctual possibility
to verify the results of the numerical simulatiagginst the actual data,
offering a reliable validation of the proposed noethand software.

Figure 8. Model of the room for phase 3 of the RR3: Detailed geometry.
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The first two phases of the RR3 acted as “warmipystages
for the software RAIOS. Much of its “bugs” were rmrted during
these phases. In fact, the software RAIOS 2 wad imsphase 1 and
the version RAIOS 2.2 was used in phase 2. Nortkesfe versions
included the diffusion effect as described in (Tereumet al.
2007), which was only taken into account by thesier RAIOS 3,
used in phase 3 of the RR3. From the initial numbgr21
participants, only 17 of them returned data tottiee phases.

In the next section, the results obtained by RABDB comparison
with the ones obtained by all other participantR&¥3, phase 3, and
with the measurement data, will be presented awlisted.

Numerical Results

All the results presented here refer to the thirdse of the RR3,
where a detailed model of the reference room wasidered. The
computation time spent by RAIOS 3 on each simufatiwith
maximum accuracy, including all parameters and thieole
frequency range, was around 90 minutes in an Athl@nGHz PC,
requiring 100 MB of RAM. In the present technolo@005), this
computation time is reduced to about 15 minutes.

At the moment of RR3, the software was not ablediculate
the binaural acoustic response at the receivetiposind, hence, no
IACC coefficient was provided for intercomparisdn.fact, only 6
of the 21 participants presented IACC calculatibmBich does not
mean, necessarily, six different softwares, sindg pnine softwares
participated in the intercomparison). For this oeaso interaural
data will be discussed here.

Since there is a huge amount of data, it was dédm@resent a
selection of them in two kinds of graphics. In st one, the
parameter magnitude versus the six source-receombinations at
one frequency band is shown. In the second onep#niemeter
magnitude versus the six frequency bands at onecewaceiver
combination is depicted; the lines themselves beidinear
interpolation of the data.

Acoustical Parameters

In the graphics that follow, numerical results dai¢d by
RAIOS 3 are presented as thick doted lines; nurakniesults
obtained by other participants are presented aslithés; and the
measurement results as thick solid lines. The meamnt
uncertainty is indicated, as usual, by thin vettloges. All curves
available in RR3 website are reproduced here fah eselected
parameter. In Fig. 9, a label is shown at the rajtthe figure. This
label is the same for Figs. 10-20. The acousticalampeters
presented and discussed below agg: EDT, Cgg, Dso, TS, and LF.

Figure 9 depicts the reverberation tiffig as a function of the
source-receiver combination in the 2 kHz octavedbaior the
closed curtains condition. It is clear that theveucomputed by
RAIOS 3 is the one that more consistently approi@mathe
experimental one. It is worth noting that all cieveresent lower
values for the reverberation time than the expentaleones. Our
main finding from this figure is that the simulatddcays, for this
frequency band, are shorter than the actual oneghwneans that
the impulse responses do not consider the remagmeggy due to
the scattering effect, simulated quite well by tmgrid method
implemented by RAIOS 3.

April-June 2007, Vol. XXIX, No. 2 /225
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Figure 9. Reverberation time Tz at all source (S) and receiver (R)
combinations in the 2 kHz octave band. Closed curtains condition.
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significant, since a logarithmic scale (dB) is usddhe results
obtained by RAIOS 3 are not so good at combinat®hR1 and
S2R3, showing a deviation of around 0.8 dB.

&,00

5,00 4

Con (B}

200 4

1.00

S1R1 31R2 S1R3 52R1 52R3

position

52R2

The reverberation tim&sg as a function of the frequency band, at

the source-receiver combination S1R3 and for tlsed curtains
condition, is presented in Fig. 10. The valuesiokthby RAIOS 3
are now slightly greater than the experimental ameke three lower
octave bands (125, 250 and 500 Hz) and slightlyetow the three
higher bands (1, 2 and 4 kHz). Even though, theiobtl values are
close to the measured data, with an average egoneét 0.04 s.
From Fig. 10, it is interesting to observe thatthas source-
receiver combination, the reverberation time cuisv&lmost flat.
This is mainly due to the high degree of room diifun. Indeed, in
the high frequency bands (1 to 4 kHz), the measentnuata
presented greater magnitudes than the simulated. dme this
frequency region, the good scattering predictionvigted by the
hybrid algorithm yielded the results obtained byl®8& 3 closer to
the measured data. In the lower frequency bandrenthe scattering
effect is not so important, the results obtainedRAMOS 3 were
also close to the measured data, except in théizQittave band.
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Figure 10. Reverberation time Ty in all octave bands at S1IR3 combination.
Closed curtains condition.

