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1. INTRODUCTION

Auralization is the process in which a 3-D model of a spaceaderaudible by convolving the impulse response
of the space with anechoic stimulus signal [1, 2]. One olwiapplication area of auralization is the design of
concert halls. Many years people have dreamed of the pligstbi listen to the designed hall before the actual
construction. However, auralization systems do not yevideoauthentic auralization which the designer and
acoustic consultants could trust. By authentic auralimatve mean the creation of a virtual auditory environment
that is indistinguishable from the real auditory envirominf3, 4]. In this paper, we discuss the auralization of
concert hall models by pointing out issues which still neeaterresearch as well as issues which have already
been solved.

Technically, auralization process is a convolution of d&wgc stimulus signal and a spatial impulse response
of a space. The spatial impulse response, which contaiesniattion about the incoming directions of direct
sound and reflections, can be obtained with simulation ohdquropagation in a 3-D model. Naturally, spatial
impulse responses can also be measured in a real concetnt@ther words, the auralization process requires the
simulation or reproduction of the following three issuesesurately as possible:

1. 3-D directivity of sound source(s), e.g., musical instemts

2. sound propagation in a 3-D space, e.g., a concert hall

3. reproduction of spatial sound (also called 3-D sound)

In addition, auralization process needs proper anechmukts signal(s), in a case of a concert hall, such

signal is often symphonic music.

2. SOUND SOURCES

The problem of sound source modeling in auralization carbdeat! into stimulus signal gathering and simulation
of directivity of sound sources.

2.1. Stimulus signals

A typical sound source in a concert hall is a symphony orchgsipt a single point source as often applied in
concert hall acoustics studies. Therefore, for an autbentialization an anechoic recording of the whole orchestra
is needed, and hopefully so that each player or section@ded individually. Then, the auralization can be done
by treating each single instrument as a point source andduestra is constructed as a bunch of point sources.
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Only few recordings of anechoic orchestral music are phbtis[5], of which the only one containing the
whole orchestra is by Denon [6, 7]. Unfortunately this relog is too noisy for auralization purposes and the
whole orchestra has been recorded at the same time with-gfosgicrophones inside a sound absorbing shell
constructed on a concert hall stage. With this techniguereifit instruments are not perfectly separated in micro-
phone channels due to the crosstalk in microphone setupdditian, the floor reflections are present since the
floor was not covered with absorbing material. A choral eridernas also been recorded for research purposes
[8]. These recordings are made in an anechoic chamber,dnatdéine only singers. Recently, Vigeant et al. [9] have
applied recordings of an orchestra in multi-channel agaéitbn, but the recording process of anechoic stimulus
material has not been reported, and recordings are noahbiail

Lately, we have been recording musical instruments andtsesfithis work are anechoic symphony orchestra
recordings [10, 11]. The recording process was a tedioug& vooit it succeeded quite well and the results can be
listened to at http://auralization.tkk.fi. The recordingi be made publicly available for academic purposes in
the end of year 2008. We hope that these recordings will ledparchers and more auralization studies are will
be initiated.

2.2. Directivity of sound sources

Another important issue in auralization is the radiatiomrelgteristics of sound sources. In a symphony orches-
tra each instrument has its own frequency dependent radigtttern that should be taken into account in the
auralization.

Information about directional characteristics of musinatruments has been presented by Meyer [12, 13], and
some numerical data on these investigations are availatie internet [14]. In addition, Fletcher and Rossing [15]
discuss directivity of instruments. However, a complet@adzt of directivities of the instruments of a symphony
orchestra has not been presented with detailed docunmntatithe recording process. The recent anechoic
recordings [10] have been made with twenty microphones meouim a dodecahedron shape around the player.
These recordings allow us to analyse the directivities striiments, but this work is still to be completed in the
near future.

In auralization at least two different methods to model thedtivity of instruments have been proposed. In
first method, directivity filters, designed to match the knadirectivities, are used for one single recording of an
instrument, as presented by Savioja et al. [16]. Another wdg represent a sound source in auralization as a
point source, but this point emits different anechoic sigina different directions [17]. This method, called as
multi-channel auralization, requires anechoic recorsliitgm multiple directions simultaneously. Both methods
have their pros and cons, and more research is needed to éirxe#h possible solution to model sound sources
and their directivity characteristics in auralization.

