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SummarySpatial sound has long been a topi of interest in eletro-aousti musi. Withontinual tehnial advanements of methods to ahieve spatialisation of sound,an inrease in the realisation of spatial sound ideas an be ahieved, while on-urrently giving birth to new onepts in this area. Wave Field Synthesis (WFS)provides a ompelling method, as it exels in reating a lear loalisation of avirtual sound soure for a large listening area. Despite the neessary hardwareinvestment, WFS is gaining popularity at many institutes - internationally -providing inreasing numbers of omposers and sound artists with aess tothe tehnology. This relationship between tehnology and omposer providesan environment for exploration of strengths and weaknesses, as well as drivingforward development of the tehnology while omposers are reating the on-tent. This an be onsidered a key element in reating a demand for WFS inommerial and aademi markets.To provide more extensive ontrol over sound soures, this thesis proposesa method for the reprodution of arbitrarily shaped objets emitting sound,using WFS. The method begins with a known or de�ned geometry of the objetsurfae, and assumes a known or de�ned vibration of this surfae. Using theseparameters, signals for a WFS loudspeaker array are alulated, applying anadapted WFS operator that takes into aount the elevation above or below thehorizontal plane, and di�ration of the sound around the objet itself.The method is validated through the alulation of several examples, eval-uating the e�ets of size, shape, re�nement, distane and di�ration on theresulting wave �eld emitted by the loudspeakers. The di�ration model givesplausible results, but a �seond stage� of di�ration ours at the WFS repro-dution array. A listening test shows that sound objets reprodued in this wayause signi�ant pereptual e�ets primarily on tone olouration, but also invarious spatial parameters suh as soure width, loalisation and spaiousness.
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ZusammenfassungSeit Beginn der elektroakustishen Musik stöÿt das Thema des räumlihenKlanges unter Komponisten auf groÿes Interesse. Durh die kontinuierlihetehnishe Entwiklung konnten und können diesbezüglih zunehmend Meth-oden zur Realisierung von Raumklang erreiht und neue Konzepte angeregtwerden. Die Wellenfeldsynthese (WFS) zeihnet eine gewihtige Methode aus,die eine klare Lokalisation von virtuellen Klangquellen für einen groÿen Hör-raum kreiert. Trotz des hierfür notwendigen hohen tehnishen und �nanziellenAufwands gewinnt die Wellenfeldsynthese international an vielen Instituten anPopularität, wodurh Komponisten und Klangkünstlern in zunehmendem MaÿeZugang zu dieser Tehnologie ermögliht wird. In dieser Beziehung zwishenTehnologie und K"unstlern bietet sih die Möglihkeit der Erforshung derStärken und Shwähen, ebenso wie der Weiterentwiklung der Tehnologie beigleihzeitigem Herstellen von Inhalten durh die Künstler. Dieses ist auh derShlüssel des Erfolges, um die Nahfrage für die WFS anzuregen und ihr einengröÿeren Markt zu ershlieÿen.Um eine gröÿere und detailliertere Kontrolle über Klangquellen liefern zukönnen, wird in dieser Dissertation eine Methode vorgestellt für die Repro-duktion (mittels WFS) von willkürlih geformten Klang-aussendenden Objek-ten. Diese Methode geht von einer bekannten, beziehungsweise einer de�niertenGeometrie der Ober�ähe eines Objektes aus und nimmt eine bekannte oderde�nierte Shwingung dieser Ober�ähe an. Mit diesen Parametern werden Sig-nale für ein WFS-Lautspreher-Array, durh die Anwendung eines angepasstenWFS-Operator berehnet, welher auf die Position über und unter der horizon-talen Ebene sowie die Beugung des Klangs um das Objekt herum Bezug nimmt.Diese Methode wird durh die Kalkulation einiger Beispiele überprüft, wobeidie E�ekte von Gröÿe-, Form-, Verfeinerungs-, Distanz- und Beugungsparam-etern auf das resultierende von den Lautsprehern wiedergegebene Wellenfeldausgewertet werden. Das Beugungsmodell ergibt plausibele Resultate; es trittaber ein �zweite Stufe� der Beugung auf, auf dem Lautspreher-Array.Ein Hörtest hat deutlih gezeigt, das die Shallquellen, die auf diese Weisewiedergegeben wurden, deutlih wahrnehmbare Eigenshaften aufweisen. AlsErstes ist ein E�ekt auf die Klangfarbe zu hören, aber des weiteren auh in ver-shiedenen räumlihen Parametern wie Quellenbreite, Lokalisation und Räum-lihkeit. v
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SamenvattingRuimtelijk geluid is al sinds de begintijden van de eletro-akoestishe muziekeen thema dat grote interesse wekt onder omponisten. Met de voortdurendetehnishe ontwikkelingen op het gebied van ruimtelijk geluid, vinden ook steedsmeer ideeën voor ruimtelijkheid een uitdrukking, terwijl tegelijkertijd de nieuwetehnishe mogelijkheden nieuwe ideeën inspireren. Golfveldsynthese (WaveField Synthesis, WFS) biedt een fasinerende methode, die uitblinkt in hetreëren van een kristalheldere loalisatie van een virtuele geluidsbron, welke opeen groot luisteroppervlak hoorbaar is. Ondanks de benodigde investeringen inhardware wint WFS aan populariteit bij vele instituten - op internationaal vlak- en voorziet daarmee meer en meer omponisten en geluidskunstenaars vantoegang tot de tehnologie. Deze relatie tussen tehniek en omponist biedt eenomgeving voor het verkennen van de sterke en zwakke kanten van de tehnologie,en is ook een drijvende kraht voor verdere ontwikkeling van de tehnologie, ter-wijl tegelijkertijd omponisten inhouden reëren. Dit kan gezien worden als eensleutelelement om een vraag naar WFS in ommeriële en aademishe marktentot stand te brengen.Om in een grotere en gedetailleerde beheersing over geluidsbronnen te voor-zien, wordt in deze dissertatie een methode voorgesteld voor de reprodutie,met behulp van WFS, van willekeurig gevormde objeten die klank voortbren-gen. De methode gaat uit van een bekende of gede�niëerde geometrie van deoppervlakte van het objet, en neemt een bekende of gede�niëerde trilling vandeze oppervlakte aan. Met deze parameters worden signalen voor een WFSluidspreker array berekend, met behulp van een aangepaste WFS operator, diede vertiale omponent, boven of onder het horizontale vlak, in rekening neemt,en di�ratie van het geluid door het objet zelf.De methode wordt gevalideerd door de berekening van versheidene voor-beelden, die het e�et van grootte, vorm, disretisatie, afstand en di�ratie ophet gereprodueerde golfveld laten zien. Het di�ratiemodel levert plausible re-sultaten op in deze toepassing; er treedt ehter een �tweede stap� voor di�ratieop aan het luidsprekerarray. Een luistertest heeft laten zien dat geluidsbronnendie op deze manier weergegeven worden, duidelijke pereptieve eigenshappenhebben; in de eerste plaats is er een e�et op de klankkleur, de andere eigen-shappen zijn van ruimtelijke aard en hebben betrekking op de bronbreedte(soure width), lokalisatie en ruimtelijkheid.vii
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PrefaeThis thesis is the result of oupying myself with Wave Field Synthesis forapproximately the last �ve years.My �rst interest in Wave Field Synthesis was born by the very �rst demon-stration of WFS I experiened, as I studied Applied Physis in Delft. Though Ioriginally intended to do my Master's Thesis on the topi, this did not work outdue to irumstanes. While I was working on my Master's Thesis on Spaious-ness in Conert Halls, my supervisor Diemer de Vries, was an Edgard Varèseguest professor at the TU Berlin, and upon his return to Delft, he held a pre-sentation about his time in Berlin. Being halfway the one year Sonology Courseat the Conservatory in The Hague, I asked him, approximately one week beforeI handed in my Master's Thesis whether he thought it would be possible for meto go to Berlin, to work on Wave Field Synthesis and eletro-aousti musi; heput me in ontat with Folkmar Hein, who immediately showed enthusiasm, butalso learly stated the reality that there was no �nanial support to be o�eredfrom the side of the TU Berlin at that moment. Thus I ventured into the worldof grant appliations, and have been extremely luky in reeiving grants fromthe VSB Fonds (for a 10 month post graduate researh projet) and the DAAD(for a 6 month post graduate researh projet), and have been luky to havesupportive parents in the months where grant money was not available, as wellas to have found a temporary job at the neighbouring Institut für TehnisheAkustik (ITA).With the appointment of Stefan Weinzierl as the new professor for theFahgebiet in 2004, he onvined me to expand on the theme of arbitrarilyshaped sound soures as a Ph.D. researh projet, whih has been funded bya grant of the NaFöG (Nahwuhsförderungsgesetz) in Berlin (here I need tothank Frau Susanne Hördt for the great are with whih she handled all thedetails of the grant).Upon ommening to atually write down the thesis (partly beause in thesame period, the TU Berlin has been able to realise a WFS system in one of itsleture halls) it appeared best to ombine both the work on the software andits renewed version, as well as its appliation by omposers, and the researhinto arbitrarily shaped sound soures, into one thesis, espeially as this puts thethesis not only within a physial ontext (whih is the main emphasis of thearbitrarily shaped soures), but also into a more musial ontext, whih is more�tting to a faulty of "Geisteswissenshaften", to whih our Audio Communi-ix



xation Group belongs. It also gave me an opportunity to elaborate on manytopis, whih have not been desribed in many other WFS theses.This is the plae to thank everyone who has supported me over the years inthis work, whih not only inludes my supervisors Stefan Weinzierl and Diemerde Vries, but also Folkmar Hein, who has been a great support throughoutmy �ve years at the TU, the various students and tutors in the studio: HannsHolger Rutz (who introdued me into the underground eletroni musi sene ofBerlin), Niklas Werner (†), Martin Rumori and Stefan Kersten (who all helpedme get started with Linux Audio), and of ourse, the slowly expanding WFSteam who rewrote the software and set up the system in the leture hall: TorbenHohn, Simon Shampijer (who has also been a great o-organiser of the LinuxAudio Conferene 2007), Daniel Plewe, Eddie Mond and Thilo Koh, as well asWilm Thoben, Ekie Güther, Florian Goltz and Sebastian Roos. Hans-JoahimMaempel and Judith Liebetrau have given valuable advie on the listening tests.Thanks go to Somaya Langley for proofreading and editing my English for partsof this thesis. Julius Stahl and Ilka Theurih have helped me reate the Germanversion of the summary. My brother Philippus read my whole thesis and foundtypos and sentenes whih weren't making any sense, so I ould orret themfor the �nal publiation.For inspiration I have to thank several of the Edgard Varèse guest professors,besides Diemer, Hans Tutshku for inspiration and the �rst experiments om-bining Modalys and WFS, and Norbert Shnell for inspiration for realisation ofthe spatial granular synthesis.Outline of this thesisThe �rst hapter gives an introdution to spatial tehniques as used in eletro-aousti musi and goes into detail on spatial pereption of soure shape andsize. Chapter 2 explains the theory of wave �eld synthesis, whereas hapter 3details the setup of hardware and software for WFS as developed at the TUBerlin, fousing on the pratial details of implementation. The hapter thatfollows will disuss the use of Wave Field Synthesis for eletro-aousti musi.In hapter 5, a soure model for 3D sounding objets is introdued, inludingdi�ration and loal re�etions of the soure objet. Chapter 6 details the algo-rithms used in the software implementation of this model. Chapter 7 presentsan evaluation of the model.The thesis is onluded with a disussion of the results and an outlook tothe future of WFS.
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Chapter 1IntrodutionSpatialisation has long been a topi of interest within eletro-aousti musi1and onsequently many omposers, sound artists and authors have written aboutdi�erent approahes, and used di�erent tehniques and tehnologies. Wave FieldSynthesis (WFS) �ts into this tradition and provides the possibility to realisemany ideas whih were previously impossible.1.1 Compositional approahes1.1.1 Creating spae and spatialityRaaijmakers [Raa93℄ states that throughout the 19th entury the world has beenredued from a round, full spatial world to a single point, as the fators path (tobe understood as proess) and time were gained, in exhange for spae, equatedto soul. Sine then, attempts have been made to regain lost spae, through (1)tehnial, (2) spiritual and utopian means and (3) through art: by omposingspae.To the �rst point, Raaijmakers asribed the development from monophoni,via stereophoni, quadraphoni, ambisoni, to �spaesound�, omniversum andholophony. To the seond point, he provides an overview of how several artistsand theorists imagine new spatiality - ones that annot yet be realised - beforeontinuing on to address, at greater extent, the topi of omposed spae. Be-ginning this, is a shemati listing of the relation between musi transmissionand spatial setting of the performane:1. the lonely singer in an empty world;2. ontra-point, duo, dialogue, duel;3. irus, amp-�re, jail;1With eletro-aousti musi is referred to musi that is reated by synthesis or proess-ing, digitally and/or eletronially, whih is dependent on the reprodution by an eletro-mehanial transduer, e.g. a loudspeaker. This spei�ally exludes the use of proessingaudio data with the aim to reprodue an aousti event (e.g. a violin onert). It does inlude,however, any genre of eletroni musi, as well as (most) sound installations.1



2 1.1. COMPOSITIONAL APPROACHES4. amphitheatre (as an in-between form);5. 19th entury onert hall, spaiousness, stereo, depth, hierarhy;6. pop-sreen, 1D, eletroni, no depth, arti�ial spae, laser/smoke, olour/light.Modern omposers do not desire spae to passively "reprodue" musi, butwish for it to beome an ative "soure", so as to mobilise it. Three ideals anbe used to ahieve this ideal:1. "Traes", "routes" and "planes" are set out in the spae, that the soundan follow. With the aid of loudspeakers, imaginary soni routes arereated and movements are simulated. Forms of antiphony and sonipolyphony are reated. Examples an be found in the works of Stok-hausen, Varèse, Xenakis, Nono and Boerman. The sounding spae is au-tonomous and independent of the topographial spae in whih the sound-ing is taking plae.2. Spae (or loation) is seen as a serial fator in the ompositional proess,equivalent to other parameters suh as pith, duration, loudness and toneolour, as done by Goeyvaerts and Stokhausen.3. Development of a "omposed aousti" by the priniple of auto summationof sound, aiming to transend arhitetural aoustis by the "omposedaoustis". The latter being subjeted to ompositional laws (e.g. themethod of Boulez in Répons).Joel Ryan2 onsiders that spae an be addressed in two ways: the �rst isto reate paths for the sounds, resulting in a horeography of the sounds, andonsequently, this horeography requires meaning to be inserted. An alternativeway to address spae is by attempting to �ll the spae with sound (whih heoften does in his own work) and an be ahieved by using tehniques suh asreverb and delay.1.1.2 Symboli meanings of spae and ontextTrohimzyk [Tro01℄ relates the use of di�erent spatial designs losely to thesymboli meaning of these forms, to spatial meanings enountered in our ulture.Distinguishing between irles and nets, the �rst is assoiated with the familiar,but at the same time to the mystial and entralised, whereas the seond isassoiated with a more demorati onept.At the start of the disussion in her paper, she states that there is no suhthing as spatial musi, but only spatio-temporal musi, as we an only experienespae in time, and in turn, an only experiene time in spae.Like other omposers and authors (e.g. Boerman [Boe92℄ and Böhmer [B�93℄),she elaborates on the issue of mobility of the audiene: the musi is no longeromposed for an audiene who are �xed in their listening position, but rather thenotion is to permit audienes to move, reating their own personal experieneof a ertain piee, rather than a (spatially) �xed experiene. This onept is2soure: a private onversation with the authorMarije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



CHAPTER 1. INTRODUCTION 3partly situated in a soio-politial ontext, where the omposer an no longerditate the auditory experiene of the listener, but rather the listener takes onan ative role in his or her own experiene, gaining freedom that is driven byhis or her own uriosity. Pratial onerns arise, suh as that of the audienemaking noises themselves whilst moving (whih an be addressed by arpetingspaes so footsteps are not heard [B�93℄), as well as being distrated away fromfoussed listening by having to onentrate on appropriate movement throughthe spae, to ite Xenakis [Xen94℄:�The problem is that when people move around they annot listenin the same way, they do not onentrate on the musi. They donot know how to pay attention while walking and they do not notiethe fat that when they hange position they have a di�erent auralperspetive aused by the di�erene in loation. Besides, they aredistrative, they annoy other people who are listening, when theymove.�Opposing this is Cage [Cag67℄, in his desription of the behaviour of theaudiene in Diary: Audiene 1966 :�An audiene an sit quietly or make noises. People an whisper,talk, and even shout. An audiene an sit still or it an get up andmove around. People are people, not plants.�Xenakis' approah in Terretektorh and Nomos Gamma is to disperse theorhestra between the audiene, so spatial trajetories an be reated by se-quentially allowing the various instrumentalists to play the sounds; he also in-trodues an intimay between the audiene and the sound. As Boulez notesabout Répons [Tro01℄, if an audiene member wants to hear a di�erent perspe-tive on the piee, he or she an listen to it again from another loation. Ofourse, this means that an audiene should be able to have aess to severalperformanes, but in reality this is rarely the ase.An major inhibitive fator for reating musi for mobile audienes, is thatonert halls are often not suitable for suh situations: due to soial tradi-tions, layout (where seats are �xed), plus seurity onerns. In ontrast, in anon-lassial ontext (popular musi, lub venues or underground/experimentalmusi), the audiene is more likely to be able to move around the spae, hang-ing their perspetive. A good example of this are the onerts of the Duthband Kong from the 1990's, where they performed in a quadraphoni layout.Eah of the four musiians played on a small stage plaed on eah side of thehall and the audiene was able to freely move (and dane) in between them.Mobility of audienes an be more easily ahieved in sound installations[dlMH99℄, whih are usually presented in gallery or museum environments, andthat are often open to the audiene over extended time frames. Listeners anhoose when to enter and when to leave, and are provided with the opportu-nity to shift their position in the spae. This ontext introdues the problemwhere ompositions intended for this spae must be omposed in a way that... with a fous on the reprodution of arbitrarily shaped sound soures



4 1.1. COMPOSITIONAL APPROACHESis suitable for this type of presentation. Commonly found, are looped ompo-sitions, although inreasingly, generative ompositions are omposed for suhspaes [Itu07℄. When ompositions are reated to be responsive to ation andmoment inside the spae (by the use of sensor tehnology), the proess beomesdiretly related to the stati arhitetural spae, but also, and perhaps more im-portantly, to the dynami soial arhiteture of the spae, i.e. the in�uene ofthe people present in the spae and their attribution to environmental hangesin eah spei� situation. As the soni environment is dynami, reating in oneway or another to individuals in the spae, pereption of the spae is onstantlyhanging.Another form for spatial musi is the mobility of the performers. Here theproblem is that this very mobility may introdue a theatrial harater to thework, whih must be arefully evaluated. When the importane of the musi-ians' ations overshadows that of the sonorous results of these ations, musiis transformed into musial theatre [Tro01℄.1.1.3 Illusion, allusion and temporal developmentBarrett [Bar02℄ gives an overview of omposition strategies for spatial sound,diserning four main approahes to spae and how the omposer an work withinit: 1. illusion of a spae or a spatial loation of an objet,2. allusion to a spae or a spatial loation of an objet,3. simulation of the three-dimensional sound �eld,4. spatial possibilities ontingent upon temporal development.In the �rst ase it is attempted to reate a pereived spae, whih mathes(as losely as possible) a real spae. This is arried out by maintaining spatiallaws suh as the e�et of sound transmission, the properties of the reverber-ant �eld, objet image and multiple objets relationships, Doppler shifts andgestural-spatial de�nition. To reate an e�etive spatial illusion, the tehnialimplementation plays an important role. However, it is often su�ient to reatea plausible spatial illusion via fairly simple means.In the seond ase, spae is implied by making use of listener's assumptionsabout ertain sounds, e.g. through information that does not onform to thespatial laws, where insu�ient spatial laws are present, or where presented spa-tial laws are set in on�it. An example of information other than the spatiallaws is the soni result of wind swaying a large tree in full leaf. When a listenerhears this sound, he/she will assume an outdoor spae.In third ase, the aim is to reate an aurate simulation of a 3D sound �eld,rather than reating the illusion of one. This method is not based on reatingpsyho-aousti illusions, but to reate a physially aurate aoustial wave�eld. For a omposer this demands a di�erent working method, as it is objetoriented, rather than trak oriented.The fourth ase is where the spatial pereption relies on the memory ofthe listener, be it from outside the omposition (long-term memories, outer-Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