Next, we will examine the results for the clarigcfor Cg. It is
recognized that the clarity factor — an energy, rax@ressed in dB,
between the initial and final parts of the impulssponse at a
source-receiver pair — is an important room qualityibute, giving
an idea of how much the music performed in the redlinbecame
sufficiently perceivable, not blending too much @bex harmonic
passages (Barron, 1993; Forsyth, 1985; Beranelg)199

Looking at the results plotted in Fig. 11, standstbe fact that,
except at S1IR1 combination, the magnitudes of dlmibgpredicted
values are greater than the measured ones. Thiy cfactor
obtained by RAIOS 3 showed to be one of the mosurate,
considering the small deviation from the measurdngeta. It is
worth noting that differences among the curves ig. A1 are

226 / Vol. XXIX, No. 2, April-June 2007

Figure 11. Clarity factor Cg at all source-receiver combinations in the 250
Hz octave band. Open curtains condition.

Figure 12 presents the results@f as a function of frequency
band, at S2R2 combination and for open curtainglition. As can
be seen, all predicted values presented a notieeatobr in the
lower frequency band (125 Hz), but, on the othendhathe
measurement uncertainty wasl.5 dB in this band. For all other
octave bands, the results obtained by RAIOS 3 werg close to
the experimental ones.
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1000
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Figure 12. Clarity factor Cgo in all octave bands at S2R2 combination. Open
curtains condition.

Here, a comment on the errors in the 125 Hz octam is
appropriate. It seems that no one of the partitipaoftware —
including RAIOS 3 — predicts well at the lower fosmcy band,
probably, due to the fact that none of them hasodainanalysis
algorithm for predicting the effects of the roomdas, predominant at
low frequencies. In other words, neither the ragitrg model nor the
energy transition model considers the interferesféect. The modal
behavior yields a strong dependency of the acalgt@rameters on
the receiver position in the room. This is, of a®yra limitation for
predicting with good accuracy the room acousticsthie lower
frequency band. A model for this phenomenon wilcbasidered and
implemented in the new program version (RAIOS 4).

In the following, we will examine the centre tim& Twhich is the
first moment of the squared impulse response ana itoughly
correlated with speech intelligibility (Kuttruff, 0®0). Despite not
being a linearly independent parameter (Ando, 1998) centre time
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is important since it defines another useful teidental energy ratio,
based on the barycenter of the squared impulsenssurve.

Figure 13 depicts the centre time TS as a funaifahe source-
receiver combination in the 1 kHz octave bandtieropen curtains

computation, all the simulations — even if usingyotthe ray-
tracing technique or, equivalently, the virtual+smu method —
presented good results.

Figure 15 depicts the LF parameter as a functiothefsource-

condition. A difference of up to 20 ms relativett® measurement receiver combination in the 4 kHz octave band,dosed curtains

data at all source-receiver combinations can be sethe plot. The
results obtained by RAIOS 3 fit quite well the esipental data.
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Figure 13. Centre time TS at all source-receiver combinations in the 1 kHz
octave band. Open curtains condition.

In Fig. 14, the simulation results for TS, at S2Renbination, in

all frequency bands and for the open curtains tiomgiare presented.

It is worth noting that some differences betweeedmted and
measured values are as great as 25 ms, in the foegerency band.
The results presented by RAIOS 3 were one of tbheest ones,

condition. As stated before, almost all particigaptovided good
results. The results obtained by RAIOS 3 showeda gagreement
with the experimental data.

40,00
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25,00 4

20,00 4
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AD,00 - oo
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0,00 A 4 » 4
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position
Figure 15. Lateral fraction LF at all source-receiver combinations in the 4
kHz octave band. Closed curtains condition.