3. ROOM ACOUSTICS MODELING

The room acoustics modeling has been studied for over 48 yieairstill no single method has been presented that
can handle the whole audible frequency range accuratalyit aeems that this will be the case for the near future
as well. There are two primary approaces in modeling, forfi@guencies the wave-based techniques provide the
most suitable approach whereas the ray-based techniquesate at higher frequencies.

3.1. Wave-based modeling

Wave-based acoustic modeling aims to numerically solvevidnge equation. Traditional techniques are the finite
element (FEM) and the boundary element (BEM) methods [1&wéVer, these techniques are computationally
too heavy for dealing the whole audible frequency range.
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\ | Image-source method (beam-tracirjgiRay-tracing| Acoustic radiance transfer

Arbitrary reflections only specular yes yes
Memory consumption low for early reflections low high
Computation time fast for early reflections fast slow
Edge diffraction modeling can be added no can be added
Dynamic listener yes no yes

Table 1: Comparison of ray-based room acoustic modelindpoaist

From the auralization point-of-view maybe the most intengsmodeling principle is the finite-difference
time-domain (FDTD) simulation. Use of regular grid strueienable easy and computationally efficient imple-
mentation. Especially one such technique, the digital gai® mesh method, seems attractive [19]. The method
combines techniques from pure FDTD methods and digitalasigrocessing making it possible to use digital
filters inside a simulation, for example, as reflection fidtat boundaries.

3.2. Ray-based modeling

The ray-based tehcniques are based on the assumption oktggmal room acoustics in which all the wave-
phenomena of sound are neglected. This means that sounsumes to behave similarly to light and can be
modeled as rays. The first subgroup of these techniques rizetbby the methods finding only the specular
reflection paths. The most common such techniques are thgeismirce method and the beam tracing methods.
The image source method [20, 21] is based on recursive fiefteat sound source(s) against all the surfaces in the
room. From computational point of view this is very uneffittieand in practice only low order reflections can be
found. Beam-tracing methods, such as [22], are optimizeslaes for the same purpose being capable to deal with
more complicated geometries and higher reflection ordarsorine cases, even diffraction can be incorporated into
the model [23]. Ray tracing is the most popular offline altion for modeling sound propagation [24] since it
enables more advanced reflection modeling than the imageesawethod. A common approach is to shoot rays
from the sound source in every direction, according to thectivity pattern of the source, and trace each ray until
its energy level has decayed below a given threshold an attme time keep track of instants when the ray hits a
receiver. The acoustic radiance transfer is a recentlyepted acoustic modeling technique based on progressive
radiosity and arbitrary reflection models [25].

The comparison of properties of different ray-based methsgresented in Table 1. The acoustic radiance
transfer method is the most promising when pursuing towaunttsentic auralization. In addition, when the compu-
tational power of computers grows the digital waveguidelmasthod would be a good solution from auralization
point of view. Currently, wave-based methods ore only ajlie at low frequencies, but together with ray-based
methods they are useful.

3.3. Need for measured reflection data

The room acoustics modeling methods can model sound priopageery accurately. In addition, modeling of
all kind of reflections with bidirectional reflectance distition functions (BRDF) [25] can be implemented quite
accurately. With BRDFs modeling of sound scattering fromfasies as a function of incoming angle is possi-
ble, but the major problem is that measured scattering gatati publicly available. The current definitions of
scattering and diffusion coefficients [26] are too coarse thiey do not include the data in function of incoming
and outgoing directions. The measurement methodologyuidt sneasurements is already known [27], but there
is a big need to collect a library of acoustic BRDFs. For abson coefficients such library can be found at
http://mww.ptb.de/en/org/1/17/173/datenbank.htm.
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4. 3-D SOUND REPRODUCTION

Human hearing is omnidirectional, we hear sounds from ediations. The room acoustics simulation results, ren-
dered audible with auralization, should also be listeneditb a reproduction system that can realiable produce
all possible directions. However, in practice it is impbésito use loudspeakers in every directions, thus, multi-
channel reproduction systems try to cover all the possilbéctions with a limited number of loudspeakers and
signal processing. In headphone reproduction there aygtwolloudspeakers very close to ears and all directions
have to be created with signal processing, usually by appligead-related transfer functions (HRTFs) [3].