CHAPTER 1. INTRODUCTION 5referential development) or within the omposition (self-referential develop-ment). Contrasts or paradoxes an be ahieved by hanging from a spatial�illusion� to an �allusion�, or by hanging from aurate spatial (and spetral)ues, to on�iting ues. One example of this is by moving a sound sourequikly through the spae and plaing the Doppler shift at a position that istoo early or too late. If the deviation from the natural physis is not too large,the listener will not pereive it as a breakdown of the spatial image, but ratherpereive it as a transformation of the sounding objet.1.1.4 A terminology for spatial propertiesKendall [Ken07℄ presents a terminology of spatial attributes for desribing spa-tial relationships of eletro-aousti musi, beginning with a terminology of spa-tial attributes, as presented by Rumsey [Rum02℄, for reprodued sound. He usesthe dimensional attributes of width, distane, depth and diretion, as well asthe immersive attributes of envelopment and presene. These elements an beapplied on di�erent levels of an auditory sene, from one soure to groups ofsoures (suh as an ensemble), to groups of groups, where the transition is on-tinuous rather than disrete. As many levels as required in the ompositionbeing studied, an be used.He also mentions four di�erent frames of referene for �soure�:1. the soure signal, i.e. the aoustial signal or representation thereof;2. the 'soure image', i.e. the 'soure' that has spatial attributes in theauditory sene;3. the 'oneptual soure', i.e. the objet that the listener identi�es with thesound, independent of the spatial attributes;4. the listener's spatial shemata SOURCE (see [Joh87℄).1.1.5 Psyho-aoustial aspetsOur diretional hearing serves a very primitive funtion, that of a warning sys-tem [Moo04, e.g.℄. When we hear a sound, we need to be able to quikly identifythe loation of the sound, and whether the soure produing the sound is a dan-ger to us.As the majority of events in the physial world our within the horizontalplane, we have well developed apabilities for determining the position of asound soure in this plane. Also, we are better at loalising sounds in front ofus, than behind us [Bla97℄.Our vertial pereption is less developed. Our ability for horizontal loal-isation of sounds is based upon the fat that we have two ears, and are ableto evaluate the di�erenes in the signals we reeive with eah ear3. Whereas,loalisation in the vertial plane is assoiated with spetral di�erenes, due tothe way sounds are re�eted in our outer ear.3front-bak onfusion an our as the interaural di�erenes for front and bak may thesame. Head movements help to avoid the onfusion.... with a fous on the reprodution of arbitrarily shaped sound soures



6 1.2. REALISATIONThe main purpose for aural loalisation is to enable us to diret our visualattention to the pereived sound soure, whih then determines our subsequentbehaviour (suh as seeking over, moving out of the way, or aiming our arrows).Sounds that our behind us an make us feel unomfortable, as we are oftennot able to distinguish them as quikly as sounds ourring in front of us.It should also be noted that generally, we pereive sounds as oming fromertain angles, and having a ertain distane, i.e. we do not interpret the spaein a Cartesian, but rather in a spherial oordinate system. Distane is diretlyrelated to feelings of intimay: a lose whisper in the ear, versus a distantshout. Sudden intrusions of the intimate sphere may ause disomfort, whereasa areful approah may be pereived as omforting.Spatial disloation of soures an also help us to pereive di�erent streamsof audio (stream segregation); our auditory system is apable of fousing ourattention to a spei� stream of audio, based on its loation in spae, and thusdistinguishing the stream from another auditory stream. Musially, this givesthe opportunity to use di�erent sound soure loations for di�erent voies in themusi (an example an be found in a prodution of Nanarrow's player pianoworks by Sandoval and Höldke [Hoe07℄). Where in instrumental musi thissegregation takes plae automatially as eah instrument has its own positionin spae, using loudspeakers, this an be ahieved by using separate speakersfor separate voies.1.2 RealisationThe extent to whih spatial parameters an play a role in musial ompositionis dependent on the tehnology available to ahieve spatialisation. In the fol-lowing an overview is given of ommon tehnologies and their advantages anddisadvantages.1.2.1 Stereophoni tehniquesIn the development of loudspeaker tehnology, there has been a developmentfrommono, to stereo, and to multihannel stereophony (quadraphony, otaphony,5.1 surround, 7.1 surround, et.). In its simplest form stereophony is based onamplitude based panning, and in a more omplex form on vetor based panning,where time delays of the signals are also taken into aount.In eletro-aousti musi, we an see that in the development of using thesetehniques there has been a great interest in how to ontrol the panning of soundsoures, in a way that goes beyond the ommon "pan-pot" or balane knob on amixing desk. Jaques Poullin (1951) reated in Paris the potentiomètre d'espaesystem for distribution of sound amongst four loudspeakers, two in front of theaudiene, one above and one in the rear. This system allowed the performer toposition a sound by simply moving a small hand-held transmitter oil towardor away from four large reeiver oils that were positioned around him. Theexperiments with spatial projetion of sound indued oneptual ideas on thespatial parameter of eletroni musi, that went beyond a notion of stereophony,Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...
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Figure 1.1: The inside of the Osaka spherial pavilion. The speakers are plaedon the sphere, in a similar pattern as the lights.as Pierre Shae�er (1951) [Sh90℄ mentions: "... le nouveau proédé est unedialetique du sons dans l'espae et je pense que le terme de musique spatialelui onviendrait mieux que elui de stéréphonie."4.Though most ommonly quadraphoni or otaphoni setups are found, thereare examples of works that used many more speakers, suh as the multimedialwork Poème Eletronique (1958) of Edgard Varèse, hundreds of loudspeakerswere used to reate spatial trajetories through the Philips Pavilion (by LeCor-busier and Iannis Xenakis), and the hemisphere spatialisation for the WorldExpo in Osaka (1970). The latter was a further development of Stokhausen'stehnique for Kontakte (1958-60), where he rotated one, highly diretional,speaker on a plate, playing sound, and reorded this with four mirophonesonto four hannels [MB88℄. At the start of 1960 Manfred Krause implementedan improved version of this idea on a eletroni basis (the Tonmühle): the ele-troni signals are divided over several speakers by hanging a resistane. Thenumber of speakers was inreased, and the devie was usable for live performane[GGF96℄. The basis for this devie were developed further for the hemispherespatialisation used for the World Expo in Osaka in 1970 (�gure 1.1). 50 loud-speaker groups were divided over a hemisphere and a orresponding ball with50 buttons to ontrol the spatialisation was developed [GGF96℄ (�gure 1.2).Reently, there is a renewed interest in the hemisphere for spatialisation,4"...the new proess is a dialeti of sound in spae and I think that the term spatial musiould �t it better than stereophony"... with a fous on the reprodution of arbitrarily shaped sound soures
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Figure 1.2: Shemati overview of the audio-visual tehnology for the sphere-pavilion in Osaka.Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



CHAPTER 1. INTRODUCTION 9like for example the Klangdom in the ZKM, Karlsruhe [RGB06℄. One of thereasons of this development ould be that it is now muh easier to ontrolthe spatialisation over suh large systems, as the signals an be alulated bysoftware on a ommerially available omputer (see for example [Bar07℄), andare no longer dependent on speially designed hardware for the purpose.Simultaneously, the surround formats introdued by the �lm industry, suhas 5.1 surround and 7.1 surround, are gaining some popularity in the �eld ofeletro-aousti musi, as it provides a means for a large sale distribution of theworks, made available through the DVD format, as well as an interest of radiostations to broadast in these surround formats. Nonetheless these surroundformats do pose some problems, as they were primarily developed for a frontalpresentation, and as a onsequene, there are more speakers loated in the frontof the listener (where the visual fous is), than in the rear, and moreover inthe ompressed format the rear hannels are treated as less important and thusmore ompressed during the enoding. Thus although the tehnology providesa means for distribution, the omposer has to take into aount that he has toompose for an unbalaned spae, where the front is more important than therear. It is hard, if not impossible, to plae sounds at the sides, as the anglesbetween the front-left and rear-left (and also front-right and rear-right) are toolarge for stereophoni panning.The main problem for using quadraphony [Kop05, e.g.℄ was not only thatmanufaturers did not agree upon a ommon format for distribution, but alsothat the angle between the four speakers (one in eah orner of the hall) are a-tually too wide to ahieve a good audible result: between all speaker pairs, thereis a "hole" when the soure is in the middle between the speakers. Moreover, theatual intended result is only heard properly in the entre of the four speakers,the so-alled sweet spot. However in many onert situations for eletro-aoustimusi, this spot is reserved for the omposer or interpreter ontrolling the mix-ing desk, and no audiene member is atually seated in the sweet spot [B�93℄.Otaphoni setups (8 speakers equally spaed in a irle around the audiene)remedy the situation only partially, as the angles between the speakers are madesmaller, the "hole" in the middle between the speakers is not as serious. Stillthere is a large dependeny on the sweet spot.1.2.2 "Put a loudspeaker there"The weaknesses of stereophoni tehniques have prohibited some omposers (forexample G.M. König) from using these tehniques for spatialisation, as theydo not feel omfortable with the result. Curtis Roads mentions in a personalonversation with Alberto de Campo:5 "If you want the sound to ome from aspei� plae, put a loudspeaker there".Examples of these an be found in ompositions or sound installations re-ated for spei� spaes, where speakers are plaed at spei� loations withinthe spae, and are used to emphasise or use the natural aoustis of the spae,5a. 2000, probably at Sound in Spae Conferene, Santa Barbara. (soure: email om-muniation between the author and De Campo).... with a fous on the reprodution of arbitrarily shaped sound soures



10 1.2. REALISATIONby infusing aousti energy into the room at those plaes where it will resonatewell with the aoustis.1.2.3 Sound diffusionA di�erent approah, more as a way of performing an eletro-aousti piee,than seeing the spatialisation as part of the omposition, di�usion tehniqueshave been developed using so-alled loudspeaker orhestras, like the Birming-ham Eletro-Aousti Sound Theatre (BEAST6), the Groupe de Musique Ex-périmentale de Bourges' GMEBaphone [Clo01℄ and of the GRM7.While the main tehnique used to disperse the musi over the speakers,is essentially amplitude panning, the loudspeakers are hosen for their speialharateristis, i.e. not all speakers are the same. Eah of the speakers is seenas a di�erent interpreter for the musi and both the spatial disloation of thespeakers, as well as their individual spetral and diretional harateristis, playan important role in this tradition.1.2.4 Doppler effetsChowning (1971) [Cho71℄ desribed methods to reate the impression of fastmoving sound by simulating Doppler e�ets.1.2.5 Delay and reverberationOne way of adding spatial features to a sound is to mimi the aousti rever-beration of a hall. Tehnologies [WT06℄ to ahieve this have been developedfor a long time, starting with rather physial solutions, where the sound wasbroadast into a reverberation room and reorded again, as well as inputting thesound into a metal plate (e.g. the EMT Hallplatte from 1957), and reordingit again from another loation on the plate. Later analogue eletroni solu-tions were developed, or mixed analogue-digital solutions, through devies likebuket brigade delays. Ehoes an also be reated by sampling and playing bakthe sounds. As digital signal proessing developed itself further, DSP proes-sors with various reverberation algorithms beame available on the market, andin reent years onvolution has ome within the realm of realtime proessing,inreasing the popularity of the onvolution reverb.1.2.6 DeorrelationDeorrelation of audio signals [Ken95, Vag01℄ reates timbral olouration andombing due to onstrutive and destrutive interferene, produes a di�usesound �eld and does not su�er from image shift and the preedene e�et. Thistehnique does not aim to reate a physially orret image, but rather usespsyho-aousti e�ets (onfusion) to ahieve a di�use, broad sound image.6http://www.ea-studios.bham.a.uk/BEAST/7http://www.ina.fr/grm/Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...
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CHAPTER 1. INTRODUCTION 111.2.7 Metaphori tehniquesThe spatialisation tehnique does not neessarily have to be related to nat-ural spatial sound, as for example shown in the software Melonillo8 whihdetermines the strength of the ertain sounds in ertain speakers based on anarbitrarily de�ned funtion around the speaker [Rut04℄.Here spae is used in a more abstrat sense, as a way of navigating throughparameters, in this ase the amplitude of sounds for a ertain loudspeaker. Amore generalised approah for using spatial relationships for navigating throughparameter spaes is found in [MW03℄, though this goes beyond the sope of thisthesis.1.2.8 AmbisonisThe ambisoni sound system [MM95℄ is a two-part tehnologial solution to theproblem of enoding sound diretions and amplitudes, and reproduing themover pratial loudspeaker systems, so that listeners an pereive sounds loatedin a three dimensional spae. This an our over a 360 degree horizontal onlysound stage (pantophoni system), or over the full sphere (periphoni system).The system enodes the signals in a so-alled B-format ; the �rst order version ofthis enodes the signal in three hannels for pantophoni systems and a furtherhannel for the periphoni, i.e. "with-height" reprodution.Essentially the system gives an approximation of a wave �eld by a plane wavedeomposition of the sound �eld at the listener's position. This approximationgets more preise, when the order of ambisonis is inreased, whih also meansthat more hannels are needed for enoding, and that more speakers are neededfor deoding. For very high orders, ambisonis an be equated to wave �eldsynthesis [DNM03℄.In reent years, ambisoni tehniques have beome more and more popular,as a way of spatialising sound. Most ommonly �rst order systems are found,in rarer ases higher order ambisonis. With ambisoni tehniques di�erentspatialisation e�ets an be ahieved than with stereophoni tehniques, though,as stereophony, it is dependent on a "sweet spot" where the e�et is optimal.Implementations of ambisonis an be found in many popular sound synthe-sis programs, suh as CSound, Max/MSP, Pd and SuperCollider9.1.2.9 Wave Field SynthesisWave Field Synthesis (WFS) was introdued by Berkhout [Ber88℄ in 1988, and isan approah to spatial sound �eld reprodution based on the Huygens priniple.With WFS it is possible to reate a physial reprodution of a wave �eld; thishas the advantage over other tehniques in that there is no sweet spot, i.e. thereis no point in the listening area where the reprodution is remarkably betterthan at other plaes, rather, there is a sweet area, that is quite large.8http://melonillo.soureforge.net9http://www.sound.org, http://www.yling74.om, http://www.puredata.org andhttp://superollider.soureforge.net respetively.... with a fous on the reprodution of arbitrarily shaped sound soures
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12 1.2. REALISATION

(a) The Huygens' Priniple (b) Wave Field SynthesisFigure 1.3: From the Huygens' Priniple to Wave Field SynthesisThe priniple of Huygens states that when you have a wave front, you ansynthesise the next wave front by imagining on the wave front an in�nite numberof small sound soures, whose waves together will form the next wave front[Huy90℄ (�gure 1.3a). A listener will then not be able to determine the di�erenebetween a situation where the wave front is real, or when it is synthesised.This priniple an be translated to mathematial formulae using theories ofKirhho� and Rayleigh and an then be applied for use with an linear arrayof loudspeakers (as desribed in hapter 2). By sending the right signals toeah loudspeaker, that is: sending to the loudspeaker the signal that would bemeasured at the loation of the speaker, if the sound soure would really be atthe loation it is virtually plaed, sound soures an be virtually plaed at anyplae in a horizontal plane behind, or even in front of, the speakers (see �gure1.3b).In omparison with ambisoni tehniques, wave �eld synthesis is better atreproduing spatial depth, though the vertial dimension whih an be used inambisonis is something that is laking in WFS.The use of Wave Field Synthesis for eletro-aousti musi is one of the maintopis of this thesis and thus will be elaborated upon in the next hapters.1.2.10 Fous of software toolsSeveral aspets of spatialisation are found in ompositions and software, reating� spatial trajetories of sound soures,� an aousti environment of sound soures, by re�etions and reverb,� a broad sound image,� a di�use enveloping sound �eld.Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



CHAPTER 1. INTRODUCTION 13Pereptual parameters azimuth and elevationsoure presenedistanebrillianewarmthroom presenerunning and late reverberationenvelopmentheaviness and livenessLow-level DSP parameters equalisationDoppler e�etair absorptionmulti-hannel reverberationdiretional distribution aording to various setups(stereo, 3/2 stereo, multi-hannel system(4 to 8 speakers), 3-D stereo either binauralusing headphones or transaural using speakers)Table 1.1: The parameters that an be set in IRCAM's spat. (Soure: http://forumnet.iram.fr/356.html?&L=1, aessed at August 10, 2007)Most traditional audio editors are modelled after the work �ow of workingwith tape reorders and mixing desks, you will �nd the audio traks on the onehand, and mixing ontrols on the other hand, with possibilities for automationof the mixing ontrols. Usually the panning of a sound soure an be automated,whih for a two-hannel stereo pair is still relatively easy to visualise. Howeverfor the representation of spatial trajetories for more than two hannels, onespatial oordinate is not su�ient. For movement in a horizontal plane, atleast two dimensions are needed, whih in a spatio-temporal visualisation re-sults in three dimensions, whih an be visualised using 3D graphi tehniques(see hapter 3), but poses hallenges to the interation (editing of) with thisrepresentation. An alternative approah (as found in Melonillo [Rut04℄) is toprovide several representations: one in a traditional 2D time-spatial oordinateview, and a 2D spatial view of a seleted portion of the time line. In Snoei'ssoftware (see hapter 4) for Wave Field Synthesis, extensive work has been donereating ompositional tools, where paths an be edited in 2D views, but alsospeed urves of movement along the paths an be edited.Reverb tools are ommonly found as plugins, for one hannel, or two hanneluse. A multihannel example for adding reverberation to an audio hannel,an be found in the spatialisateur (or spat), reated by IRCAM; in this tool,parameters an be set for various pereptual aspets of the aousti environment,suh as presene, envelopment and so on (for a omplete list see table 1.1). Theresult an be rendered for several loudspeaker setups.Currently, there is a development from the traditional trak/hannel orientedway of working, where an audio trak orresponds to what is played on a ertainspeaker hannel, to an objet oriented way of working, where the audio trakis treated as a sound soure objet, and the spatial harateristis that are... with a fous on the reprodution of arbitrarily shaped sound soures
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14 1.3. SOUND SOURCESneeded for the reprodution of the soure are stored as meta data, so that thereprodution method is independent of the enoding (e.g. MPEG4 [PBG03℄, andXML3DAudio [Pot06℄). This has as an advantage that spatial ompositions areinterhangeable between systems, as well as a redution of stored audio hannelsfor systems that use a lot of loudspeakers.1.2.11 SummaryIn most of these realisation tehniques, the loudspeaker is seen as a neutralinstrument, with whih a simulation or illusion an be ahieved. In the disus-sion on sound di�usion, we saw that loudspeakers were hosen for their di�erentharateristis as well, whih leads to the next part of the introdution, wherethe use of alternative transduers and the need for ontrol over diretional be-haviour of the sound soure is disussed.1.3 Sound soures1.3.1 Alternative transduers in sound artSine the 17th entury there has been a development of automated musi ma-hines, whih in the late 19th entury had its peak, as automated orhestraautomata were developed, to enable afés to have entertainment musi, with-out having to hire musiians. The ommerial development of these mahinesstopped more or less, as the gramophone proved to be a muh heaper solution10.Nevertheless, some artists, suh as Godfried Willem Raes11, Jaques Ré-mus12 and Trimpin13, have sine ontinued reating suh mahines, for variousreasons. One of the reasons is that they do not like the generi sound of aloudspeaker and believe that a muh riher sound an be ahieved by the useof other eletro-mehanial means14. By exiting objets of various materials inone way or another di�erent types of sound an be reated, whih have spatialharateristis both by the dimensions of the objets themselves, as well as theplaement of several of these objets spread out in a spae, whih reates a spa-tial soni environment. Another point of interest, but whih is not so relevantfor our urrent disussion, is that the intention is to reate mahines whih playaoustial instruments in ways humans are not apable, due to the limitationsof the human body.The intonarumori as developed by Luigi Russolo and Ugo Piatti in 1913[AB01℄ an also be seen in this ontext: they attempted to reate instrumentswhih reated di�erent sounds than onventional aoustial instruments.Paul de Marinis15 used gas �ames in his piee Firebirds (2004), where the10Soure: guided tour of the museum �Van Speelklok tot Pierement� in Utreht, the Nether-lands.11www.logosfoundation.org12http://www.meamusique.om13http://www.otherminds.org/shtml/Trimpin.shtml, http://en.wikipedia.org/wiki/Trimpin14soure: the NIME 2007 workshop and panel on musial robotis.15http://www.well.om/~demarini/exhibitions.htmMarije Baalman - On wave �eld synthesis and eletro-aousti musi, ...
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CHAPTER 1. INTRODUCTION 15gas �ames are "suitably modulated by eletrial �elds to be made to at asomnidiretional loudspeakers of surprising larity and amplitude". In his pieeRaindane (1998), he used water valves whih were opened and losed, to reaterhythmi versions of popular rain songs, whih ould be heard by the visitors,as they walked underneath the valves with an umbrella.Edwin van der Heide16 uses air pressure valves, whose opening and losingrate an be modulated, in his piee Pneumati Sound Fields (2006). Herealso the valves are spread out over a larger spae, in order to reate a spatialomposition.Julius Stahl's Ensemble readymade17, in whih exiters are plaed on objetsfound at the performane site, whih will then at as sound soures. In his pieeToar (2006), he uses exiters plaed on 12 platforms spread out in a matrix formin the room in whih the onert or installation takes plae, and the audieneis seated on these platforms. The sound material, played by a perussionistand pre-reorded sounds, is spatialised in various forms over the matrix. Theaudiene sitting on the platforms, will both hear the sound transmitted thisway into the room, and feel the vibration of the platform on whih he or she issitting, thus reating an individual audio-hapti experiene for eah member ofthe audiene. This an be seen as a further exursion in the diretion in whihXenakis was working (see above), by not only introduing a more individualauditory perspetive, but also a hapti experiene.Savannah Agger uses plates of various metals in her piee Metal Degrees(2007), as physial sound proessors18, by infusing the plates with sounds throughspeaker ones, and reording the results again with mirophones, and amplify-ing these through normal loudspeakers. Here the plates are not used so muhas sounding objets, but rather as proessing units, whih due to their physialnature, have a ertain unpreditability, due to fators that in�uene the metal'sbehaviour, suh as temperature, whih annot be ontrolled by the omposer.1.3.2 Soure diretivityA ommon problem that has been notied by omposers and listeners, is thatthe sound from aoustial instruments and those from eletro-aousti parts ofa omposition have a very di�erent quality; often the sound of the aoustialinstrument sounds muh more rih and lively, than the sound from the loud-speaker. This is a result of the diretivity of the instrument, whih interatswith the aoustis of the room and whih is often (onsiously) varied whileplaying as the performer moves his instrument, and (in ontrast) the stati di-retivity of the loudspeaker: the loudspeaker itself is stati, and there is novariation in diretivity as a result of the kind of sound that is played, while dif-ferent aoustial instruments (produing di�erent timbres) also have di�erent16http://www.evdh.net17http://www.juliusstahl.de/ensemble.html18omparable with the original plate reverbs, though Aggers aim is not to reate a realis-ti sound reverb, but rather she is interested in the di�erent harateristis of the di�erentmaterials. ... with a fous on the reprodution of arbitrarily shaped sound soures
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16 1.3. SOUND SOURCES