The LF parameter as a function of frequency bardthea

except in the 500 Hz octave band, where the diffe¥avas around 7 Source-receiver combination S1R2 and for the opertains

ms. Looking at Figs. 13 and 14, it seems that tiarith method,

condition, is presented in Fig. 16. The 250 and016z octave

discussed in (Tenenbauet al, 2007) and implemented by the bands are the ones that, for almost all particpaptesented the

computer code RAIOS 3, reconstructs the impulsporeses quite
well, by considering the existing scattering suefam the room.
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2480 s00 1000
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Figure 14. Centre time TS in all octave bands at S2R2 combination. Open
curtains condition.

The lateral energy fraction parameter LF is thorat the early
energy (within the first 80 ms) arriving laterally the receiver to
the non-directional average energy, arriving atstame point, at the
same time interval (Beranek, 1996).

This parameter is associated with the acousticamacy,
attribute that is provided by the room, at a certaeighboring
seat (Ando, 1998). Since only the early energyi®ived in this

J. of the Braz. Soc. of Mech. Sci. & Eng.
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largest discrepancies. It is worth noting that thajority of the
software — including RAIOS 3 — provided almost flairees, with
regard to frequency, while the experimental datawshsome
magnitude fluctuation between 15% and 25%, whicinds too
much but noticeable. In the average, RAIOS 3 peic rather
good result, but this parameter deserves a deepbyrsis.
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Figure 16. Lateral fraction LF in all frequency bands at S1R2 combination.
Closed curtains condition.

The coordinator of the Round Robin 3 project, Ifidgdork,
published recently a report on the results obtaifgd some
programs (Bork, 2005). In the article, from thegiticipants (nine
programs) that contributed to the project, the “aommercial”
programs were discarded, and only the resultsxofcgmmercial”

April-June 2007, Vol. XXIX, No. 2 /227



programs (an author's choice) were retained. RAI®Swas

considered as a “non-commercial” program by thé@uytbeing not

included in the presented results. In Figs. 17apw2e show some
results discussed in the report — but includiligparticipants, as can
be found in the project website (www.ptb.de). Th&I®S 3 curve

and the measurement one are highlighted, as before.

In Fig. 17 the comparative results for the EDT paeter, at all
source-receiver combinations in the 1 kHz band e@peh curtains
condition, is presented. As can be seen, the stdndeviation
among the results is rather large. The averagerdifte between
the simulation results obtained by RAIOS 3 and rnteasurement
data is around 0.1 s, with similar oscillatory beba(among the six
source-receiver combinations). At the S2R3 positioie
discrepancy is greater, staying around 0.15 s.
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Figure 17. Early decay time EDT at all source-receiver combinations in the
1 kHz octave band. Open curtains condition.

Looking to Fig. 18, the same parameter is shown —F EiD all
source-receiver combinations in the 1 kHz band — romwthe
closed curtains condition. The measurement curesvsha strong
oscillatory behavior, while almost all simulatedalaresent a small
variation with the source-receiver combination, luding the
RAIOS 3 curve. This plot also shows how much thdyedecay
time depends on the receiver position, a dependemtewell
predicted by simulations.

1.00

EDT (s)

0.60

080

0.40

S1R1 S1R2 S1R3 S2R1

position

S2R2 S2R3

Figure 18. Early decay time EDT at all source-receiver combinations in the
1 kHz octave band. Closed curtains condition.
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Figure 19 shows another parameter, the definitidg, at all
source-receiver combinations in the 1 kHz octavedband open
curtains condition. This parameter, which is somawdssociated
with the room intelligibility (Kuttruff, 2000) istsongly dependent
on the balance of the initial (useful) to late (deental) energy of
the room quadratic impulse response. Since theidhymethod
increases the energy of the reverberant part ofRhas can be seen
comparing Figs. 2 and 4, the balance of usefuktdrdental energy
is changed, leading to the results @y, to become very close to
that of the measurements. It is worth noting thas parameter
showed a great difference among the results predgehy the
different participants. For instance, at S1R3 camation, this
difference was around 20%.
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Figure 19. Definition Dso at all source-receiver combinations in the 1 kHz
octave band. Open curtains condition.
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Figure 20. Definition Dso at all source-receiver combinations in the 1 kHz
octave band. Closed curtains condition.