From auralization point of view the binaural listening whkadphones is the most attracting method, since
then the acoustics of the listening room is not a problem.dbfiteon, the filtering of every single reflection with
HRTF functions is straightforward, although it requireadf processing power. However, it is well know that
HRTFs are individual and it is very hard to make authenti@bzation binaurally. Headphone equalization is also
very tricky at high frequencies [28, 29, 4], above 5-7 kHz itegponse of headphones at the ear drum is different
every time the headphones are put on. It seems that binaataiues can not be applied in auralization if the
aim is authentic auralization over the whole audible fremyerange.

Loudspeakers can produce the whole audible frequency maioge reliably, but the problems are related to
the acoustics of the listening room as well as to the spafaiduction of every single reflection. The vector base
amplitude panning (VBAP) [30] is a simple solution for sphigsound reproduction, since it is computationally
inexpensive and it allows the use of arbitrary loudspeakefigurations. In addition, amplitude panning does
not create audible artefacts to sound, e.g., phase errbeseare also plenty of other spatial sound reproduction
techniques, e.g., Ambisonics [31] and wave field synth&§ put they tend to create audible coloration to sound
and real 3-D sound reproduction is hard with these methaalsoificlude, it can be said that VBAP is suitable for
authentic auralization if there are enough loudspeakeatghanlistening room is as anechoic as possible.

5. AURALIZATION OF MEASURED IMPULSE RESPONSES

Auralization of measured impulse responses is a nice watutly sacoustics of existing spaces. However, there
are several major problems in obtaining high quality impulkssponses for auralization process.

The first one is related to directivity of sound sources. Argbsource applied in measurements, should be
able to produce directivity patterns similar to musicakiasents or a human singer. Some attempts to build a
controllable sound source have been reported [33, 34, 35hH36still a lot of research is to be done. When a good
directivity-controllable source source is available,reaingle instrument position of an orchestra can be measured
with the correct directivity and an orchestra can be remteskewith a group of individually radiating point sources.

Another major problem is the capture of 3-D sound so thatntlager be reproduced transparently. As men-
tioned earlier, binaural techniques [28, 37, 38] are prolaliic at high frequencies, although the recordings were
done with real heads. For multichannel loudspeaker regtaiua recent technique, spatial impulse response ren-
dering (SIRR) [39, 40, 41] is very promising. With SIRR thesal impulse response of a hall can be measured and
in reproduction it is applied with any loudspeaker configiora The methodology has also been developed further
and directional audio coding (DirAC) [42] enables spatiadia recording and reproduction almost transparently.

6. CONCLUSIONS

The current state-of-the-art in the subfields of auralirats presented. We have tried to cover recent studies on the
directivities of sound sources, anechoic stimulus gatigernoom acoustics modeling, and 3-D sound reproduction
techniques. None of these problems is totally solved, asekitns that auralization can not yet be used as a reliable
tool in the design of concert halls. However, very good aza#ibns are not so far away and we foresee that in few
years the quality of auralization of concert hall modelsagyeod that auralization will be very useful tool in all
kind of design problems.

Joint Baltic-Nordic Acoustics Meeting 2008, 17-19 AuguB08, Reykjavik, Iceland BNAM2008-4



Acknowledgements

T. Lokki’s work has received funding from the European Rede&ouncil under the European Community’s Sev-
enth Framework Programme (FP7/2007-2013) / ERC grant agneteno [203636] and the Academy of Finland,
project no [119092].

7. REFERENCES

[1] M. Kleiner, B.-1. Dalenback, and U.P. Svensson. Auralian — an overviewd. Audio Eng. Soc41(11):861—
875, Nov. 1993.

[2] M. Vorlander. Auralization — Fundamentals of Acoustics, Modelling, Sation, Algorithms and Acoustic
Virtual Reality Springer-Verlag, 2008.