Figure 1.4: The 120 independent element spherial loudspeaker array devel-oped at Berkeley's CNMAT. (Photo from CNMAT, http://www.nmat.berkeley.edu/Researh/AES2006/speakerarray/iosaspeakers.htm)diretivities.A sound soure has a ertain diretivity, i.e. when an objet emits soundinto spae, it is generally not emitted equally strong in all diretions. In the far�eld19 of the sound soure, the soure an be desribed as a point soure witha diretivity funtion, usually a funtion of angle and frequeny.The diretivity of various aoustial instruments has been studied in depthby Meyer [Mey95℄ and Flether [FR98℄, analysing the (temporal) diretionalharateristis of musial instruments. Misdariis [MWC01℄ andWarusfel [WM01,WCMC04℄ have proposed speial 3D loudspeaker arrays to simulate and on-trol di�erent radiation harateristis for the purpose of eletroni musi. Freedet al. [FAWK06℄ reated a spherial speaker array onsisting of 120 speakerswith programmable radiation ontrol for the same purpose (�gure 1.4). Com-merially available is a 6 hannel half-sphere loudspeaker from the ompanyEletrotap20.19the far �eld is at a distane that is muh larger than the dimensions of the objet and/ormuh larger than the wavelengths of the sound produed by the objet.20http://www.eletrotap.om/Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...
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CHAPTER 1. INTRODUCTION 17
(a) Coherent soures (b) Inoherent souresFigure 1.5: In�uene of oherene on pereived soure extent (indiated withthe dotted line).1.3.3 Soure size and shapeThe soure diretivity funtion is de�ned as an approximation of the soureradiation in the far �eld of a soure. When getting loser to the soure, theatual shape and size of the objet play an important role in its pereption,as we will no longer get the impression of a sound oming from one plae, butrather from a wider region.Soure extent has been studied in the literature under the names of apparentsoure width, tonal volume and others (see e.g. [Bla97℄ for an overview). It hasbeen shown that the pereived soure extent depends on the value of the inter-aural ross orrelation oe�ient (IACC) [Mor02℄, sound loudness [Bor26℄, pithand signal duration [PB82℄.In order to reprodue the extent of a sound soure, several, spatially distint,point soures an be used; the sound from these point soures must be statisti-ally unorrelated from one another, while as the orrelation is high between thepoint soures, they will be pereived as a single auditory event [Bla97℄, loalisedat the entre of gravity (dependent on the positions of the point soures andtheir intensity) as indiated in �gure 1.5. If the signals are weakly orrelatedthey will be pereived as distint auditory streams and a spatially wide soundsoure will be pereived. If the point soures are densely distributed, not ev-ery single point soure will be pereived as a di�erent auditory stream, but animpression of a single, spatially large, sound soure will be produed.Potard [Pot06℄ did some further investigations into the pereption of souresize and shape, whih will be reviewed and ritiised here.Horizontal extentHis �rst experiment studies the pereption of horizontal soure extent. Hefound that with inreasing density of the point soures the soure width wasmore underestimated. He asribes this to a higher IACC21 value, when moresoures are present. On the other hand, when the point soures are further apartwith inreasing density, with a soure width above 100 degrees (reprodued by 3angular equidistant soures) a gap is pereived and the soures are distinguished21Interaural Crossorrelation Coe�ient, for a de�nition see [And85℄... with a fous on the reprodution of arbitrarily shaped sound soures



18 1.3. SOUND SOURCESindividually. Another important fator he found, was the signal type, whih maybe linked to the tonal volume of the soure.Here should be remarked that for the test setup he used (7 speakers in anar, spaed 30 degrees from eah other), the stimuli with a density of one soureper 10 degrees, ould only be reprodued by relying on stereophoni panning.Wegmann [Weg05, h. 4℄ showed that the diretional pereption of sound basedon stereophoni tehniques is probably based on a quite di�erent priniple, thanthe diretional pereption of a real sound soure, though it is not yet understoodexatly this works. It is therefore questionable whether the mix of approahesin Potard's experiment is valid.Horizontal and vertial extentIn a seond experiment both the pereption of horizontal and vertial extentis studied, using a 16-speaker array plaed in a geodesi dome on�guration(CHESS). He found that the pereived horizontal extent of the soures mathedoarsely with the intended extent. A pereptual narrower extent was notiedwith soures with a horizontal extent of 60 degrees. He asribes this to the highdensity of the point soures (15 degrees), but again it should be remarked thatthe minimum angle between loudspeakers of the test setup was a. 30 degrees,so reprodution of stimuli with a higher density than this were relying on somekind of panning to be ahieved.The pereption of one-dimensional vertial sound soures mathed the in-tended vertial extent fairly well, if one takes into aount that loalisation inthe median plane is less aurate [Bla97℄. He also found that there is a notabledi�erene between the auray of soure extent pereption on the side andbehind the listener: the pereption is less aurate, just as with loalisation ofsound soures.For soures with a retangular 2D extent the pereived and intended extentmathed well. Generally the subjets ould distinguish well between 2D soundsoures, horizontal or vertial line soures and point soures.ShapeHis third experiment foused on the ability to identify soure shapes. Thespeaker setup is indiated in �gure 1.6. On this setup six di�erent soure shapeswere presented between whih the listeners had to distinguish, for four di�erenttypes of signals: white noise, lowpass �ltered noise, highpass �ltered noise and ablues guitar ri�. The soure shapes were reated by sending deorrelated signalsto one or more speakers, in suh a way that there was no di�erene in loudnessbetween the stimuli.The point soure (sound oming from one speaker) was learly identi�edby the subjets. For white noise and high pass noise presented to the frontof the listener, the identi�ation of the sound soure shape was well abovestatistial probability, but still under the 50 % threshold. The listeners ouldidentify well between di�erent types of shapes: point soure, line soure and2D soures. Soure shape identi�ation was also better for soures presentedMarije Baalman - On wave �eld synthesis and eletro-aousti musi, ...
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Figure 1.6: Speaker oordinates for the shape experiment by Potard [PB03℄.The speakers were at 1.6m from the listener position.in the front than in the bak; in fat, soure shapes presented at the bak ofthe subjet were only identi�ed signi�antly orret for the point soure. Forfrontal presentation only the soure shape, where all speakers were used, wasnot identi�ed with statistial signi�ane.In his disussion to explain the better shape identi�ation for white noiseand highpass �ltered noise, than with the other signals, he notes that withthe method used to reate the soure shapes, the method of deorrelation, thephases of the signals get randomised, ausing the binaural system to have torely on interaural level di�erene (ILD) rather than interaural time di�erene(ITD). ITD ues are known to be mainly used for loalisation of sounds withfrequenies below 3 kHz [Bla97℄.Naturalness of extended souresIn a further experiment Potard studied whether 3D audio senes using extendedsoures were pereived to be more natural than those only using point soures,and found that they were pereived to be more natural in 70.4 % of the time.Summary of experiments on soure size and shapeFrom this overview, we an motivate the further investigation of reproduing thespatial extent of sound soures, as the spatial extent is apparently pereptuallyrelevant, and an lead to an inrease in pereived naturalness of an audio sene.Potard's studies have foused on the use of deorrelated point soures to reatespatial extent. He already noted that this may lead to loss of phase informationwhih may arry important ues for pereption of spatial extent for frequeniesbelow 3 kHz. It should also be noted that deorrelated sound soures orrespondto soures with spatial extent, whih are atually built up from large amountsof small soures, for example rustling of leaves of a tree, a murder of rows, anapplauding rowd or a singing hoir, that are physially unorrelated: they makea similar sound, but there is no struture borne physial relation between thesounds (see setion 3.11). For a sounding objet, whih is made from onnetedmaterials, the sound from di�erent points on the objet will be orrelated and... with a fous on the reprodution of arbitrarily shaped sound soures
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(a) Point soure behindthe loudspeakers (b) Point soure in front ofthe loudspeakers () Plane waveFigure 1.7: Soure types that are urrently implemented in many Wave FieldSynthesis appliationshave a physial relation with eah other.1.3.4 Sound soure olusionIn natural environments sound soures an be oluded by other objets, whihmeans that the sound will be di�rated by the oluding objet and only a partof the sound will reah the listener. An overview of di�ration models is givenin hapter 5. The pereption of oluded soures was investigated by Farag etal. [FBA03℄, who did listening tests on the (horizontal) loalisation of soundsthat are oluded by objets. The results of their experiments show that thepereived loation tends to be towards the edge of the oluding objet, that islosed to the sound soure. They attribute this to the preedene e�et. For asoure at equal distane from both sides, the listener loalises the soure moreor less in the middle, as a summation e�et takes plae, as the sound from bothedges arrives at the same time.1.3.5 Soure harateristis in WFSCurrently, in many implementations of WFS only point soures and plane waveshave been implemented as soure types (see �gure 1.7).Theile [TWR02℄ introdued the Virtual Panning Spots (VPS) as a methodto reate broad sound images: you reate two point soures, put them on aspei� loation and pan the sound between these two points. This is a relativesimple solution to reate a broad sound image, whih has the advantage that itan make use of traditional sound reording tehniques and studio tehniques,i.e. traditional audio engineers are familiar with the tehnique and an use theirMarije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



CHAPTER 1. INTRODUCTION 21aumulated experiene.Bork [BK03℄ did an experiment to reprodue the soure radiation of a grandpiano by using a number of point soures, plaed so that the resultant radiationharateristi orresponds to that of a real grand piano.Corteel [Cor07℄ (IRCAM) desribes how diretional soure harateristis (asa ombination of multipoles) an be reprodued and used both for reating diretsound with diretive harateristis [WCMC04℄, as well as a tool to in�uene thereverberant �eld in the listening room [CCW03, WM04℄, by using a diretivesoure to emit more energy to the walls of the room, and thus reating morelateral energy in the listening area. In order to optimise the amount of energythat is emitted by the speakers to the listening area, multihannel equalisationtehniques are used.

... with a fous on the reprodution of arbitrarily shaped sound soures
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Chapter 2Theory2.1 Homogeneous Wave EquationThe aousti wave propagation in air an be desribed by the homogeneousaousti wave equation
∇2p(~x, t) − 1

c2
∂2

∂t2
p(~x, t) = 0 (2.1)where p(~x, t) is the aousti wave pressure at the position ~x and time t, cdenotes the speed of sound, and ∇2 is also referred to as the Laplae oper-ator △ = ∇2. This equation desribes the wave nature of sound, inludingdi�ration, provided the following assumptions are valid:1. the propagation medium is homogeneous,2. the propagation medium is quiesent,3. the propagation medium an be haraterised as an ideal gas,4. the state hanges in the gas an be modelled as adiabati proesses,5. the pressure and density perturbations due to wave propagation are smallompared to the stati pressure p0 and the stati density ρ0.An alternative form of equation (2.1) an be obtained when a Fourier trans-formation is made with respet to the time t of the aousti pressure p(~x, t).The Fourier transformation pair of p(~x, t) is given by:

P (~x, ω) = Ft{p(~x, t)} =

∫ ∞

−∞
p(~x, t)e−jωtdt (2.2)

p(~x, t) = F−1
t {P (~x, ω)} =

1

2π

∫ ∞

−∞
P (~x, ω)ejωtdt (2.3)where ω = 2πf denotes the temporal (radial) frequeny and Ft{·} theFourier transformation with respet to the time t. With this transformationthe aousti wave equation an be formulated in the frequeny domain

∇2P (~x, ω) + k2P (~x, ω) = 0 (2.4)23



24 2.2. INHOMOGENEOUS WAVE EQUATION

x

y

z

b

r

φ

θ

Figure 2.1: Spherial oordinate system. The oordinates of a point with arte-sian oordinates (x, y, z) are given by r =
√

x2 + y2 + z2, φ = atan(y/x) and
θ = acos(z/r). The inverse equations are x = rcosφsinθ, y = rsinφsinθ and
z = rcosθ.where k = ω

c
, the aousti wave number.2.2 Inhomogeneous Wave EquationIf there is a soure present in the medium, equation (2.1) has to be adapted tore�et the addition of energy to the medium by the soure:

∇2p(~x, t) − 1

c2
∂2

∂t2
p(~x, t) = −q(~x, t) (2.5)In the following, solutions to this equation will be disussed.Point soureConsider a radially osillating sphere, that generates an outgoing wave. A pointsoure is a model of the limiting ase as the radius of the sphere beomes smallerand smaller. The sphere will degenerate to a single point in spae. Then q(~x, t)beomes a Dira impulse at position ~x and time t

∇2p(~x, t) − 1

c2
∂2

∂t2
p(~x, t) = −δ(~x, t) (2.6)It is onvenient to use a spherial oordinate system (see �gure 2.1) to de-sribe the �eld aused by a point soure, due to the omnidiretional nature ofMarije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



CHAPTER 2. THEORY 25the radiated pressure �eld. The aousti pressure �eld Pp for a soure in theorigin an be desribed by
Pp(~x, ω) = Pp(ρ, ω) = P̂ (ω)

1

ρ
e−jkρ (2.7)where k denotes the wave number, ρ the radius and P̂ (ω) a frequeny de-pendent pressure amplitude. Transforming equation (2.7) bak into the timedomain using the inverse Fourier transformation (2.3) we obtain

pp(~x, t) = pp(ρ, t) =
1

2πρ
p̂(t− ρ

c
) (2.8)Arbitrary soureAn arbitrary shaped soure an be approahed by a point soure if the dimen-sions of the soure are small ompared to the onsidered wavelength and thewave �eld is observed at a large distane ompared to the soure dimensions.However, in most ases the �eld will not be spherially symmetri as the souremay not emit the same sound pressure in eah diretion. Thus we have to adda dependene on diretion to equation (2.7)

Pp(~x, φ, θ, ω) = Pp(ρ, φ, θ, ω) = P̂ (ω, φ, θ)
1

ρ
e−jkρ (2.9)

P̂ (ω, φ, θ) an be split into a diretivity funtion G(ω, φ, θ) and an amplitudefuntion Pa(ω) as follows
P̂ (ω, φ, θ) = G(ω, φ, θ)P̂a(ω) (2.10)If the onditions for the point soure approximation are not met, then anotherapproximation for an arbitrary shaped soure must be found. As the waveequation is linear, any soure an be approximated by a sum of point soures,for example an integral over a surfae of in�nitely lose spaed point soures.2.3 Kirhoff-Helmholtz integralGreen's seond theorem states:

∫

V

[F∇2G−G∇2F ]dV =

∮

S

[F∇G−G∇F ] · ~ndS (2.11)where F and G must be salar funtions de�ned inside and on S, withontinuous seond-order derivatives inside S.We an hoose for F and G the following two funtions:... with a fous on the reprodution of arbitrarily shaped sound soures
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Figure 2.2: The geometry used for Green's seond theorem: a volume V sur-rounded by a surfae S1. F equals the Fourier transformed pressure of a ompressional wave �eldthat is generated by soures outside the losed surfae S: F = P =
P (~r, ω). Inside S, P will satisfy equation (2.4).2. G equals the Fourier transformed pressure of a ompressional wave �eldthat is generated by a (virtual) monopole in a point A inside S:

G =
e−jk∆r

∆r
(2.12)with ∆r =

√

(xA − x)2 + (yA − y)2 + (zA − z)2. G satis�es
∇2G+ k2G = −4πδ(~r − ~rA) (2.13)Substituting these expressions for F and G in Green's theorem (2.11) yields

− 4π

∫

V

P (~r, ω)δ(~r − ~rA)dV =

∮

S

[P∇G−G∇P ] · ~ndS

−4πP (~rA, ω) =

∮

S

[P∇G−G∇P ] · ~ndS

P (~rA, ω) =
1

4π

∮

S

[P
∂G

∂n
−G

∂P

∂n
]dS (2.14)using the equation of motion

−∂P
∂n

= ρ0
∂vn
∂t

(2.15)
P (~rA, ω) =

jωρ

4π

∮

S

[PGn −GVn]dS

=
1

4π

∮

S

[jωρ0Vn(~r, ω) + P (~r, ω)
1 + jk∆r

∆r
cosφ]

e−jk∆r

∆r
dS(2.16)Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



CHAPTER 2. THEORY 27Sound soures
b b

b
b

br

b
rA

b
r′A

~nφ

S0

S1
VFigure 2.3: The geometry used for deriving the Rayleigh integral: a volume Venlosed by a a plane surfae S0 and a hemisphere S1. r′A is the mirror point of

rA in the surfae S0.where Gn = ∂nG/jωρ is the normal omponent of the monopole partileveloity on S.Equation (2.16) is the 3D forward Kirhho�-Helmholtz integral. It statesthat in a volume V of a soure-free ompressional, homogeneous and isotropimedium the sound pressure at any point an be alulated if both the pressureand normal veloity on the boundary surfae S is known.2.4 Rayleigh integralsIn order to simplify the Kirhho� integral a Green's funtion an be hosensuh that it satis�es a more onvenient boundary ondition. If on S a boundaryondition is hosen suh that ∂G/∂n = 0, the �rst term of equation (2.16)vanishes; this implies that S ats as a perfet re�eting rigid surfae. If S isa re�etion free surfae (or pressure-release), the boundary ondition is G = 0and the seond term of equation (2.16) vanishes [Spo05, Sta97℄.Consider the geometry of �gure 2.3. The volume V is enlosed by a a planesurfae S0 and a hemisphere S1 with radius r1. The sound soures are situatedin the upper half-spae (z > zs), outside V .Rayleigh IIn the ase that ∂G/∂n = 0 on S0, S0 is a perfet rigid re�eting surfae and asuitable Green's funtion is the summed pressure �eld of two equal monopolessituated symmetrially with respet to S0, i.e.
G~rA

(~r, ω) =
e−jk|~r−~rA|

|~r − ~rA|
+
e−jk|~r−~r

′

A|

|~r − ~r′A|
(2.17)By using this Green's funtion and letting the radius of S1 extend to in�nity,it an be shown that the integral over S1 vanishes and we obtain the Rayleigh... with a fous on the reprodution of arbitrarily shaped sound soures



28 2.5. OPERATOR FOR WAVE FIELD SYNTHESISI integral:
P (~rA, ω) =

jωρ0

2π

∫

S0

Vn(~r, ω)
e−jk|~r−~rA|

|~r − ~rA|
dS (2.18)this means that any �eld due to soures in the half spae V ′(z < zS) an bereonstruted in the half spae V (z > zS) by means of a ontinuous distributionof monopoles at the surfae S0 with soure strength jkρ0cVn(r, ω).Rayleigh IIConsider the ase in whih G = 0 on the surfae S0. As S0 is now a perfetre�etion free surfae, the Green's funtion is the di�erene of the pressure �eldsof two equal monopoles situated symmetrially with respet to S0, i.e.