We must recognize that the results presented in E@
somehow seems to contradict the previous paragtahg one of
the worst results obtained by RAIOS 3. However,dependence of
the measured data on the source-receiver comhinates quite
well reproduced, but with a difference varying fr&& (maximum)
to 4.5% (minimum).

The full data with all results of the Round Robimp®ject can
be found in (www.ptb.de).
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RELATIVE MEAN ERROR (%)

Foar all source-receiver combinations and frequency bands

st | |znd | 3th 4th
OPEN CURTAINS
PARTICIPANT 1 2 3 5 6 7 8 ] 1 12 13 14 15 16 17 20 2
130[ 1016 8.98- 1508 1202 1378 @12 1062 1126 1104 589 B61| 7.72| 1230 1368 714
EDT| 1270 1223 1273 1833 1633 1181 @53 1304 1132 1145 1237 1010| 1035 1616 1073
D| 1223 1241 947 1114 1725 1687 1237 1030 1384 831 9 56 1052 989 1544 1044
c| 4381 4050 2744 3176 G231 5855 4092 2689 4540 2856 az17] 2880 5123 3550
Ts| 1536 143600 EdE 1385 2114 1982 1500 1241 1654 1264 a.76 1152 1203 1923 1253
G| 424 410 384 BB1 462 574 396 842 424 BEI 416 aa0| 413 697
LF| 1875 2052 2407 2207 5730 2146 2191 2084 2047 2244 2478 21300 2140
LFC| 2285 2504 2685 4516 2569 25.83 2556 27.86| 2519
Incc
MEANT30-LF 1675 1616 1619 2677 1636 1430 1768 1426 13268 1315 1392] 1450 1881 1386
MEAN T30.LFC  17.53  17.27 2907 17.53 18.87 1482 1499 1533 14.90
CLOSED CURTAINS
PARTICIPANT 1 2 3 5 6 7 8 ] 1 12 13 14 17 20 21
T30[ 8682 659 906 1352 1047 1114 811 1424 869 1401 658 1102 1382 744
EDT| 1368 1448 1486 1251 1482 1408 1285 1224 1322 1186 16.72 1173 1316
D| 902 &F0 888 1051 G50 1016 @37 1399 896 1108 a.08 1119 915 7.42
c| 1924 1817 2070 1987 2257 2248 1763 2145 1893 1928 17.47 1967 19.20  16.53
TS| 1221 1186 1285 1539 1458 1335 1146 1400 1227 1371 12.95 1360 1377 10.84
G| 449) 448 450 54z 4s57EE 450 mEZ 454 558 5.09 582 487 4GB
LF| 2374 2563 3003 2615 69.53 3251 IEIEE 2667 2150 26.4% 2268 26.39 2345
3267 3567 5468 3774 33.77 80 3413 33.40
MEANT30.LF  13.03 1314 1445 1477 2070 1362 1482 1335 1386 1420 1289 1367 1412] 1202
MEANT30.LFC 1528 1558 17.10 24095 16.63 15.90 1641 16.42 14.69
OPEN AND CLOSED CURTAINS
PARTICIPANT 1 2 3 5 6 7 g 9 1 12 13 14 15] 18] 17 20 21
MEAN T30-LF[ 1489 1465 1353 1548 2374 1499 1456 1561 1406 1374 1352 1409 1696 1209
MEAN T30.LFC| 1640 1642 1575 2701 17.08 17.39 1561  1570] 14.95

Figure 21. Relative mean errors averaged over all source-receiver combinations and all frequency bands.

RelativeMean Error

A simple comparative analysis of the results oledity the
participants of the Round Robin 3 can be done etiag the
averages of the relative mean errors of the predicesults with
respect to the experimental ones. For each paatitiand for each
predicted acoustical parameter, the relative meaorse were
averaged out over all source-receiver combinatiamsl all
frequency bands. This calculus provides a rough peoative
ranking of the simulation accuracy, for the room demn
consideration, of the participants.

Figure 21 presents the average of the relative neeeors of
each acoustical parameter predicted by the 17 cjaatits that
remained in phase three. This figure is divided thtee blocks: the
first one considers the open curtains conditiore #econd one
considers the closed curtains condition; and therage of the
errors, considering both curtains conditions, isspnted in the last
block. A gray scale was used for identifying thekiag (1st to 4th).
Since only five participants provided results foe tACC parameter
(and, as stated by Ingolf Bork in (Bork, 2005): Koone of the six
commercial programs was able to do these calcukljp these
results were not included in the statistics premg&niThe results
provided by the participant identified by number W8re also not
considered due to their inconsistency.