[3] J. Blauert. Spatial Hearing. The psychophysics of human sound lodalizaMIT Press, Cambridge, MA,
2nd edition, 1997.

[4] T. Lokki. Physically-based Auralization - Design, Implementatiand Evaluation PhD thesis, Helsinki
University of Technology, Telecommunications Softward Bfultimedia Laboratory, report TML-A5, 2002.
Available at http://lib.hut.fi/Diss/2002/isbn951226 858

[5] CD Bang&Olufsen 101. Music for archimedes, 1992.
[6] Denon. Anechoic orchestral music recording. Audio C2nbn Records, 1995. ASIN: BO000034M9.

[7] T. Hidaka, K. Kageyama, and S. Masuda. Recording of amieabrchestral music and measurement of its
physical characteristics based on the auto-correlatioation. ACUSTICA67:68—70, 1988.

[8] R. Freiheit. Historic recording gives choir "alien" fa®: In anechoic space, no one can hear you sing. In
the 150th ASA meeting / NOISE-CON 20BBnneapolis, USA, 2005. paper 4pMU3.

[9] M. Vigeant, L.M. Wang, and J.H. Rindel. Investigationsmulti-channel auralization technique for solo
instruments and orchestra. the 19th International Congress on Acoustics (ICA’200Viadrid, Spain,
September 2-7 2007. Paper RBA-15-004.

[10] J. Patynen, V. Pulkki, and T. Lokki. Anechoic recordisgstem for symphony orchestraActa Acustica
united with Acustica2008. Conditionally accepted for publication.

[11] T. Lokki, J. Patynen, and V. Pulkki. Recording of anecheymphony music. Idoint ASA/EAA Meeting,
Acoustics’08 Paris, France, June 29-July 4 2008.

[12] J. Meyer.Acoustics and the Performance of Musierlag das Musikinstrument, Frankfurt/Main, 1978.
[13] J. Meyer. The sound of the orchestda Audio Eng. So¢41(4):203—-213, Apr. 1993.

[14] Directivities of musical instruments. http://wwwiptle/en/org/1/17/173/richtchar.htm.

[15] N. H. Fletcher and T. D. Rossing.he Physics of Musical InstrumentSpringer, New York, 1991.

[16] L. Savioja, J. Huopaniemi, T. Lokki, and R. Va&dnaneneding interactive virtual acoustic environments.
Audio Eng. So¢47(9):675-705, 1999.

[17] F. Otondo and J. H Rindel. A new method for the radiatiepresentation of musical instruments in aural-
izations. Acta Acustica united with Acustic1(5):902-906, 2005.

Joint Baltic-Nordic Acoustics Meeting 2008, 17-19 AuguB08, Reykjavik, Iceland BNAM2008-5



[18] U.P. Svensson and U.R. Kristiansen. Computational etiogl and simulation of acoustic spaces. ARS
22nd Int. Conf. on Virtual, Synthetic and Entertainment idugages 11-30, Espoo, Finland, June 15-17
2002.

[19] D. Murphy, A. Kelloniemi, J. Mullen, and S. Shelley. Aastic modeling using the digital waveguide mesh.
IEEE Signal Processing Magazin24(2):55 — 66, 2007.

[20] J. B. Allen and D. A. Berkley. Image method for efficignfimulating small-room acoustic3. Acoust. Soc.
Am, 65(4):943-950, 1979.

[21] J. Borish. Extension of the image model to arbitraryypeldra.J. Acoust. Soc. Amz5(6):1827-1836, 1984.

[22] T.A. Funkhouser, I. Carlbom, G. Elko, G. Pingali, M. $itm and J. West. A beam tracing approach to acous-
tic modeling for interactive virtual environment®d\CM Computer Graphics, SIGGRAPH’98 Proceedings
pages 21-32, July 1998.

[23] N. Tsingos, T. Funkhouser, A. Ngan, and |. Carlbom. Mipdeacoustics in virtual environments using the
uniform theory of diffraction. INSIGGRAPH 2001 Conference Proceedingages 545-552. ACM SIG-
GRAPH, 12-17 Aug. 2001.