G~rA
(~r, ω) =

e−jk|~r−~rA|

|~r − ~rA|
− e−jk|~r−~r

′

A|

|~r − ~r′A|
(2.19)Using this Green's funtion, and letting the radius r1 of the sphere S1 ap-proah to in�nity, the Green's theorem redues to

P (~rA, ω) =
1

sπ

∫

S0

P (~r, ω)
1 + jk|~r − ~rA|

|~r − ~rA|
cosφ

e−jk|~r−~rA|

|~r − ~rA|
dS (2.20)whih is alled the Rayleigh II integral. It states that any �eld due to souresin the half spae V ′(z < zS) an be reonstruted in the half spae V (z > zS)by means of a ontinuous distribution of dipoles at the surfae S0 with sourestrength P (r, ω).2.5 Operator for Wave Field SynthesisIn [Ver98℄ a 2 1

2D-operator was derived for the reprodution of soures withina horizontal plane by a linear array situated in that same plane. This deriva-tion was neessary for a pratial implementation of WFS, as using a planararray of speakers is too expensive (both �nanially and omputationally) andin many ases undesirable, as it would (visually) blok the primary soures (ofimportane when WFS is used for ampli�ation).For WFS reprodution of a 3-dimensional soure objet this 2 1
2D-operatoris not su�ient as in the derivation only soures in the same plane as the arrayand referene line are taken into aount. Thus, in order to derive a properdriver funtion, we must start anew from the Rayleigh integrals.The Rayleigh I integral states that if the normal omponent (pointing to-wards reeiver area) of the veloity, Vn, is known on a plane S (at z = 0) ausedby a soure distribution on the left hand of S, the pressure in point R in thereeiver plane an be determined by

P (~rR) =
1

2π

∫

S

jωρ0Vn(~rS)
e−jk∆r

∆r
dS (2.21)Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...
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Figure 2.4: Geometry for derivation of the adapted 2 1
2D-operator. Ψ1 and Ψ2are points from the soure distribution, ~r1 and ~r2 the vetors to a point M onthe integration line m. ~∆r is the vetor from a point M on the integration lineto the reeiver point R on the line l.in whih ρ0 denotes the medium density and ∆r = | ~∆r| = |~rR−~rS|, i.e. thedistane from the reeiver point ~rR = (xR, yR, zR) to a point ~rS on the surfae

S (see �gure 2.4). k is the wave number.Hene, substituting the far �eld approximation (kr ≫ 1) of the normalomponent of the partile veloity on the plane S due to a monopole soundsoure into the Rayleigh I synthesis integral yields
P (~rR) =

1

2π

∫ ∞

−∞
Pm(~rR)dx (2.22)with Pm the pressure on the line m (see �gure 2.4):

Pm(~rR) =

∫

m

jkS(ω)cosφ
e−jkr

r

e−jk∆r

∆r
dy (2.23)We an now apply the stationary phase method ([Ble84℄, h. 2.7) to equation(2.23), as the integrand is of the form:

I =

∫ ∞

−∞
f(y)ejψ(y)dy (2.24)with ψ(y) = −k(r + ∆r). Now we need to �nd the stationary point of ψ(y)for whih ψ′(y0) = 0. Then, for | ψ |≫ 1, the approximate solution to (2.24) is

I = f(y0)e
jψ(y0)

√

2πj

ψ′′(y0)
(2.25)... with a fous on the reprodution of arbitrarily shaped sound soures
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Figure 2.5: The stationary point y0 lies on the ross-setion of plane S and theplane through Ψ and R. In pratie ~∆r0 will in fat be ~̃∆r0.where y0 is the stationary phase point1 and ψ′′(y0) is the seond derivativeof ψ evaluated at y0. ψ′(y0) = 0 is true for the shortest path from the sourepoint Ψ at (xΨ, yΨ, zΨ) to any point R on the reeiver line l. The shortest pathlies in the plane de�ned by the soure point and the line l, and thus (see �gure2.5):
y0 = yR + (yΨ − yR)

|zR|
|zΨ| + |zR|

(2.26)and at the stationary point:
ψ(y0) = −k(r0 + ∆r0), (2.27)
ψ′′(y0) = −k r0 + ∆r0

r0∆r0
, (2.28)

f(y0) =
1

2π

S(ω)

r0∆r0
cosφ0 (2.29)The driver funtion for a speaker for the ontribution of one monopole sourepoint then beomes:

QΨ(x, y0, ω) = S(ω)

√

jk

2π

√

∆r0
∆r0 + r0

cos(φ0)
e−jkr0√

r0
(2.30)1for eah line m (x = xm and z = 0) there is a stationary point with the (vertial)

y-oordinate y0.Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



CHAPTER 2. THEORY 31where x is the oordinate of the speaker at the speaker array. The speakershould in fat be at the position of the stationary point, (x, y0, 0), but is in pra-tie plaed on the x-axis (at (x, 0, 0)). Due to this, several errors are introdued,whih will be disussed in the next setion.It should be noted that the atual elevation will not be heard by the reeiver,when the elevated soure is played bak by the WFS-array. However, for thesoure model whih will be presented in hapter 5, the elevated points are ofinterest, beause their ontributions will interfere with those of the points in thehorizontal plane.Soure points in front of the arrayFor soure points in front of the array, we �nd in analogy to the derivation ofthe foused operator in [Jan97℄:
y0,focused = yΨ + (yΨ − yR)

|zΨ|
|zR| − |zΨ|

(2.31)whih means that the stationary point will have a higher elevation than theelevation of the atual soure point, as it lies in the plane that goes through thereferene line and the soure point.The vertial dimensionThe vertial dimension has up to now not really been implemented for WFS,due to several pratial onsiderations:� In theory one needs a plane of loudspeakers to do this, whih has a problemthat even more hardware and proessing power is needed.� A plane of speakers renders itself impratial for ombination with theatreand/or �lm, as the stage or sreen would be bloked by the speakers.� The human hearing is less sensitive to vertial positioning of sound soures.Moreover, the pereption of vertial position is based on spetral �lteringof the sound by the ear pinna1. Due to spatial aliasing with WFS, thismay be more di�ult to ahieve.Currently, researh is being done at the TU Delft on adding at least a littlebit of vertial information to the wave �eld, by adding loudspeaker arrays atthe eiling. This way, eiling re�etions may be added to the wave �eld.The adapted driver funtion (2.30) ould be used for a number of linear ar-rays that are distributed at several heights. The loation of the stationary phasepoint ould then be a measure for a panning between two vertially adjaent1as this �ltering is di�erent for eah individual it is unlikely that a sense of height an beahieved whih works for everyone. This is a problem with binaural tehniques: when theHRTF's (head related transfer funtions) do not math the individual listener, loalisationwill not work orretly. Moreover, if the spetral �ltering would be used, then it would onlybe valid for a spei� listening distane, as another distane, would mean that the soureomes from a di�erent elevation angle, and the �ltering should hange aordingly.... with a fous on the reprodution of arbitrarily shaped sound soures



32 2.6. ERRORS IN THE REPRODUCTIONspeaker arrays. Further researh will of ourse be needed to evaluate whetherthis method leads to pereptually useful results.2.6 Errors in the reprodution2.6.1 Errors introdued for elevated soure pointsFor point soures outside of the horizontal plane y0 6= 0. This means thatthe main ontribution of this point should not be emitted from the speakerposition, but from a higher or lower position. An error will be made as theatual propagation of the soure signal will be from the speaker to the reeiverpoint and not from the stationary point to the reeiver point (see �gure 2.5).This means that the amplitude will be higher and the delay will be shorter.Note that the error will be larger for soures further away from the horizontalplane and for soures loser to the array (for onstant yΨ). This error may beompensated by adding a orretion fator of
∆̃r0
∆r0

e−jk(∆r0−∆̃r0) (2.32)to the driver funtion of equation (2.30).In �gure 2.6 the errors in the delay and amplitude are shown for the soure-speaker-listener path. The referene is the diret path from soure to reeiver.The errors are shown for the ontribution of 1 speaker of the array, that isdiretly in between the soure and reeiver (i.e. the x-oordinates of soure,speaker and reeiver point are the same); the reeiver point is at the refereneline. The �gure shows that the orretion fator ompensates the error.2.6.2 Errors for reeiver points not on the referene lineThe derivation of the driver funtion (2.30) is valid for a referene line. Forreeiver points not on this line errors will be made that may further in�uenethe interferene pattern of the waves oming from elevated points.For points loser to the array than the referene line, the vertial oordinateof the stationary point y0 would be smaller than the one used for the refereneline (see �gure 2.7). Hene, r0 should be larger for these reeiver points andthus an error is made in delay and amplitude of the driver funtion. ∆r0 willbe smaller for these points, resulting in further errors in the propagation delayand in the amplitude fator. For points that are further from the array thanthe referene line, the e�ets are opposite.In �gure 2.8a the errors are visualised for the ontribution of one speaker.The �gure shows the di�erene in delay and amplitude, when sound is propa-gated from soure to reeiver position. The referene line is taken at 3 metersfrom the array. In the delay we see that the error is in between -0.7ms and0.25ms without the orretion fator, and between -0.3ms and 0.15ms with theorretion fator. These errors are up to 2.5 times higher than the delay errordisussed in the previous setion. Moreover, we see that the orretion fatorMarije Baalman - On wave �eld synthesis and eletro-aousti musi, ...
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Figure 2.6: The delay and amplitude error for soure points at di�erent eleva-tions and three di�erent distanes, z, behind the array. Note that the orretionfator eliminates the error.gives better results also for reeiver points not on the referene line.The amplitude error is up to 6 dB for the reeiver distanes plotted. This isan order of magnitude higher than the error desribed in the previous subsetion.However, this error is mostly due to the attenuation errors that are made anywayas will be disussed in the next subsetion. This is illustrated in �gure 2.8b,were the attenuation errors for a soure in the horizontal plane are plotted. Forthe elevated point, we see that the amplitude error is slightly larger for thealulation with the orretion fator.From these results it an be onluded that the orretion fator should onlybe made for the delay, so the orretion fator beomes solely:
e−jk(∆r0−∆̃r0) (2.33)The e�et of an error in the delay will be that the phases of the waves ar-riving at the listening point will not be orret and the interferene betweenwave �elds of di�erent soure points will be distorted; in the worst ase ertainfrequeny omponents may be ampli�ed instead of attenuated through interfer-ene, ausing a false frequeny spetrum for the listener. The amplitude e�etsalso in�uene the interferene pattern.... with a fous on the reprodution of arbitrarily shaped sound soures
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Figure 2.7: Geometrial explanation of the error made for reeiver points noton the referene line. For reeiver points Rf in front of the referene line Rthe vertial oordinate of the stationary point y0,f would be lower than y0. Forreeiver points Rb behind the referene line R the vertial oordinate of thestationary point y0,b would be higher than y0.2.6.3 Attenuation errorsSonke [Son00℄ elaborates on the attenuation error that is made, when using the
2 1

2D-operator, for soure points in the horizontal plane.It an be seen that the amplitude rolls o� with a fator that is just in between
1
r
, as would be neessary in a 3D situation, and 1√

r
, as would be in a 2D situation.The attenuation fator deviates from the 3D ase at positions other than on thereferene line. Between array and referene line, the amplitude fator is higherthan the desired fator, on the other side of the referene line, the amplitudefator is lower. The order of magnitude of the deviation, as shown in �gure 4.7of his thesis, is however smaller than the amplitude deviation we have seen inthe previous setion; at least for reeiver points further than the referene line.Sonke also proposed some strategies to redue the amplitude deviations.Both optimisations proposed are dependent on the desired reeiver area andprimary soure loation, whih means that there is less �exibility of the system,whih may be detrimental for realtime use.When working with a number of point soures, that are mutually dependenton (or orrelated to) eah other, as is the ase with an arbitrary shaped soure,and whose resultant wave �eld is a superposition of the wave �elds of these pointsoures, attenuation di�erenes in the reprodution play a more important role,than is the ase for independent soures. As di�erent parts of the soure willin general emit di�erent frequeny spetra, the reprodued wave �eld will showdi�erenes in frequeny spetra, possibly resulting in audible olouration of thesound, dependent on loation in the listening area. This an be an undesirede�et.2.6.4 Spatial aliasing and trunation effetsIn pratie, the seondary soures on the boundary S0 will not be ontinuous ashas been assumed thus far, but instead will be realised by plaing loudspeakers atdisrete positions, i.e. the boundary will be spatially sampled. If the seondarysoure distribution is on the x-axis, we an write for the wave �eld P (~x, ω)Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...
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... with a fous on the reprodution of arbitrarily shaped sound soures



36 2.6. ERRORS IN THE REPRODUCTIONwithin the listening area V [Spo05℄,
P (~x, ω) =

∫ ∞

−∞
D(~x0, ω)V (~x− ~x0, ω)dx0 (2.34)where V (~x − ~x0, ω) denotes the wave �eld of the seondary soures, and

D(~x, ω) the driving funtion for the seondary soures. Now the D(~x, ω) will besampled, as it will be reated by disrete loudspeakers; this an be written as amultipliation of D with a series of Dira funtions:
DS(x, ω) = D(x, ω)

1

∆x

∞
∑

µ=−∞
δ(x− ∆xµ)

=
1

∆x

∞
∑

µ=−∞
D(∆xµ, ω)δ(x − ∆xµ) (2.35)If we apply a spatial Fourier transform to equation (2.34), with (2.35) as thedriving funtion, we get

P̃S(~k, ω) = 2π

∞
∑

η=−∞
D̃(kx −

2π

∆x
η, ω)Ṽ (~k, ω) (2.36)where the P̃ is the pressure in the wave number-frequeny domain, kx is thespatial frequeny in the x-diretion, and η is an index.The spetrum of the driving funtion D̃C(kx, ω) is dependent on the virtualsoure to be reprodued. For a plane wave aliasing in the reprodued wave �eldwill be present if the frequeny spetrum of the signal to be reprodued ontainsfrequenies that do not ful�ll the aliasing ondition

f ≤ c

∆x(1 + |sinαpw|)
(2.37)where αpw is the inidene angle with the normal on the speaker array ofthe plane wave. For frequenies above this aliasing frequeny, there will beomponents present in the wave �eld with inidene angles:

sinαpw,ηal =
2π
∆xηal + ω

c
sinαpw

ω
c

(2.38)
ηal is the ounting index from equation (2.36), for whih the following on-dition is true:

| 2π

∆x
ηal +

ω

c
cosαpw| ≤

ω

c
(2.39)and ηal ∈ Z \ 0.Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



CHAPTER 2. THEORY 37Spatial aliasing for point souresThe anti-aliasing ondition (2.37) was derived for a plane wave. For the repro-dution of point soures, the situation will be slightly di�erent: the inideneangle of the wave front will be di�erent for eah loudspeaker and thus the high-est frequeny for whih there is no aliasing is present will be slightly di�erent(this ase is the reverse of inidene of a plane wave on a irular array, whihis disussed below). Consequently, if the soure signal does ontain frequen-ies whih harm the anti-aliasing ondition, the artefats will be present in thereprodued wave �eld, their loal strength being dependent on the loation ofthe virtual point soure. This means that for ertain loations in the listeningarea the reprodution may be (almost) orret, while for other loations in thelistening area, there are artefats audible.To illustrate this e�et, a simulation was made utilising Matlab [Mat℄ fora loudspeaker array of 10 meters long with a speaker distane of 20m., andthe resulting signals at a distane of 3 meters from the array were alulated.The resulting frequeny response is shown in �gure 2.9. It an be seen that thealiasing will be heard relatively stronger when moving further away from thesoure position.Cirular and arbitrary shaped arraysFrom Spors' [Spo05℄ disussion on spatial aliasing with irular arrays, we knowthat for the reprodution of plane waves, there will always be aliasing artefatspresent. Two onlusions are drawn: �rst: the higher the bandwidth of theplane wave, the more energy will be ontained in the aliasing ontributions ofthe reprodued wave �eld. Seondly, the further the listener position is fromthe ative seondary soures, the lower the energy of the aliasing ontributions.The ase of a irular array, an be generalised to an array with arbitraryshape, by mapping the boundary ∂V of the arbitrary listening area V to airular boundary ∂V ′ of a listening area V ′. Aording to the Riemann mappingtheorem [Wei03℄ every simply onneted region an be mapped with a one-to-one transformation to a unit irular region using an analyti funtion. Themapping of an equidistantly sampled arbitrary shaped array onto a irulararray may result in a non-equidistant angular sampling on the irle. As aonsequene, it will not be possible to derive a generi anti-aliasing theorem.Trunation effetsIn pratie the loudspeaker array will also be �nite and trunation e�ets willour [Sta97, Son00℄. A spatial taper over the driving funtion an reduethe pereptual disturbing ues reated by the trunation. By applying suh ataper, the di�rated waves are smeared out in time and plae. The taper alsoin�uenes the orretly synthesised wave �eld, so the hoie of a taper is alwaysa ompromise between the redution of the di�ration artefats and the size ofthe listening area.... with a fous on the reprodution of arbitrarily shaped sound soures
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Figure 2.10: Geometry of the simulations. Soure points are sampled at 0.1mintervals in y-diretion. The speaker array and the reeiver lines are sampled at
5m intervals. The speaker array goes from −3 to 3m, the reeiver lines from
−3.5 to 3.5m in x-diretion.2.7 Simulations2.7.1 SetupA ombination of point soures at di�erent elevations, running from -0.5 to +0.5m in steps of 0.1m, entred behind the WFS array, was used as the soure forsimulations done with Matlab. The soure signal was a Gaussian wavelet withno frequeny omponents above 750Hz. The soure signal was extrapolated witha wave �eld extrapolation operator based on the Rayleigh I integral. In bothsimulations, the following soure and reeiver distanes were used: 1, 3 and 5meter behind the array and 1, 3 and 5 meters in front of the array respetively(see �gure 2.10). The referene line was at 3 meters in front of the array, parallelto it. In order to avoid trunation e�ets, a Hanning window over 20% of thearray length was used on both sides (see [Ver98℄).The orret �eld2 was ompared with WFS reprodution followed by extrap-olation from the speaker array to the listening position. The WFS reprodutionarray was sampled at 5m intervals3, as were the listening positions. The or-responding aliasing frequeny for this array is 3.4kHz, thus we an assume thatthe WFS reprodution does not introdue aliasing problems.2.7.2 ResultsIn �gures 2.11 to 2.13, the time domain responses are shown for a soure atan elevation of 0.5m, at di�erent distanes behind the array and for di�erentreeiver distanes. The reprodution seems to be quite good, though we an seethat for the WFS reprodution there are artefats as the soure is further away,but these are the same for a soure without elevation (not shown here), so these2alulated with diret wave �eld extrapolation from soure to listening position3this may not be realisti, but as the aim is to look at the e�et of elevated points, thedistane was hosen in order not to introdue aliasing artefats... with a fous on the reprodution of arbitrarily shaped sound soures



40 2.7. SIMULATIONSan be attributed to trunation artefats.The di�erene between the WFS reprodution with and without the orre-tion fator is negligible.The orresponding frequeny responses are shown in �gure 2.14 to 2.16. Herewe an see that the artefats seen in the time domain have an in�uene on thefrequeny response: at ertain positions in the listening spae some frequenieswill be stronger than at other positions.

Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...
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(a) At a reeiver distane of 1m from the array

(b) At a reeiver distane of 3m from the array

() At a reeiver distane of 5m from the arrayFigure 2.11: Soure at 1m behind the array, with an elevation of 0.5m, in thetime domain. Left-hand: orret �eld (wfe), middle: WFS reprodution withdriver funtion (2.30) and right-hand: WFS reprodution with the ompensateddriver funtion ((2.30) with (2.32)).... with a fous on the reprodution of arbitrarily shaped sound soures
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(a) At a reeiver distane of 1m from the array

(b) At a reeiver distane of 3m from the array

() At a reeiver distane of 5m from the arrayFigure 2.12: Soure at 3m behind the array, with an elevation of 0.5m, in thetime domain. Left-hand: orret �eld (wfe), middle: WFS reprodution withdriver funtion (2.30) and right-hand: WFS reprodution with the ompensateddriver funtion ((2.30) with (2.32)).Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...
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(a) At a reeiver distane of 1m from the array

(b) At a reeiver distane of 3m from the array

() At a reeiver distane of 5m from the arrayFigure 2.13: Soure at 5m behind the array, with an elevation of 0.5m, in thetime domain. Left-hand: orret �eld (wfe), middle: WFS reprodution withdriver funtion (2.30) and right-hand: WFS reprodution with the ompensateddriver funtion ((2.30) with (2.32)).... with a fous on the reprodution of arbitrarily shaped sound soures
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Chapter 3System setup3.1 Hardware setupAt the TU Berlin Weske [Wes01℄ set up a 24-speaker system using ative loud-speakers (FOSTEX 6301B) (see �gure 3.1), a Linux PC with an RME Hammer-fall Digi9652 soundard, and Marian Adon onverters. The speaker distane is12.5 m.On this system, the software sWONDER was initially developed and usedfor the omposition of several piees, desribed in setion 4.3.In 2006/2007, the TU Berlin launhed a projet to equip one of the leturehalls with a large WFS system [MGM+07, BAM07℄, of in total 832 loudspeakerhannels, both for sound reinforement during the regular letures, as well as tohave a large sale WFS system for both sienti� and artisti researh purposes.The loudspeakers are built into loudspeaker panels [GMMW07℄, eah providing8 audio hannels, whih are fed with an ADAT signal. The 8 hannels are eahplayed bak with 3 loudspeakers, that eah have a di�erent �ltering of the signal.Looking at �gure 3.2, the �rst row of speakers underneath the 2 larger speakers,that are used for the frequenies up to 200 Hz, emits up to 5.5 kHz, the 2nd rowup to 10 kHz, and the third up to 17 kHz. The two larger speakers emit thelow-pass �ltered sum of the 4 hannels below it. Within the speaker panel, thesignal is �ltered with a digital �lter for (linear phase) equalisation, whih anbe reprogrammed if neessary. The �ltering for the di�erent rows of speakersis ahieved by analogue �ltering (i.e. apaitors). The panel was designed tohave a broad horizontal radiation angle, and a narrow vertial radiation angle,so that �oor and eiling re�etions are avoided.To drive these speakers a luster of 15 Linux omputers is used. Eah om-puter alulates the loudspeaker signals for 56 loudspeaker hannels. Eah om-puter is equipped with an RME HDSP MADI [RME℄ sound ard. Eah MADIoutput is onneted to an MADI to ADAT bridge (RME ADI648), whih ismounted inside the wall, so that the ADAT ables an be kept relatively short(up to 10 meters). The input to the system is multiplexed to eah MADI soundard with the use of MADI bridges (RME MADI Bridge).47



48 3.1. HARDWARE SETUP

Figure 3.1: The 24 FOSTEX loudspeakers in a WFS setup in the eletronistudio of the TU Berlin (photo: Folkmar Hein).

Figure 3.2: The loudspeaker panel for the leture hall at the TU Berlin.Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



CHAPTER 3. SYSTEM SETUP 49User interfaeControl PCethernet Mixing desk MirophoneStereo inputDVD inputMADI bridgemadi
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Render PC
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Figure 3.3: Shemati overview of the hardware setup for the WFS system inthe leture hall of the TU Berlin.The luster has two networks, one for the OSC [WFM03℄ ommuniation,and one for data-transfer. Separating these network funtions, ensures that theOSC ommuniation is fast. The master mahine (Control PC) ats as a bridgeto the outside world and is the only omputer that is onneted to an externalnetwork.A general overview of the hardware setup is given in �gure 3.3 and a photo-graph of the leture hall is shown in �gure 3.4. Note that the leture hall has aslight elevation when going from the stage to the bak of the hall, whih meansthat the speaker array needed to make a similar elevation when going to thebak of the room. This resulted in several adaptations in the software to ensurethat the sound reprodution is orret, whih will be disussed below. Otherarhitetural onstraints for mounting the speaker array were: the neessity tohave a blakboard in the front (ausing a high elevation above the stage in thefront), ontrol room windows in the bak (thus the speaker array had to bemounted quite low, at the height of the seats of the bak row), doorways on theside (another reason for the elevation in the front, and some missing speaker... with a fous on the reprodution of arbitrarily shaped sound soures
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Figure 3.4: Panorama view of leture hall H0104 of the TU Berlin, equippedwith an 832-hannel WFS system (photo: Folkmar Hein).panels in the bak), as well as estheti demands. The design of the speakerpanels had to be both robust (against vandalism) and maintainable.The sWONDER software was adapted to ontrol this system, in suh a way,that it an also be used by similar but not neessarily idential systems.3.2 SoftwareThe software sWONDER1 [BP04, Baa04, Baa05℄, was developed with the aimto provide omposers with an easy to use interfae to use Wave Field Synthesisfor the omposition of spatial movements.Initially a omposition tool only [Baa03℄, the program has developed tobeome a fully apable WFS software that an be used both for small and largeWFS systems, whih need several omputers to render audio [BHSK07℄.The software is divided into several parts2:� a graphial user interfae,� a sore player/reorder,� a ontrol unit,� a realtime time domain render unit,� a realtime frequeny domain render unit,� an o�ine render unit,� a timer appliation jfwonder,1an aronym for sound Wave �eld synthesis Of New Dimensions of Eletroni musi inRealtime. The software is released under the GPL liense at http://swonder.soureforge.net. The original name for the software was WONDER, but that name was already takenon SoureForge by a projet for WebObjets appliations, so a slight name hange had to bemade. To swonder is yet to be reognised as an English word for to move freely in spae.2The software desribed in this hapter has been developed by a team of programmers,oordinated by the author. Simon Shampijer programmed the ontrol unit, Torben Hohn theaudio rendering units, as well as the LADSPA plugins, Daniel Plewe the sore player/reorder,Eddie Mond the graphial user interfae and Sebastian Roos programmed the VST plugin.Furthermore, Thilo Koh installed the luster and networking.Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...

http://swonder.sourceforge.net
http://swonder.sourceforge.net


CHAPTER 3. SYSTEM SETUP 51User interfaexwonder Sore playerpwonderControl unitwonder LibraryTimer unitjfwonderRender unittwonderfwonder Render unittwonderfwonder
N

O�ine render unit O�ine render unit
N

OSCOSC OSC OSC OSC
OSCOSC

Figure 3.5: Shemati overview of the di�erent parts of the software sWON-DER. The ontrol unit an ommuniate with an arbitrary number (N) of re-altime and o�ine renderers.� and a ommon library for general funtions.Communiation between the di�erent parts of the program is based on theOSC protool [WFM03℄. Figure 3.5 gives an overview of the program parts andtheir ommuniation.Graphial User InterfaeA graphial user interfae has been developed primarily for enabling an easyinterfae to reate and hoose senes, as well as to reate, edit and visualisesores of movements [Mon07℄. The details about this are desribed below.Sore player/reorderThe system an take any kind of audio input, so that the user an use the audioplayer (s)he prefers to play the audio. The sore player/reorder is used tosynhronise with an audio player and reord and playbak soure movements.Below is a detailed desription.Offline rendererFor room simulations or for arbitrarily shaped sound soures (see hapter 6),the alulations for the impulse responses for eah speaker an take quite long,and annot be performed in realtime, so an o�ine render unit is needed, whihan utilise the luster, bene�ting from parallel exeution.... with a fous on the reprodution of arbitrarily shaped sound soures



52 3.2. SOFTWAREsound inputper soure(JACK/ALSA) diret soundweighted delay linestwonder +early re�etionsshort onvolutionfwonderreverberationslong onvolutionfwonder plane wavedelay linestwonder8×

outputper speaker(JACK/ALSA)
Figure 3.6: An overview of the audio signal proessing by the realtime renderunit.Control unitThe ontrol unit (wonder) ats as a bridge between the user interfae and theaudio renderers; it also ommuniates with the sore player/reorder. Thoughthe sWONDER suite of programs supplies a graphial user interfae, any otherprogram that an send (and reeive) OSC an be used to ontrol the system.The user interfae only needs to ommuniate with the ontrol unit, and doesnot need to know anything about the audio rendering details; the ontrol unittakes are of that. The ontrol unit is desribed in more detail below.Rendering engineThe realtime render unit is responsible for the atual audio signal proessing.It has several ways to deal with the audio streams: playbak of diret sound,utilising weighted delay lines, onvolution of the input sound for early re�etions,and onvolution of the input sound for reverb followed by weighted delay linesto reate plane waves with the reverb tail. Shematially this is shown in �gure3.6.The rendering engine onsists of two parts: twonder for the delay line im-plementation, and fwonder for the onvolution. Both programs are ontrolledby OSC and are desribed below; audio input and output have the audio serverJACK [Dea℄ as the audio bak-end.PluginsTo automate movements of soures with a multi-trak sequener, LADSPA plu-gins [Fur℄ were reated to do so. One to send out OSC movement ommandsfor one soure, and one to send out OSC movement ommands for a group ofMarije Baalman - On wave �eld synthesis and eletro-aousti musi, ...
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Figure 3.7: Sreenshot of the VST plugin for sWONDER.two soures and one for a group of four soures, of whih a entre point an bemoved, and the sale and rotation of the loud of points an be varied (�gure3.8).A VST plugin [VST℄ has also been developed (�gure 3.7).3.3 The ontrol unit - wondersWONDER is a �distributed appliation� that ommuniates over OSC. wonderis the glue part that eah of the other parts ommuniates with. The only thingthe other parts need to know is the address of wonder whih an be retrievedfrom a on�guration �le. The other parts, or other appliations, an onnet todi�erent streams that wonder sends out:� /WONDER/stream/render ontains all information to render the audio forthe soures.� /WONDER/stream/sore ontains all information to reord and play thesoure movements.� /WONDER/stream/visual ontains all information to display the status ofall the soures and settings.� /WONDER/stream/timer gives a regular update on the urrent time of thesystem.When onneted to a stream, wonder sends out regular messages (�ping�)to whih needs to be replied (with �pong�). If a program that is onneted doesnot reply for a ertain amount of time, wonder will stop sending data to thatprogram.An appliation an send to a stream diretly as well. This message is thenforwarded to a stream without wonder proessing it. One ase where thisshould be used is for replies to ations. If for example playbak of a sore isstarted from the user interfae the sore player should use the following syntaxto reply to this ommand:... with a fous on the reprodution of arbitrarily shaped sound soures
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Figure 3.8: The 4 hannel LADSPA plugin in Ardour.Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



CHAPTER 3. SYSTEM SETUP 55/WONDER/stream/sore/send ssis /WONDER/reply path 0 "start to play"The namespae of the message is /WONDER/stream/sore/send. The mes-sage the other reeivers of this stream will reeive is /WONDER/reply in this asewhih is the �rst argument of this message. The other arguments just follow likein the other ases. So wonder will reate from the above message the followingmessage and send it to the reeivers of the stream sore:/WONDER/reply sis path 0 "start to play"3.4 Rendering - Diret soundThe diret sound of a WFS synthesised soure, onsists of the delayed andattenuated soure signal. This delay and attenuation is unique for eah speaker.The diret sound of the soure is rendered in the time-domain by the omponenttwonder.3.4.1 Point souresIn order to alulate the delay and attenuation for a point soure the followingsteps are taken in the alulation:1. alulate the vetor between soure and speaker,2. alulate the in-produt of this vetor with the normal vetor on thespeaker,3. if this normal vetor is negative, and if the soure is inside the array ofspeakers (hek whether it is within a polygon de�ned by the speakerloations)(a) hek whether the soure is within a maximum distane from thespeaker, if it is then apply a window within a �window width� for asmooth fade out,(b) do a realulation of the distane (delay time) based on a 3D vetoralulation (important for rooms with an elevation),() set the distane to a negative value,4. adjust delay to smallest delay (to prevent illegal assignment later on inthe program),5. hek whether distane is bigger than 1.5 times the speaker distane:(a) bigger and behind speakers alulate the orresponding fator,(b) bigger and in front of speakers alulate the orresponding fator,() smaller alulate fator as an interpolation between the fator at 1.5times speaker distane behind and in front of the speakers,6. multiply the fator with the window and cosφ with the speaker.The fator of 1.5 the speaker distane ensures that even if the soure movesthrough the speakers right in between two speakers, there will always be somespeakers that play sound, and the amplitude will not �explode� (note that in
∆r in equation (2.30) beomes 0 at the speaker position).... with a fous on the reprodution of arbitrarily shaped sound soures
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N +m downN upN − lFigure 3.9: Illustration of the resampling problem: if the delay time gets longerwithin a ertain blok, we need to output more samples than we have availablein our bu�er. Thus, we need to upsample the available samples. If the delaytime gets shorter, we need to output less samples than we have available in ourbu�er and we need to downsample them.3.4.2 Delay linesTo initialise the delay lines, the length of the delay lines need to be determined.The length is related to the largest distane a soure will have to a speaker.Also, it needs to be deided how far in front of the speakers we want to movea soure, as this determines the needed delay o�set. If no foused soures areneeded, we an set the delay o�set to a smaller number, thus introduing lesslateny in the system. These options an be set per soure.3.4.3 Moving souresWhen a soure moves, the delay time will hange ontinuously, as well as thevolume fator. In twonder the delay times and fators for the start and theend of the blok are alulated (thus these are a kind of anhor points), and thesamples inside the blok are resampled. This is lari�ed in �gure 3.9. If the delaytime is 20 samples at the start of the blok, and 30 samples at the end of theblok, we need to output 10 samples less than the atual blok size N . Thus, weneed to resample N to N −10 samples. Beause of the CPU restraints (we needto do this for a lot of delay lines in realtime), an e�ient resampling algorithmis needed. A linear interpolated resampling was hosen. The implementationis a modi�ed version of Bresenham's line drawing algorithm [Wik07℄, whiheliminates the need to ast a �oat to an integer in the inner loop; this is anadvantage as in most CPUs there is a separate integer and �oat omputationunit; asting a �oat to an integer auses a hold-up in both alulation pipelines,so should be avoided in intensive time-ritial alulations.Moving a soure in this way, reates a Doppler e�et, whih will be audibleif the movement is very fast. Sometimes it is not desired (by the omposer) tohear a Doppler e�et, so another option for movement is provided, whih wehave alled a fade jump. Using this option, the illusion of movement is reatedby fading the soure out on one position, while fading it in on the next position.The user an set a threshold at whih the system will stop resampling and swithto blokwise rossfades. The threshold is the number of samples whih wouldneed to be added or removed due to the movement of the soure. This is perMarije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



CHAPTER 3. SYSTEM SETUP 57alulation blok, and thus depends on the alulation blok size the system ison�gured to.3.4.4 Plane wavesPlane waves are ahieved by varying the delay times for eah speaker, based onthe angle the wave front makes with the speaker array. A delay o�set is reatedby giving the plane wave a point of origin in spae, in addition to its diretion.This approah also makes it possible (in priniple) to swith from a point soureto a plane wave and vie versa.The amplitude is adjusted by a fator depending on the angle the plane wavemakes with the speaker array, and with a fator to ompensate for the di�erenein loudness with a point soure. This ompensation fator an be adjusted inthe on�guration at startup by the user.Plane waves an be used to simulate soures that are very far away andonly have a diretion, or to simulate re�etions, as will be desribed in the nextsetion.3.4.5 Corretions for elevation angle of the speaker arrayThe leture hall H0104 has a slight elevation. This is made lear in �gure 3.10,where the oordinates of the outline of the hall are shown. From 8.8 metersmeasured from the blakboard at the front wall, the speaker array makes anelevation, ending up 4.4m. higher in the bak, over a distane of 16.9m., thanit is in the front.For a foused soure, it is important that the waves onverge from the speakerto the intended soure position, and for this the atual path length of the wavesto the soure position needs to be taken. This means that the z-oordinate ofthe speakers annot be negleted. In the soure ode this problem was solvedby alulating an appropriate z-oordinate for the soure, so that it is alwaysplaed in the plane of the speakers. The delay times for eah speaker are thenalulated based on the 3D-oordinates of the virtual soure and the relevantspeakers.3.5 Rendering - Room simulationRoom simulation is ahieved by adding re�etions to the diret sound. This anbe ahieved in several ways:1. inlusion of a �rst re�etion in the delay line,2. doing a short onvolution for early re�etions for eah speaker with o�inealulated impulse responses (IRs), and3. doing a onvolution with a longer impulse response, the result of whihwill be played bak using plane waves from di�erent diretions.In the �rst option a �lter on the re�eted sound an also be inluded, pro-vided the �lter an be reated with a. 8 FIR taps.... with a fous on the reprodution of arbitrarily shaped sound soures
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Figure 3.10: The oordinates for the leture hall H0104.Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