Looking with care to Fig. 21, one can verify thhere was no
simulation software at Round Robin 3 that predidtesl acoustical
parameters clearly better than the others, conismletl frequency
bands, source-receiver combinations and room donditHowever,
for the room simulated with open curtains, the munin average of
the relative mean errors was clearly obtained bijigy@ant number
3. For the room simulated with closed curtains, th&imum

average was obviously obtained by participant nunile RAIOS

3. Considering both conditions (open and closethms), it can be
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observed that participants 16 and 21 presentedbd#st scores
(minimum average of the relative mean errors), withslight
advantage to participant 21.
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16.00 mz
oz
15.50 os
mE
15.00 — a?
s
1450 1| —
o3
i
14.00 1| —
miz
1250 | - oz
o4
12.00 1| I mi5
olg
1250 1| — — =7
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Figure 22. Relative mean errors averaged over the parameters Tso to LF.

In Figs. 22 and 23, the average of the relative meaiors,
considering both curtain conditions, are plottedbas graphics.
Figure 22 depicts the average performed over tmanpetersTsg,
EDT, Cgo, Dso, TS, G, and LF obtained for each participant telam.
Fig. 23 the average also included the parameter. OFRE€ software
RAIOS 3 is identified by a black triangle at thettom of these
graphics. As can be seen in these figures, a velatiean error
around 13 to 15% is the general result obtaine®RAIOS 3. From
Fig. 22, it can be concluded that RAIOS 3 achiethas minimum
average value among the 17 participants, consigledinparameters
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except the LFC. From Fig. 23, one can see that FABDbtained
the second best score, when the LFC parameter aka&n tinto
account in the average. It is worth noting thatydeh participants
was able to furnish this data.
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Figure 23. Relative mean errors averaged over the parameters T3 to LFC.

Some aspects about the influence of the input datahe
predicted acoustical parameters should be commeiitesl results
obtained in phases 1 and 2, not discussed herewane rather
different than that obtained in phase 3 of the RR8s was mainly
due to the geometrical simplification of the roonodal. Besides,
the incompleteness of the absorption and scatteidta also played
an important role in these differences. Indeed,esonmerical tests
showed that the simulation results present a ceredide sensibility
to variations on the absorption and scattering fomenfts. This
means that, for a reliable simulation, the accumafcthese data is a
very important issue.

Conclusions

User-friendly software, called RAIOS 3, which implents the
hybrid method for numerical simulation of room e&tis discussed in

Roberto A. Tenenbaum et al

source-receiver combinations, the program code FBABOshowed
one of the best results in accuracy, in a globa#firey.

This good general result — around 13 to 15% oftivelamean
error — is due to the suitability of the hybrid imed for predicting the
involved phenomena and to the correctness of thitwae
implementation, which leaded to the algorithm aacyr Some slight
improvements discussed in (Tenenbaetmal, 2007), saving CPU
time and computer memory, collaborated to run tlgnam with a
heaviest configuration (number of rays, numbeuofeges etc.).

One of the remarkable handicaps of RAIOS 3 (anceroth
computer codes) is the lack of good sound fielihegton in the
low frequency band, where the interference phenomenust be
considered. This deserves the implementation afaa gand simple
model for the modal behavior of a room, which isdwminant in
this frequency range. This will be our next step.

Of course, for a ‘quality seal’ to be applied tpragram code,
many other simulations must be performed and coedpavith
experimental results for different rooms. The dailigi of the
results to absorption and scattering coefficieetpuires that these
coefficients should be carefully measured, whichdsa trivial task
and can yield results with a rather large uncetygiaradjo, 2005).

Up to the last moment that final results were regliiby the
Round Robin 3 organizers, the binaural impulseaese algorithm
was not ready, so that no IACC data was furnishedRAIOS 3.
Now, not only the IACC algorithm is available, balso the head
related transfer functions (HRTF) modeling, disedssin
(Tenenbaunet al, 2007), and is handy. Now, we wait for Round
Robin 4, probably with auralization.
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