[24] A. Krokstad, S. Strom, and S. Sorsdal. Calculating tteuatical room response by the use of a ray tracing
technique.J. Sound Vih.8(1):118-125, 1968.

[25] S. Siltanen, T. Lokki, S. Kiminki, and L. Savioja. Theorm acoustic rendering equatiah.Acoust. Soc. Am.
122(3):1624-1635, September 2007.

[26] T. J. Cox, B.-l. Dalenback, P. D’Antonio, J. J. Embrexhi. Y. Jeon, E. Mommertz, and M. Vorlander.
A tutorial on scattering and diffusion coefficients for ro@ooustic surfacesActa Acustica united with
Acustica 92(1):1-15, 2006.

[27] M. Vorlander and E. Mommertz. Definition and measuretm@drandom-incidence scattering coefficients.
Applied Acoustics60(2):187-199, June 2000.

[28] H. Mgller. Fundamentals of binaural technolodpplied Acoustics36(3-4):171-218, 1992.

[29] T. Hiekkanen, A. Mé&kivirta, and M. Karjalainen. Virtlized listening tests for loudspeakers. the 124th
Audio Engineering Society (AES) Conventidimsterdam, the Netherlands, May 17-20 2008. paper no.
7367.

[30] V. Pulkki. Virtual sound source positioning using vactbase amplitude panningJ. Audio Eng. Soc.
45(6):456-466, June 1997.

[31] D. Malham and A. Myatt. 3-D sound spatialization usinglasonic techniquesComputer Music Journal
19(4):58-70, 1995.

[32] A.J. Berkhout, D.de Vries, and P. Vogel. Acoustics cohby wave field synthesisJ. Acoust. Soc. Am.
93(5):2764-2778, May 1993.

[33] R. Causse, J. Bresciani, and O. Warusfel. Radiationusfioal instruments and control of reproduction with
loudspeakers. IRroc. of ISMA Tokyo, 1992.

[34] D. Trueman, C. Bahn, and P.R. Cook. Alternative voia@sfectronic sound: Spherical speakers and senser-
speaker arrays (SenSAs). Rroceedings of the International Computer Music ConfedentCMC’2000Q
pages —, Berlin, Germany, Aug. 27 - Sept. 1 2000.

Joint Baltic-Nordic Acoustics Meeting 2008, 17-19 AuguB808, Reykjavik, Iceland BNAM2008-6



[35] O. Warusfel and N. Misdariis. Sound source radiationtisgses: From performance to domestic rendering.
In the 116th Audio Engineering Society (AES) Conventgarlin, Germany, May 8-11 2004. paper no 6018.

[36] A. Farina, P. Martignon, A. Capra, and S. Fontana. Maagumpulse responses containing complete spatial
information. In22nd AES-UK Conferenc€ambridge, UK, April 11-12 2007.

[37] H. Mgller, M.F. Sgrensen D. Hammershgi, and C.B. Jenktrad-related transfer functions of human sub-
jects.J. Audio Eng. So¢43(5):300-321, 1995.

[38] D. Hammershgi and H. Mgller. Methods for binaural relieg and reproductionActa Acustica united with
Acustica 88(3):303-311, May/June 2002.

[39] J. Merimaa and V. Pulkki. Spatial impulse response eging |: Analysis and synthesig. Audio Eng. Sog.
53(12):1115-1127, 2005.

[40] V. Pulkki and J. Merimaa. Spatial impulse response eging 11: Reproduction of diffuse sound and listening
tests.J. Audio Eng. So¢54(1):3—-20, 2006.

[41] J. Merimaa.Analysis, synthesis, and perception of spatial sound —Baldocalizaion modeling and multi-
channel loudspeaker reproductiohD thesis, Helsinki University of Technology, Laborstof Acoustics
and Audio Signal Processing, report 77, 2006.

[42] V. Pulkki. Spatial sound reproduction with directidmaadio codingJ. Audio Eng. So¢55(6):503-516, June
2007.

Joint Baltic-Nordic Acoustics Meeting 2008, 17-19 AuguB08, Reykjavik, Iceland BNAM2008-7