CHAPTER 3. SYSTEM SETUP 59A onvolution engine, fwonder, has been developed to enable the seond andthird option, but the o�ine renderer to alulate the early re�etion impulseresponses is not ready yet. Instead, other methods ould be used to alulate theearly re�etion IRs, suh as an old version of sWONDER, or using an approahbased on measurements suh as desribed in [MdV06, dVLM06, HdV01℄.In the ase of early re�etions, the impulse responses are unique to eahsoure position and speaker. Thus for eah speaker a onvolution needs to bemade. This option is CPU-intensive and memory-intensive, and a lever IRahing is needed to enable the use of a lot of impulse responses. In [Hel03℄researh is presented from whih an be onluded how losely grid points needto be spaed to ensure pereptual onsisteny of the wave �eld, for a spei�setup (depending on the dimensions of the virtual room, as well as the size ofthe desired listening area).Option 3 an be used for reverberation. Researh at the TU Delft has shownthat using 8 plane waves (at 45 degrees interval diretions) is su�ient to reatea realisti reverberation [SdV97℄.3.5.1 ConvolutionThe fwonder program implements a fast onvolution from multiple inputs to(even more) multiple outputs. It uses the same omplex multipliation methodas BruteFIR [Tor05℄. This method onsists of reordering the �lter oe�ientsin suh a way, that the CPU needs to feth new data less often from memory,whih speeds up the omputation proess.Instead of extending BruteFIR, a onvolution engine was rewritten fromsrath, beause this was onsidered faster than extending BruteFIR, due to thelak of transpareny and doumentation of the BruteFIR ode. Other availablesolutions were not written in C++ or tied to SuperCollider [Ker06℄, whih wouldhave slowed down development also. So it was deided to reimplement thealgorithm, while learning from the other implementations.The onvolution engine fwonder is also apable of non-uniform partitionedonvolution as desribed by Sommen [Som89℄.3.5.2 IR ahingWhen a soure is moving, the ative impulse responses need to be hanged.Beause the set of impulse responses does not �t into memory, a ahe strutureneeds to manage the loading of the impulse responses from disk.This problem is solved as follows: when the position of a soure hangesthe UI sends the absolute position in meters to the ontrol unit. The ontrolunit sends the new position to twonder, and simultaneously alulates the or-responding (losest) grid position for whih an early re�etion impulse responseis available, and sends this information to fwonder. fwonder then swithes theimpulse responses used in the onvolution to the new ones. Crossfading is usedto redue the artefats of this proess.Beause the loading of new impulse responses is a task that takes some timeto omplete, it should happen before an event atually ours if possible. In... with a fous on the reprodution of arbitrarily shaped sound soures



60 3.6. SCORE PLAYBACK AND RECORDINGrealtime mode it is not known in advane what parameters of whih soure willhange next. As a solution the grid of points for whih IRs are alulated isdivided in anhor points and normal points. Anhor points are points whose IRsare always stored in memory. When a soure moves to a new loation, �rst theIR of the anhor point is used, and then the surrounding points are loaded intomemory, so that hanges to loations nearby an be made in realtime (see �gure3.11a). When there is a sore, we know whih IRs are needed in the future, andwe an determine the needed IRs in time, as shown in �gure 3.11b.The ontrol unit takes are of this sheduling of loading and unloading ofIRs and sends ommands to the render units to perform this (i.e. the renderunit fwonder is 'stupid' and just follows the orders of the ontrol unit).3.5.3 Calulating the IRsThe IRs as desribed above, will need to be alulated beforehand with theo�ine renderer. This is handled as follows: in the UI the user de�nes a grid ofpoints and virtual room dimensions. Then he sends a message to the ontrolunit to start the alulation. The ontrol unit then ommuniates with all theo�ine renderers that are running, to perform this task, and sends a messagebak to the UI when the task is ompleted. Afterwards, the alulated IRs anbe used in realtime.3.6 Sore playbak and reordingIn order to playbak the movements of various soures a sore player andreorder is needed that an synhronise with an audio player. There are sev-eral loks available for synhronisation, the most ommon being supported isMTC, whih stands for Midi Time Code. On the Linux platform JACK Trans-port [Dea℄ is ommonly used, whih would be another option.In order to reord a sore, reording needs to be turned on, so that wondersends the sore the soure data as they hange over time. Further �ags an be setto reord only spei� soures, while playing bak the movements of previouslyreorded soures.The soure movements are stored, as the OSC messages ome in: the sorereorder notes the timeode from the lok, and stores the OSC message. Ifthe OSC message ontains the same information for a soure as the previousmessage, the message is disarded. This results in an event based reording,whih is of bene�t as less information is stored. However, it makes jumps intime more ompliated to handle.If a user jumps to another point in time in the omposition, then the soreplayer needs to determine the loations of the soures at that moment in time.In priniple, the sore player would need to parse all data from the start in orderto determine the information at the hosen point in time. In order to speed upthis jump, the sore player an reate anhor points in time, for whih it knowsthe urrent loations, so that when a time jump ours, it only needs to parsethe data from the anhor point whih is just before the requested point in time.Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...
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(a) In realtime, we must make use of theanhor points and neighbouring points.
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(b) While playing a sore, we know the fu-ture loations of the soure, so we an pre-load the IRs that orrespond preisely tothe sound path.Figure 3.11: Loading grid point impulse responses into ahe. The blak pointsare the anhor points and orrespond to impulse responses that are alwaysloaded in memory. The red (darkest grey) point indiates the grid point usedfor the urrent position, the orange (grey) points the one for whih the IRs areurrently loaded in memory. The light grey points are the available points ondisk. ... with a fous on the reprodution of arbitrarily shaped sound soures
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(a) Sene view

(b) Sore viewFigure 3.12: The xwonder graphial user interfae (pitures taken from[Mon07℄)Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



CHAPTER 3. SYSTEM SETUP 63The data is stored in an XML format whih is modelled after the XML3DAudioformat as desribed by Potard [Pot06℄. In ase of very dense data, the sorereorder stores the data in a binary �le, whose format and path are spei�ed inthe XML �le.The format basially has two setions: an orhestra setion, whih de�neswhih soures are part of the sore, and their initial parameters, and a soresetion, ontaining all the events of hanges in the parameters for eah soure,as they our. An example is shown in �gure A.5 for a sore with 10 soures.3.7 Graphial User InterfaeThe graphial user interfae, xwonder [Mon07℄, has been written using the Qt-Libraries [Tro05, version 4℄, and OpenGL. The main funtions are reated forthe realtime use of the system, as well as reating ontent with the system. TheGUI provides an interfae to move soures in realtime, to store onstellationsof soure as senes, and to selet senes. The graphial representation of thesoures an be on�gured by hoosing a olour for the soure, and giving thesoure a label. For sore manipulation and visualisation, the 3D view o�ersa representation of the positions of the soures over time, so that the spatio-temporal behaviour of the soures an be seen. Some sreenshots of the GUIare shown in �gure 3.12.3.8 Time and synhronisationThere are several onepts of time within the system:� the user interfae an send messages, whih have to be exeuted now(t = 0) and have a ertain duration; or it an send messages whih haveto be exeuted at a ertain time (t = t0) from now and have a ertainduration,� the sore player/reorder has to deal with both MTC and the sample time.It should synhronise itself to MTC, and ommuniate to the ontrol unit,just like other user interfaes,� the audio lok.All ommuniation from the user interfae to the ontrol unit about time,is in seonds. As the renderers need to be synhronised with sample auray,the ontrol unit translates the time in seonds to frame time. The audio lokis used as the time referene for this. This lok is reliable, has got the desiredgranularity and is present on eah render unit and the ontrol unit. The audiodevies in the units are fed with a MADI signal whih inludes a synhronisationsignal3. Beause the audio links are digital, a sawtooth generated at the on-trol node, will be su�ient to extrat the initial synhronisation position from3alternately, the audio devies an also be onneted with a Wordlok signal for synhro-nisation ... with a fous on the reprodution of arbitrarily shaped sound soures



64 3.9. CONFIGURATION AND DATA FILESthe audio signal. When initial synhronisation is done, synhronisation will bemaintained by the audio syn ontained in the MADI signal.This leads to a system with one entral lok and avoids the need for lokskew ompensation whih is needed when having multiple loks.As an example we onsider the task of hanging the position of a soure.This information is sent from the UI to the ontrol unit where a time stamp forthis event is generated. Sine the ontrol unit has the information about theatual time in samples the messages will be stamped with this time refereneand sent to the render unit.Both the ontrol unit and the render unit an deal with interpolation overtime, i.e. it is possible to send the ontrol unit a message to move a soure fromone position to another with a ertain duration of the movement. The ontrolunit will pass on this duration to twonder, whih then interpolates the movementand alulates the positions (and thus the delays) at the end of eah blok, andreates the movement. The ontrol unit will also alulate the intermediatepositions on the grid, and ensure that the IRs for the intermediate points arepreloaded by fwonder and the IRs needed for the urrent position are swithedto in time.3.9 Configuration and data filesFor on�guration of the system and reating a projet with the system, several�les are needed to store the relevant data.It was hosen to use XML4 for the format for storing this data, as it is easyto extend in ase of need.There are �les for:Default on�guration the address of the ontrol unit and working diretory(for example: �gure A.3).Array setup positions of the speaker array segments.Global Array general settings for the array, suh as the inner room of thearray.Projet the general settings for a projet, suh as how many soures are usedand the harateristis of eah soures. It an also ontain a referene to asore �le, a grid �le, and settings for di�erent senes (stati onstellationsof soures, between whih the user an swith). For an example: �gureA.4.Grid the information about the grid points used for early re�etion alulation,as well as information about the impulse responses (path and format inwhih they are stored).4�The Extensible Markup Language (XML) is a general-purpose mark-up language. Itsprimary purpose is to failitate the sharing of data aross di�erent information systems, par-tiularly via the Internet. It is a simpli�ed subset of the Standard Generalized MarkupLanguage (SGML), and is designed to be relatively human-legible. XML is reommended bythe World Wide Web Consortium. It is a fee-free open standard. The W3C reommendationspei�es both the lexial grammar, and the requirements for parsing�, soure: WikiPedia,http://en.wikipedia.org/wiki/XMLMarije Baalman - On wave �eld synthesis and eletro-aousti musi, ...
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CHAPTER 3. SYSTEM SETUP 65Sore the movements of the soures in time, as desribed in setion 3.6.In addition to these on�guration �les, the software pakage omes with aset of sripts, whih automate the starting and stopping of most omponents.3.9.1 Array onfigurationThere are two �les for the array on�guration: the global array on�gurationand the array on�guration. The �rst �le ontains global settings, whih all ofthe renderers need to know, and the graphial user interfae. There are settingsfor:� The speakers: the distane between the speakers (needed for the alula-tion for a soure moving �through� the speaker array) and the distane tothe referene line.� The alulation of foused soures inlude: the distane up until whih aspeaker will ontribute to a foused soure, as well as the margin for this,i.e. the distane over whih it will fade out.� The elevation ompensation: the y-oordinates between whih the eleva-tion is, and the (vertial) z-oordinates determining the elevation. Thisassumes that the oordinate system is hosen in suh a way, that theelevation is in the y-diretion.� The polygon, de�ning the outer limits of the array. This is needed todetermine whether or not a speaker should be ative, when a soure is infront of a speaker segment. If it is inside this polygon, it will be ative,provided it is within the �fous�-distane. The graphial user interfaeneeds this information to display the array. In non-losed arrays it shouldrepresent the listening spae.An example for the leture hall H0104 is shown in �gure A.1.The array on�guration ontains information on the atual speaker setupfor the renderer. It ontains information on a number of linear segments, wherethe settings onsist of:� the number of speakers in the segment,� the start oordinates for the segment,� the end oordinates for the segment,� the normal vetor of the segment, pointing inwards (towards the listeningarea),� a window width, in ase a Hanning window is provided as a taper (seesubsetion 2.6.4).An example for one renderer of the setup in leture hall H0104 is shown in�gure A.2. ... with a fous on the reprodution of arbitrarily shaped sound soures



66 3.10. OSC COMMANDS3.10 OSC ommandsIn table 3.1 an overview is given of the urrently working OSC ommands. Inthe next subsetions the funtionality of these ommands is explained, larifyingsome of the onepts used in the software.3.10.1 ProjetTo be able to store senes, you need to reate a new projet with the ommand:/WONDER/projet/reate, with two strings as arguments: the projet nameand the path.You an save the projet with the ommand: /WONDER/projet/save, andlater load it again with the ommand /WONDER/projet/load.When a projet is loaded wonder will send the alling appliation the XMLrepresentation of the urrently loaded projet. The alling appliation needsto be able to understand this message by implementing a allbak funtion tothe message /WONDER/projet/urrent; the error no. will be non-zero if noprojet is loaded in wonder.3.10.2 SenesYou an reate a snapshot of the urrent soure positions (alled a �sene�)and store them in the projet, using the ommand /WONDER/sene/add withan integer as argument for the slot number under whih you want to store thesene.Later you an reall the sene with the ommand /WONDER/sene/selet,with as arguments the sene number, the time at whih the hange to the seneshould start, and the duration in whih it should fade to the new sene.With /WONDER/sene/remove a sene is deleted (and thus the slot is freedagain). With /WONDER/sene/set you an overwrite an existing sene. Notethe subtle di�erene between adding a sene and setting a sene: adding reatesa new sene and stores the urrent soure positions to it. It gives an error bakwhen the sene number already exists. �Set� stores the urrent soure positionsto an existing sene and gives an error bak if the sene slot does not exist.With /WONDER/sene/opy you an opy one sene to another sene slot.With /WONDER/sene/name you an give a sene a name, a label with whihto remember the sene, whih is useful for display in the UI.A sene does not need to ontain information on all soures: it is possible toenable and disable soures for a sene with the ommand/WONDER/sene/soure/enable; it takes as arguments the soure id and aninteger, whih should be �1� when the soure is enabled and �0� if it is not. If thesoure id is �-1� the ommand enables all soures. With /WONDER/sene/soure/namea soure within a sene is given a label.3.10.3 Soure ontrolThere are urrently two types of soures: point soure and plane wave (�gure3.13).Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



CHAPTER 3. SYSTEM SETUP 67ommand types arguments/WONDER/projet/reate ss projet name, path/WONDER/projet/load ss projet name, path/WONDER/projet/save ss projet name, path/WONDER/projet/urrent is error no., XML-string/WONDER/sene/selet ii� sene no., mix, time, duration/WONDER/sene/set i sene no./WONDER/sene/add i sene no./WONDER/sene/remove i sene no./WONDER/sene/opy ii from id, to id/WONDER/sene/name is id, name/WONDER/sene/soure/name is sr id, name/WONDER/sene/soure/enable ii sr id, 1 or 0/WONDER/global/enable i enable/WONDER/global/fadejump_threshold i threshold/WONDER/global/mute i mute/WONDER/global/max_negdelay f maximum negative delay/WONDER/soure/position i��f sr id, pos x, pos y, pos z, time, duration/WONDER/soure/angle i�f sr id, angle, time, duration/WONDER/soure/type ii��f sr id, type, pos x, pos y, pos z, angle, time/WONDER/soure/fadejump_threshold ii sr id, threshold/WONDER/soure/mute ii sr id, mute (1 == silene)/WONDER/soure/enable ii sr id, enable/WONDER/soure/max_negdelay if sr id, maximum negative delay/WONDER/sore/quit/WONDER/sore/undo/WONDER/sore/redo/WONDER/sore/play/WONDER/sore/pause/WONDER/sore/stop/WONDER/sore/reord/WONDER/sore/newtime f new time/WONDER/sore/reset/WONDER/sore/offset f/WONDER/sore/save/WONDER/sore/load s �lename/WONDER/sore/set_midiin_dev i midi devie/WONDER/sore/set_midiout_dev i midi devie/WONDER/sore/show_mididevies/WONDER/sore/statusTable 3.1: Working OSC ommands.... with a fous on the reprodution of arbitrarily shaped sound soures



68 3.10. OSC COMMANDS

(a) Point soure (b) Plane waveFigure 3.13: Soure types.With the ommand: /WONDER/soure/type you an set the type for onesoure. Plane wave is �0�, point soure is �1�; the angle argument is the startangle for the plane wave; the position of the soure also needs to be set. In thease of a point soure, this will be the atual position of the soure. In the aseof a plane wave, this is a referene point for the alulation; it should be hosento be a position somewhere behind the array in the diretion where the planewave is oming from. This point determines the basi lateny of the plane wave./WONDER/soure/position takes as arguments the soure id, the x, y and
z position (in meters)5, the time at whih the hange should start (in seondsfrom �now�), and the duration for the hange to take plae (also in seonds)./WONDER/soure/angle takes as arguments the soure id, the angle in de-grees, the time at whih the hange should start, and the duration for the hangeto take plae./WONDER/soure/fadejump_threshold takes as argument the soure id andthe threshold at whih the system will stop resampling (ausing the Dopplere�et) and swith to blokwise rossfades. The threshold is the number ofsamples whih need to be added or removed due to the movement of the soure.This is per alulation blok, and depends on the alulation blok size, thesystem is on�gured to./WONDER/soure/max_negdelay takes as argument the soure id and themaximum negative delay in seonds, whih is related to the maximum distanea soure an be in front of the array./WONDER/soure/mute mutes a soure, whereas /WONDER/soure/enableenables the soure, so ommands about the soure are passed on by wonder.5the z position should be 1.0 for now, but may be used in the futureMarije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



CHAPTER 3. SYSTEM SETUP 69/WONDER/grain/hannel iiib o�set time, hannel, size, data blob/WONDER/grain/point i��b o�set time, pos x, pos y, pos z, size, data blob/WONDER/grain/plane i��b o�set time, pos x, pos y, pos z, angle, size, data blobTable 3.2: OSC ommands for spatial granular synthesis. The �rst ommandassigns a grain to a spei� speaker hannel; the other ommands to a WFSrendering of the grain.3.11 Spatial granular synthesisWithin granular synthesis6 a sound is build up of very �ne grains of sound (orderof magnitude a. 1 ms), whose parameters are usually ontrolled in statistialterms, with parameters for density, frequeny range and grain length, with aontrollable amount of randomness within eah parameter.If for these parameters also spatial harateristis are set for eah grain,louds of sound an be reated whih are both spread out through spae (theselouds an also move through spae), and have an inner spatial struture thatyields a new sensation of �ne detail within a soni event, that is not enounteredin nature. One ould maybe ompare it with a swarm of buzzing insets, butthen a thousand times denser and not neessarily a buzzing sound.In order to realise this, it is not feasible to have one audio hannel for eahgrain. Rather an arhiteture is required, where via OSC messages with theaudio data for eah grain are sent to the renderers, together with the positionaland time information (see table 3.2). In this way, the audio data an be insertedin the delay lines at the required positions for eah speaker. As no resamplingwill be needed, we an proess as many grains as required, as the proess ofalulating the delay o�set and amplitude and putting the data in the delayline is a linear operation.The steps in the alulation are:1. for eah speaker alulate the delay and amplitude for the grain,2. add the delay to the o�set to get the �speaker o�set�,3. add the grain samples, multiplied with the amplitude fator, to the sam-ples already present in the delay line of the speaker starting at �speakero�set�.The limits to the density of the grains are thus only related to the networkbandwidth and CPU time to proess the data.6The theory of granular synthesis was developed by Dennis Gabor, though Iannis Xenakisalso has laims on inventing this synthesis approah (Xenakis, Formalized Musi, prefae xiii).Curtis Roads is often redited as the �rst person to implement a digital granular synthesisengine. Canadian omposer Barry Truax was one of �rst to implement realtime versions ofthis synthesis tehnique. [Wik06℄... with a fous on the reprodution of arbitrarily shaped sound soures



70 3.12. CURRENT STATUS OF THE SOFTWARE3.12 Current status of the softwareOf the software infrastruture presented in this hapter, not all omponents havebeen implemented yet, at the time of writing this thesis. The urrent TODOlist is:� Inlusion of a single re�etion with twonder.� O�ine render units (see also hapter 6 for some aspets of this).� Implementation of the IR ahing algorithm in wonder, together withommuniation between fwonder and wonder.� Sore editing operations to the sore player/reorder and the GUI. Dy-nami anhor point management to the sore player.� The spatial granular synthesis struture needs to be �nalised, i.e. anadapted version of twonder needs to be reated. Some basi struture fordistributing the grains has already been done.

Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



Chapter 4Wave Field Synthesis andeletro-aousti musi4.1 PerspetivesWave Field Synthesis o�ers new possibilities for eletro-aousti musi, in thatit allows more aurate ontrol over movement of sound soures, enables othertypes of movement than those often seen with irular otaphoni setups (suhas movements whih use depth and movements through the listening spae)and provides an interesting possibility for ontrasts between the e�et of pointsoures and of plane waves: a soure with a �xed position versus a soure whihmoves along when the listener walks through the sound �eld. Additionally, itis possible to work with virtual room re�etions, even with room dimensionshanging over time (see the insert for a thought experiment on relative roomdimensions).The larity of loalisation that is ahieved with WFS an also be regarded asa weakness or a hallenge for the omposer, as Wouter Snoei notes in an emailexhange with the author:�In regular (non-WFS) spatialisation sometimes the fat that it'snot that good bene�ts the sound. It reates a kind of tension whereyour ears try to �gure out what's happening but never really �ndout. The spatial position of sounds thus stays unlear, as if a kind ofloak is around it. Obviously partially hidden things an sometimesbe muh more exiting than the whole thing unovered. In WFSall spatial positions are always rystal-lear, whih an be a bit dullsometimes. It would be nie if one ould have the larity or qualityof spatialisation as an extra parameter, and of ourse having thaton a per-sound basis would be a really interesting addition to thepower of WFS.�Eletro-aousti musi is by its nature more likely to run into the limitationsof Wave Field Synthesis, mainly the problem of spatial aliasing (see subsetion71



72 4.1. PERSPECTIVESRelative room dimensionsFrom the idea to have a room whih hanges its dimensions over time, wean start the following thought experiment: imagine a stati sound soure ina room of whih one wall is moving towards the sound soure. Then the �rstsound ray to be re�eted from the wall is that whih has a path perpendiularto the wall. When the sound ray diretly next to that is to be re�eted, thewall will already have moved a little loser to the sound soure. And so on forthe sound ray next to that. So the wall that the sound is atually re�eted on,will be a urved wall. Consequently the waves re�eted from this urved wallwill have a fous point, where all re�eted waves will ome together again.this urved wall is momentary: for the sound some seonds later the wallwill have another position again, and thus the fous point will move as well.Pereptually this ould lead to interesting e�ets.2.6.4). Due to the distane between the loudspeakers, sounds with a wavelengthsmaller than this distane, annot be reprodued aurately by WFS, as spatialaliasing ours1. While in the reprodution of natural sound soures this isusually not a serious problem, as there tends to be a onsiderable amount ofenergy in the lower part of the spetrum, eletroni sounds an (and often do)have any imaginable spetrum and so the problem of aliasing will be moreprominent, when most of the energy is in the upper part of the spetrum.An important distintion to other appliations of WFS is that in eletro-aousti musi one does not neessarily want to reate a soni impression thathas a natural equivalent, i.e. there is an interest to reate soni events, whihwould not be possible in a natural environment, and only be possible within asynthesised virtual environment, thus reating a new psyho-aousti hallengefor the listener. An example is to reate several virtual sound soures, eah inanother virtual room.The listening room will in�uene the resulting aousti simulation; this is ofourse also a problem with other loudspeaker spatialisation tehnologies. Gen-erally it is reommended to use a dry room for WFS reprodution. On the otherhand, reent researh [WM04, CCW03℄ has shown that the interation with theatual listening room will add re�etions to the sound, but that these will bethe re�etions from the virtual soure position.To work with WFS an objet oriented approah is needed, i.e. the sourematerial must be divided in suh a way, that the materials whih will makethe same movements through spae must be presented on the same hannel,and in the prodution proess the material will be linked to data that desribesthe spatial transformations of the material. For many omposers this way ofworking will not pose a large problem, as oneptually many of them are alreadyusing this approah when working with spatialisation. The only di�erene willbe in the prodution proess, where they no longer have to render to a �xed1For a speaker distane of 10m the aliasing frequeny is 1.7 kHz in the worst ase, 3.4kHz in the best ase, for a speaker distane of 15 m. to 1.1 kHz and 2.2 kHz respetively.Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



CHAPTER 4. WFS AND ELECTRO-ACOUSTIC MUSIC 73number of hannels, whih will then onstitute the piee to be performed.4.1.1 Reording tehniquesReording tehniques for Wave Field Synthesis an be distinguished based onthe e�et that is aimed at, namely reording1. a single sound, whih will later be spatialised,2. the aoustis of a spae, whih will later be used to add these aoustis tovirtual sound soures,3. a real environment, whih will be reprodued as is, i.e. there will be nofurther adaptation of the spatialisation in the prodution.For the �rst, it is important that the soure signal is as dry as possible, sothe reording should only ontain the diret sound. The soure an then bereprodued as a point soure with WFS.There are also methods to reord the diretivity pattern of a sound sourefor use with WFS reprodution [JAMdV05℄.To reord the aoustis of a spae mirophone arrays need to be used. Thereare several tehniques to proess the measurements for use on any WFS on�g-uration, for example a plane wave deomposition [HdV01℄. Theoretially, suhmeasurements need to be made for eah soure position that the virtual sourewill take within the room, however in pratie we an measure the responses forfewer soure positions, as we do not hear small di�erenes in re�etion patterns[Hel03℄. The results of these measurements and proessing an then be used toadd virtual room re�etions to virtual soures.Measured room impulse responses an be further analysed and proessed toallow for artisti ontrol over the re�etion patterns of the virtual room. Toolsfor this are being developed by Melhior [MdV06, dVLM06℄, and a sreenshotof the user interfae is shown in �gure 4.1. The idea is that after analysis ofa reorded wave �eld, several mirror image soures an be identi�ed, whihontribute to important early re�etions. After having identi�ed those, theyan be moved, to reate a di�erent pattern. Furthermore, the other re�etionsare split up based on diretions from whih they ome, through a plane wavedeomposition. The spetra of these an then also be edited to reate the desiredresult.Reording a real environment for reprodution by WFS is of interest for om-positions based on �eld reordings. Here also mirophone arrays will be neededto reord the spatial properties of the environment, and the same post proess-ing tehniques an be used. However, whereas mirophone array measurementsfor room impulse responses are usually made by moving the mirophone aftereah measurement, for reording a real environment an array is needed whereall hannels are reorded simultaneously [HSdVB03, AdV04, dVHG07℄. Suhan array has been developed at the TU Delft (see �gure 4.2), and the prototypehas already been used to reord a new musi performane, whih uses spae asa ompositional parameter.... with a fous on the reprodution of arbitrarily shaped sound soures



74 4.1. PERSPECTIVES

Figure 4.1: A sreenshot of the user interfae for editing re�etion patterns ofa virtual room (from [MdV06℄).

Figure 4.2: A irular reording array, as developed at the TU Delft [HSdVB03℄.Here in ation for a reording in the Liebfrauenkirhe in Halberstadt, Germany(Photo by Bernhardt Albreht).Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



CHAPTER 4. WFS AND ELECTRO-ACOUSTIC MUSIC 754.1.2 Sound installationsAs the wave �eld reated with WFS is stable in the sense that soures stay wherethey are when walking around as a listener2, this is an interesting tehnology foruse in sound installations. Within a sound installation the listener is usually notbound to one listening position, as with seated onerts. Thus, the listener anbeome an ative partiipant in the installation, by moving around within thesound �eld, and thus gaining several perspetives on the piee (see also hapter1 for a disussion on this topi).Note, this di�erene of perspetive on the sound �eld, based on the listener'sposition, is also an important issue for onert situations. It has been arguedthat with WFS there is no sweet spot, but rather a large listening area. However,this does not mean that everyone will have the same listening experiene3,instead it is omparable to having di�erent seats during a onert of an orhestra,where similarly the impression of the aousti event depends on where one isseated in the onert.4.1.3 Realtime useWith the urrent tools available it is possible to hange the positions of soundsoures in realtime, and thus make this dependent of a real time proess inan installation. This was done for example in the installation Srath (2004),desribed below.Lateny of the system may be a onern, though depending on the atualhardware setup, lateny an be minimised: the WFS proessing of the TU Berlinsystem introdues a lateny of 256 samples4, i.e. 5.8 ms at 44.1 kHz; this wasfound su�ient for Tutshku's Zellen-Linien, where the live sound of a grandpiano was proessed and played bak via the WFS system. This number iswithout the lateny introdued by the sound travelling from its virtual positionto the listener. In the ase of foused soures, there needs to be a pre-delay,whih needs to be on�gured beforehand.If sound is reorded, proessed and send bak over the system, feedbak maybeome a problem, as not all traditional methods to prevent feedbak may beapplied, due to the large amount of speaker hannels involved. This is still atopi for future researh.4.2 Available systems and toolsBesides the system at the TU Berlin, there are several other WFS systemsavailable to omposers nowadays, and an overview will be given in this setion.2as opposed to spatialisation with stereophoni tehniques where the loalisation of a souretends to move along with you as you move out of the sweet spot, until it ollapses onto thespeaker.3listening experiene in a narrow sense, i.e. resulting from the same pereivable aoustievent, and not taking into aount extra-aoustial parameters in�uening the experiene.4in fat, this lateny is dependent on the blok size and an be on�gured. Larger bloksizes are omputationally more e�ient and allow for a more stable system with more soundsoure inputs.... with a fous on the reprodution of arbitrarily shaped sound soures



76 4.2. AVAILABLE SYSTEMS AND TOOLS

Figure 4.3: WFS speakers for the The Game of Life system (August 2007)4.2.1 The Game of Life - WFS systemIn 2006, a mobile Wave Field Synthesis system [Sno06℄ was realised for theDuth foundation The Game of Life. It onsists of a loudspeaker array (de-signed by Raviv Ganhrow) of 192 SEAS oaxial 2-way loudspeakers, 12 ativesubwoofers (Hypex) (see �gure 4.3), driven by two G5 omputers running soft-ware written in SuperCollider [MC℄ by Wouter Snoei and Jan Trutzshler.The system was premièred at November Musi 20065 in Gent (BE) and DenBosh (NL). Composers Barbara Ellison, Yannis Kyriakides and Wouter Snoeireated piees for this system. For the SuperCollider Symposium6 in Septem-ber 2007 in The Hague, several more omposers reated piees for the system.Further projets utilising this system are being planned, suh as the interdisi-plinary projet Sternenrest about siene, art and ontemplation [Ste06℄, withomposer Wim Bogerman. The system is urrently installed in the SheltemaComplex in Leiden.The Institute for Sonology is in lose ooperation with the Game of Lifefoundation and one of the topis of the �sound and spae� ourse7 is wave �eldsynthesis.The user interfae for this system has been reated in SuperCollider onMaOSX, and provides many useful graphial tools for spatial omposition.The interfae provides a sore editor, where groups of audio �les and paths anbe arranged. A single group an then be edited in more detail, and single pathsan be edited using the path editor as shown in �gure 4.4. The strengths of this5http://www.novembermusi.net6http://superollidersymposium.sampleandhold.org7http://www.konon.nl/publi_site/220/Sononieuw/UK/frameset-uk.htmlMarije Baalman - On wave �eld synthesis and eletro-aousti musi, ...
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CHAPTER 4. WFS AND ELECTRO-ACOUSTIC MUSIC 77interfae are that default forms are provided (suh as irles, spirals, randommotion, et.), points an easily be added, deleted and moved in the path, andthe path as a whole an be saled, rotated, dupliated, and so on; it is alsopossible to store the path as a SVG (saled vetor graphi) �le, and edit it witha graphis program like Adobe Illustrator8 or Inksape9. Espeially interestingis the view at the bottom, where the speeds of the soure to the next point areshown; this will give an indiation of the Doppler e�ets that will be heard, andthe view provides ways to edit the path in time on this level (e.g. equal timesbetween points, or equal speeds), or simply by dragging the points up and downfor faster and slower speeds. When a path has been de�ned, it an be stored ina bank, for future use, or be assigned to a seleted sound �le.4.2.2 Casa del SuonoIn the Casa del Suono10 in Parma, Italy, two systems are installed that utilisethe WFS priniple. One is a listening room, equipped with WFS, the seond isa sound handelier, the lampadario (see �gure 4.5), used to fous sound soures.For the inauguration of the exhibit, Martino Traversa reated a ompositiontitled NGC 353, from the name of a spiral galaxy loated 8 millions light yearsfrom Earth. The omposition is a sort of �soni sulpture�, daning around andabove the head of the listener, who gets the feeling of being able to touh thesounds.4.2.3 Commerial systemsTo date there are two ompanies that market omplete WFS systems, soniE-motion11 and IOSONO12, inluding hardware and software to do WFS.The Fraunhofer Institute for Digital Media and IOSONO have installedlarger systems at the Lindenkino in Ilmenau, in Bregenz [Rod05℄ and in BavariaFilmstadt. IOSONO provides software for rendering and ontrol of the soures,and have worked together with the ompany LAWO13, to integrate their soft-ware interfae with a mixing desk.The Swiss ompany soniEmotion are in lose ooperation with IRCAM inParis. Their software is ontrollable via OSC, and they reated an interfae toIRCAM's spatialisateur (spat), as well as a plugin for the Pyramix 14 multi-traksoftware.Other ompanies are starting to market Wave Field Synthesis as well, likeACS15 [dVvDSvdH07℄.8http://www.adobe.om/produts/illustrator/9www.inksape.org10see http://pfarina.eng.unipr.it/CdS/CdS.htm andhttp://www.danieletorelli.net/lampadario.html.11http://www.soniemotion.om12http://www.iosono-sound.om/13http://www.lawo.de14http://www.merging.om/15http://www.as-bv.nl/... with a fous on the reprodution of arbitrarily shaped sound soures
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Figure 4.4: The path editor of the WFS software by Wouter Snoei.
Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...
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Figure 4.5: The Lampadario in Parma, Italy (Photo taken from http://www.danieletorelli.net/lampadario.html).4.2.4 Further researh systemsSeveral researh institutes have invested in WFS systems, these institutes in-lude the sound ontrol group of the TU Delft16, IRCAM17, the Institute forTeleommuniations and Multimedia Appliations (iTEAM) of the TehnialUniversity of Valenia in Spain18, Fraunhofer Institute for Digital Media19, Insti-tut für Rundfunktehnik (IRT)20, the University of Erlangen21, FahhohshuleDüsseldorf22, the T-Labs of the Deutshe Telekom23, Digitale Medien of theFurtwangen University24, MGill University, Montréal, Canada25 and Univer-sity of California26, Santa Barbara, USA.Most of these institutes are interested in ollaborations with artists, thoughthis is not the primary fous for all of them, e.g. the University of Erlangenpresented on the Hörkunstfestival 2005 in Erlangen, Germany, several works2716http://www.soundontrol.tudelft.nl17http://http://reherhe.iram.fr/equipes/salles/WFS_WEBSITE/Index_wfs_site.htm18http://www.gta.upv.es19http://www.idmt.fraunhofer.de/20http://www.hauptmikrofon.de/21http://www-nt.e-tehnik.uni-erlangen.de/lms/researh/projets/WFS/22http://www.medien.fh-duesseldorf.de/23http://www.deutshe-telekom-laboratories.de/24http://www.dm.hs-furtwangen.de/25http://www.irmmt.mgill.a/26http://www.reate.usb.edu/27http://www.hoerkunst.de/hkf2005_hkf3-B10.html... with a fous on the reprodution of arbitrarily shaped sound soures
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80 4.2. AVAILABLE SYSTEMS AND TOOLSof various omposers.From the author's experienes with users of the sWONDER-software, theremust be at least a dozen or so other small WFS systems, set up by artists (e.g.MMahon as desribed below) and by researhers in small ompanies.4.2.5 Compatibility between systemsThere have been a number of di�erent systems reated, both di�ering in softwareimplementation, as well as hardware setup (number of speakers, array form,et.). With all these di�erent systems, the question arises whether ompositionsare transferable to other systems. This is still a problem that needs to be solved,and urrently e�orts are being undertaken to agree upon a ommon �le formatto store the omposition data.Though there are existing standards, suh as MPEG4 [PBG03℄, whih in-lude spatial audio oding, these standards do not over all rendering possibil-ities that WFS is apable of; also the use of ompressed audio is not desirablefor eletro-aousti musi. Furthermore, it is not an free standard, whih makesimplementation in open soure software problemati. Another existing formatis XML3DAudio [Pot06℄, whih ould serve as a basis for a ommon format.The format should (for eah virtual soure) ontain information on� position,� type (plane wave, point soure, diretional soure, 3D objet),� room e�etsfor eah moment within the omposition. Additionally, it is of interest tobe able to store senes: i.e. �xed onstellations of virtual soures (see alsohapter 3). Details of the speaker array may be useful to know for whih systemthe omposition was originally reated. A point of referene in the oordinatesystem should also be de�ned.There are still a number of problems to solve to make a ompatible format:as the software implementation details di�er between systems, and it is unlearwhat e�ets these have on the audible result, e.g. some systems inlude Dopplere�ets within the soure movement, or have this as an option, whereas othersystems do not; another example is the multihannel equalisation for the �atpanel loudspeakers [CHP02, Cor06℄. Not all implementation details are welldoumented, or the doumentation (or the soure ode) is not open, whihposes another ompliation.Furthermore, it is still questionable how well ompositions made for smallsystems (and thus usually also a smaller spae) sale up to large systems, andvie versa. It is unlikely that there will be a straightforward way of salingompositions: a omposer may have audio material on di�erent traks that arerelated to eah other (together forming a sound objet), whih if they are saledup like they were single traks may loose their ommon sound impression. Whenworking with a larger system, it may make sense to have more separate soundMarije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



CHAPTER 4. WFS AND ELECTRO-ACOUSTIC MUSIC 81soures28, as more sound soures will be distinguishable by the listener, whereaswhen downsaling, several traks ould be ombined. An issue here is also thequestion of intimay, whih was disussed in hapter 1; a piee omposed fora small room tends to be muh more intimate than a piee for a large room.There may be ases where this hange in sale just does not make sense.Compatibility with other spatialisation tehnologies is also an issue. Eahspatialisation tehnology has its own advantages and limitations, and it dependson the tehniques used with the tehnology, whether or not the same e�ets anbe reahed with another tehnology. Within these limits, it is possible to ahieveompatibility with ambisoni and binaural formats. This ompatibility has asan advantage that omposers an prepare their work on suh systems, beforehaving aess to the atual WFS system. On the other hand: both in ambisonisand binaural tehniques, it is possible to add the vertial dimension, whih upto now, has not been implemented yet for WFS, due to tehnial and �nanialreasons (see also hapter 2 for a short disussion on this).4.2.6 Eonomial issuesIn the past years WFS has gained aeptane as a feasible alternative to othersurround sound systems, within audio engineering irles29; nonetheless, themarket does not seem ripe yet for this tehnology.One of the issues is that there is of ourse not muh ontent yet available,whih really utilises the possibilities of WFS. Partly, this is a deadlok, as en-tertainment industry will not produe ontent for a medium that is not widelyspread. This seems to be one of the main problems for marketing WFS to the�lm industry, though an additional fator there is also that Dolby Surround hasonly reently beome a market standard and the majority of the theatres stillhave a long time before they an invest in new audio tehnology.However, there are omposers and other artists interested in exploring thepossibilities of WFS, and it is just a matter of giving these people aess tothe tehnology. Doing so, will not only provide ontent for WFS, but also giveimpulses for new demands on WFS systems; only by working with the system,desires and ideas for tools will surfae, and drive new developments and researh.Getting omposers involved in the development also has an eonomi advantage:as they reate ontent for the reprodution method, there will be a demand formore reprodution spaes.A market as of now negleted by the manufaturers is the lub sene. Herethere is already an establishment of surrounding the daning audiene withspeakers, but mostly these speakers are not used for spatialising the musi, butare meant to enhane the overall sound level of the system. Composers and mu-siians of lub musi are not uninterested in spatialisation and it is the author'sbelief that by involving some of these omposers to reate musi with WFS,28This was the ase with Rituale, Tutshku hose to use twie as muh virtual sound soureswhen adapting the piee for the TU Berlin system.29Diemer de Vries noted this in a onversation with the author during the AES Conferene2007 in Vienna.... with a fous on the reprodution of arbitrarily shaped sound soures



82 4.3. COMPOSITIONS AND INSTALLATIONSand experimenting in the lub environment with this tehnology, ould beomea great suess. Moreover, the lub sene is less bound to industry standardsthan �lm industry, and often ompete with eah other by speial features of thelub, ranging from providing a ertain ambiene, ertain performers and DJ's,musi style/genre, and possibly advaned sound systems.Lukily, in the reent years WFS is gaining a lot of interest from eduationalinstitutes, and slowly they are setting up WFS systems and teahing studentsabout the tehnology, as well as giving them aess to work with it. Obviously,this is an important way to ensure that WFS will beome a market potential.The ompatibility issues of ourse need to be looked into and solved, if WFSis to beome a standard for the mass market.For WFS systems at home there are ertainly issues to be solved on how toplae speakers inside a living room environment. This is one of the main reasonsthere is an interest in the �at panel loudspeakers, as these an be more easilyintegrated with the living room arhiteture.As loudspeaker ompanies are beoming more interested in developing andmarketing multihannel loudspeaker panels, the ost for the loudspeakers anbe expeted to derease, so this will be less of an impeding fator.4.3 Compositions and installationsEdwin van der Heide's sound installationsEdwin van der Heide30 has reated several sound installations whih use thepriniple of sound holography, by reording a sound �eld with an array ofmirophones and reproduing it via a similar loudspeaker array, suh as "AWorld Beyond the Loudspeaker (1998): an installation with 40 hannel wave�eld reording and wave �eld synthesis", whih utilises a planar array of speak-ers. The sound material for this piee was a reording with the mirophonearray near a rail road trak, while a train is passing. In "Wavesape (2001):underwater wave �eld reording with aousti wave �eld synthesis", he uses alinear array of hydrophones, whih reord the underwater sound, whih is thenplayed bak diretly via muh loser spaed speakers on the waterside; the ratiobetween the speaker distane and the hydrophone distane orrespond to theratio of the sound veloity in air and in water. In these two works, there was aone-to-one relationship between the mirophone reordings and the loudspeakerreprodution.Impuls #6 (2000) was reated for the same plane of 40 loudspeakers as AWorld Beyond the Loudspeaker, but here the neessary delays and amplitudefators for the (virtual) sound soures and re�etions were alulated with aMAX/MSP [Max℄ path, thus the wave �eld was synthesised.30http://www.evdh.netMarije Baalman - On wave �eld synthesis and eletro-aousti musi, ...
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Figure 4.6: The loudspeaker array of the sound installations A World Beyondthe Loudspeaker (1998) and Impuls #6 (2000) by Edwin van der Heide.

... with a fous on the reprodution of arbitrarily shaped sound soures



84 4.3. COMPOSITIONS AND INSTALLATIONSArtist Title yearMarije Baalman Polloks Sprehwunsh 2003Frieder Butzmann Bunte Flügel 1974/2003Boris Hegenbart hermetishe_garage 2003Mar Lingk Pingpong Ballet 2003Robert Lippok Hands and Fingers 2003Markus Shneider Ballroom 2003Ilka Theurih Restored to Life 2003Marije Baalman Beurskrah 2003Marije Baalman Srath 2004Kirsten Reese Hallenfelder 2006Hans Tutshku Rituale 2004/2007André Bartetzki Reale Existenz! 2007Christian Calon East (from Atlas) 2007Vitor Lazzarini Streams 2007Ludger Brümmer Xronos 2005/2007Mihael Amman Oral 29 2007Shintaro Imai Immersive Motion Study 2007Hans Tutshku Zellen-Linien 2007Table 4.1: List of WFS ompositions reated in Berlin from 2002 to 2007.Program notes an be found in appendix B.4.3.1 Works from the Eletroni Studio of the TU BerlinSeveral omposers have reated ompositions for the Wave Field Synthesis sys-tems at the TU Berlin (see table 4.1 for a omplete list), whih explore theartisti possibilities of Wave Field Synthesis.The system used for the �rst ompositions (2003-4) was a frontal linear WFSarray onsisting of 24 FOSTEX speaker with a distane of 12.5 m (see setion3.1). The ompositions from 2003 were reated for and presented at the festivalsClub Transmediale (Berlin (DE), February 2003) and Eletrofringe (Newastle(AU), Otober 2003). At the Linux Audio Conferene (Karlsruhe (DE), April2004) the sound installation Srath was presented on this same system.For the Musikfestival Donaueshingen (DE, Otober 2006), the installationHallenfelder was reated using a frontal linear array of 20 loudspeakers with adistane of 35 m, thus spanning at total of 7m.In 2007, the WFS system for the leture hall H0104 (see setion 3.1) wasompleted and several more ompositions were reated for the Linux AudioConferene (Berlin (DE), Marh 2007), the o�ial opening of the hall and theLange Naht der Wissenshaften (both June 2007).The software with whih these ompositions were reated has been desribedin setion 3.2 and in [Baa03, BP04, Baa05℄ previous versions of the software havebeen disussed.Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...
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Figure 4.7: Sound soure movements in Ping Pong Ballet of Mar Lingk. Paths1 & 2 are the paths of the ball bouning on the table, 3 & 4 of the ball beinghit with the bat, 5 & 6 of multiple balls bouning on the table, 7 & 8 of ballsdropping to the �oor.Ping Pong Ballet (2003) - Mar LingkThe sounds for this piee were all made from ping pong ball sounds, whih wereproessed by various algorithms, alienating the sound from its original. Usingthese sounds as a basis, the inspiration for the movements was relatively easyas the ping pong ball game provides a good basis for the distribution in spae ofthe sounds. Thus, Mar Lingk reated various loops of movement for the varioussounds as depited in �gure 4.7. Choosing mostly prime numbers for the looptimes, the positions are onstantly hanging in relative distane to eah other.The movement is relatively fast (loop times are between 5 and 19 seonds). Inthe beginning, the piee gives the impression of a ping pong ball game, but as itprogresses the sounds beome more and more dense, reating a lear and vividspatial sound image.This piee explores the boundaries between a de�ned pereptually loalisedsound event (a single ball hitting the table on a spei� loation) and spatiallydisplaing dense event strutures to enhane the overall liveliness of the soniimpression, and the transition between these two extremes. This transition anbe seen as an example of the temporal development Barrett mentions [Bar02℄(see also hapter 1): through the assoiations a listener has with the soundsin the beginning of the piee, the spatial imagery in the later part beomesthat of a surreal ping pong ball game where �rst the number of balls inreasesenormously, after whih they beome like a bubbling �uid.... with a fous on the reprodution of arbitrarily shaped sound soures



86 4.3. COMPOSITIONS AND INSTALLATIONSPollok's Sprehwunsh (2003) - Marije BaalmanIn this piee the movements are based on a painting reated before in a ratherimprovisational way. The di�erent olours in the painting were mapped todi�erent sounds and they also have di�erent movement harateristis. Onesoure is moving perpendiular to the array, another parallel to the array. Yetanother is zigzagging to and from the array, one soure is jumping from oneloation to another. The other two soures have other types of paths that areless easily stereotyped; in �gure 4.8 an overview is shown of all the movements.The exat movement in time is made dependent on the sounds. Silenes onthe sound input are used to let the virtual soure jump to another position forthe next sound to start its path. As the movements are relatively slow and thesound is not very dense, the movements and di�erent positions of the soundan be heard quite learly. Through the di�erent spatial relationships betweensounds, depth e�ets also beome pereptible. The spae is being de�ned bythe sounds, their loations and their horeography.The sound material itself onsists of reordings of sounds reated with bal-loons: bouning, squeaking, rubbing, exploding, rolling, in�ating and de�ating.This basi material has been proessed with SuperCollider [MC℄ with vowel-like �lters, whih give the material a speeh-like harater, without beomingatual speeh (�Sprehwunsh� is German for �the wish to speak�).Restored to Life (2003) - Ilka TheurihIlka Theurih, a student of sound sulpture in Hanover (in 2003), was mainlyinterested in the possibilities of inluding virtual rooms and re�etions into theomposition. In her piee, one sound is plaed in a rather small room with fullyre�eting walls (�gure 4.9). This results in a sound that was virtually at severalloations (due to the mirror image soure model). As the sound from the atualsoure loation is the �rst sound to reah the listeners' ear, the sound is stillloated there by the listener.Other sounds are plaed in a larger room, while others are moving withoutbeing plaed in a room. One of the soures is a plane wave, whih allows thelistener to get di�erent perspetives on the omposition by moving through thelistener area. The plane wave sound only has a diretion and as suh is always infront of one, with a spei� angle, whereas the other sounds have learly de�nedloations.The e�et of the movement and re�etions proved to be the most lear forreorded sounds (having a rih spetrum), as opposed to syntheti sine-basedtones. In order to limit the CPU-load, some ompromises had to be made: thetotal amount of re�etions alulated was redued.During this work (beginning of 2003) the idea ame up to enable the roomharateristis to hange in time. This has been implemented in the softwaresine then, though the idea has also led to the thought experiment desribed onpage 72.The work also shows that in these ompositions room re�etions are notneessarily used to simulate a realisti room, but rather to give the sound anMarije Baalman - On wave �eld synthesis and eletro-aousti musi, ...
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(a) Soure 1 (b) Soure 2

() Soure 3 (d) soure 4

(e) Soure 5 (f) Soure 6Figure 4.8: Soure movements in Pollok's Sprehwunsh.... with a fous on the reprodution of arbitrarily shaped sound soures



88 4.3. COMPOSITIONS AND INSTALLATIONS

Figure 4.9: A sound in a very small room in Restored to Life; the room issmaller than (and outside of) the atual listening area.extra harateristi, whih with other tehnologies would not have been possibleto ahieve. This an be ompared with the use of reverb not as a means to adda room expression, but to reate a speial e�et, after whih the reverberatedsound an be seen as new material by itself.Spatial trajetories of pure syntheti sounds were not very sueful in thispiee, as they were pereptually hard to loalise.Beurskrah (2003) - Marije BaalmanIn the omposition Beurskrah four soures are de�ned, but regarded as beingpoints on one virtual objet31, i.e. these points make a ommon movement; thesound material for these four points are also based on the same soure material,but slightly di�erent �lterings of this, to simulate a real objet where fromdi�erent parts of the objet di�erent �lterings of the sound are radiated. Theseslight variations in the �ltering were often pereived as phasing e�ets, whihsuggests that the spatial resolution of the objet was not high enough (see alsohapter 7).During the omposition, the objet, a shopping art, omes loser from afarand even omes in front of the loudspeakers, there it implodes and then imme-diately satters out again, making a rotating movement behind the speakers,before falling apart in the end. See �gure 4.10 for a graphial overview of thismovement. The omposition plays with exaggeration of the natural spatial per-spetive: as the objet is far away the perspetive is emphasized by plaing thesoure points loser together and as the objet approahes, the soure pointsmove further apart from eah other.The piee was aompanied by a video reated by Julius Stahl, using imagesof shopping arts.31This piee an be seen as the author's �rst artisti exploration for the use of displayinglarger soures with Wave Field SynthesisMarije Baalman - On wave �eld synthesis and eletro-aousti musi, ...
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Figure 4.10: The sound soure movement in Beurskrah.Srath (2004) - Marije BaalmanThe sound installation Srath, that was presented during the Linux AudioConferene 2004, makes use of the OSC-ontrol over the movements. The soundinstallation is reated with SuperCollider, whih makes the sound and whihsends ommands for the movement to WONDER in a generative, interativeproess. The onept of the sound installation is to reate a kind of sonireature, that moves around in the spae. Depending on internal impulses andon external impulses from the visitor (measured with sensors), the reaturedevelops itself, and makes di�erent kinds of sounds, depending on its urrentstate. The name "Srath" was hosen beause of two things: as the attemptto reate suh model for a virtual reature was the �rst one, it was still a kindof srath for working on this onept. The other reason is the type of sound,whih sound like srathing on some surfae.The sound is atually built up out of two omponents; one being a lowfrequeny breathing sound, the other being the srathing sound. Within theomposition the breathing sound is enhaned by being plaed in a virtual room,and it proved better to limit this part of the sound in its movement to a smallerarea than the srathing sound. The breathing sound reated undesirable arte-fats when allowed to make larger movements, as the FIR oe�ients wererossfaded; the low sound was also hard to loalise pereptually. The srathingsound on the other hand was very well loalisable and its movement was learlyaudible. Spae is used in this piee for reating spatial trajetories of a single... with a fous on the reprodution of arbitrarily shaped sound soures
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Figure 4.11: The sound installation Srath during the Linux Audio Conferene.In the ball are aelerometers to measure the movement of the ball, whihin�uenes the sound installation (photo by Frank Neumann).sound objet, while the listener an move freely through the listening area, andin�uene the soni movement by interating with the installation.Hallenfelder (2006) - Kirsten ReeseThe sound installation Hallenfelder was reated for the Donaueshinger Musik-tage and used reorded sounds as its basi material. The reordings were madein nine halls in Donaueshingen, used as onert halls during the Musiktage,but whih normally host other ativities, suh as sports, Carnival parties, �eamarkets, exams, or inema. On the one hand the basi room noise, aused byventilation and heating and other noises whih penetrate and resonate in theempty hall, was reorded, and on the other hand spei� events taking plae inthe halls. Certain sounds were also reorded with a mono mirophone to getjust the diret sound in the reording.The main hallenge during the prodution of this sound installation wasto reate a spatial impression of the rooms with the reordings made, thoughthe aim was not so muh to reate a ompletely natural reprodution of theroom sounds, but in a way aentuate it. The four hannels of the reordingswere positioned as point soures within the room, in an approah similar tovirtual panning spots [TWR02℄, i.e. the points were used as virtual loudspeakersbetween whih the sound is panned, or in this ase they orrespond diretlyto the mirophone positions and thus re�et the spatiality in the reording.For di�erent senes the atual loations of the point soures were di�erent andtransitions from one sene to another were ahieved by moving the point souresto their new loation during a ertain time span. For some isolated events, wherethere were reordings of the diret sound available, a moving point soure wasused to move the sound through the spae; partly these were sounds that youexpet to move, suh as a basketball and footsteps, but this was also used forsounds that normally do not move, suh as the sound of someone jumping on atrampoline and the opening of a snak pakage. This e�et was used sparsely,but e�etive.Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...
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Figure 4.12: The loudspeaker array in the sound installation Hallenfelder inthe small sport hall of the Realshule in Donaueshingen.
The result was very good: due to the wave �eld synthesis, a very spatialfeeling was ahieved, and during senes where there was a lot of ativity, theimpression was very realisti: one ould really imagine the people making thesounds in the sport hall, without having the feeling that the sound was om-ing from the loudspeakers. Despite the relatively large distane between thespeakers, there were no pereptually disturbing aliasing e�ets.The work learly tries to rereate existing spatial sound �elds, but at thesame time reates illusions of moving sounds, thereby alienating the naturalsound �eld. Di�erent spatial sound �elds are shifted one into the other, movingthe listener from one spae to another. The video helps the listener in reognisingthe soni environment, by giving short visual exerpts of the ativities in thehall, while at other times showing an image of the urrent hall where it isempty. The doumentary quality of the piee has surely ontributed to the greatinterest in the work from the loal population, while for the regular visitors ofthe Musikfestival the piee gives an insight into the everyday lives of the nine�onert� halls doumented.... with a fous on the reprodution of arbitrarily shaped sound soures



92 4.3. COMPOSITIONS AND INSTALLATIONSRituale (2004/7) - Hans Tutshku�The 15 minute piee Rituale (2004) proesses human voies and instrumentalsounds from various ultures to a sound ritual. It is a ontinuation of Tutshku'swork on Rojo and objet-obstale, whih were both also onerned with thetheme of rituals. The omposition uses extensively the possibility to plae soundsoures lose to the listeners, i.e. inside the listening room.�32Rituale was originally (in 2004) reated for the IOSONO Wave Field Syn-thesis system in the Ilmenauer Lindenkino, and was adapted for the leturehall of the TU Berlin in 2007. During the adaptation, Tutshku hose to splitup the sound material in twie as many separate sound soures, as due to thelarger spae in whih the soures are plaed, the listener an distinguish be-tween more soures simultaneously. For the ontrol of the movements of thesound, the omposer designed his own user interfae in Max/MSP [Max℄, send-ing OSC-messages to sWONDER. The resulting sore was reorded as well withsWONDER's sore reorder, so that the piee an be played bak without theneed for the Max path.The piee mainly explores the use of spatial trajetories of various soundsand intrusion of the listener's intimate sphere by moving sounds very lose tothe listener.East (from Atlas) (2007) - Christian CalonEast is one out of four parts of a onert installation by Christian Calon, and hasbeen produed for the Berlin WFS leture hall. The omposition was preparedas 8 hannel audio material, whih was then spatialised on the system, in twogroups of four hannels. For this Calon used the LADSPA plugin (see setion3.2) to ontrol four related soures, whih move together through the room.The four hannels in eah group are like a square, and he mostly varies thefront-bak position, moving the soures through the room, while the left-rightposition has only few variations. Also the saling, i.e. the distane between thefour soures is hanged in both dimensions, and later in the piee there are alsorotations of the four soures around the entre point.The main stage in the piee is in the front entre33, from where the sound isdrawn into the spae, reating an immersive e�et, where the listener is insidethe sound sape. Throughout the piee, he keeps returning to the front entre,as an anhor point. Calon seems mostly interested in a spatial di�usion ofthe sound, rather than lear spatial trajetories, immersing the listener in theaousti realm of his sound material.Reale Existenz! (2007) - André BartetzkiBartetzki takes a similar approah, in that he also uses groups of four soures(again making use of the LADSPA plugin in Ardour). But he also uses somesingle soures for single ators, like a voie (Shroedinger), and a squeaking32see the program notes in the appendix B.33oinidentally, the front of the hall is towards the eastMarije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



CHAPTER 4. WFS AND ELECTRO-ACOUSTIC MUSIC 93sound that moves through the room. In addition he uses plane waves for distantmetalli sounds. In total he uses 32 audio streams, divided into 8 plane waves(stati), 4 single soures, and 5 groups of 4 soures. In this way he reatesvarious overlapping soni spaes, where single sound objets have very learlyde�ned spatial trajetories.Streams (2007) - Vitor LazzariniIn the piee Streams, sounds of reognisable soures are split apart in spaeand timbre; so spae is tied in with spetra-morphology. The piee starts withentries of the four woodwind instruments in di�erent sides of the room, thentheir spetra are split in two and glide the omponents in opposite diretions asthey move apart in spae. Eventually they meet together 180 degrees of wherethey start, fusing into their original spetra. In other setions of the piee, theinstruments' spetra are split in four and then move around the room, spinning,et. So he uses spatial trajetories for his soure material, but breaks up theirnatural oherene by splitting up the spetra. Thus it beomes a hallenge forthe listener as his ability for stream segregation - based upon distinguishing asstream of sound by its loation and timbre - beomes hallenged, as sounds arebroken down in spae and timbre and then re-united.Though WFS was seen as the most suitable di�usion environment for re-alising this type of idea, the priniple is independent of tehnology and theomposer has also prepared an ambisoni version of the piee. However, asVitor Lazzarini notes, �some di�usion tehnologies will onvey the ideas betterand more preisely than others...�. He also noted that the Doppler e�et (whihwas gained automatially by the delay line based implementation) gave an extraelement to the piee.Immersive Motion Study (2007) - Shintaro ImaiImai himself desribes his use of spatialisation throughout his ompositionalwork as:�I'm using spatialisation to make partiular sound textures in spae.In this ase spatial reality is not so important, but I would need�high resolution� sound image as possible.�In Immersive Motion Study, Imai starts with drawing out the spae from asingle point, to surrounding the listener. During the omposition, this spae iskept de�ned through surrounding movement of several soures, building up toa limax, after whih the listener is ompletely immersed in a vivid soundsape.Towards the end this soundsape then dissolves and retreats to the periphery.The tehnique he uses for this is moving �stereo-made soures in point-symmetryto make omplex sound movement textures.�While working with the system, Imai found an interesting di�erene in soundharater between plane waves and point soures, something whih he would liketo explore further a next time.... with a fous on the reprodution of arbitrarily shaped sound soures



94 4.3. COMPOSITIONS AND INSTALLATIONS4.3.2 Works reated on the IRCAM - Soni Emotion systemsoniEmotion have organised several presentations in ollaboration with theMusikforum in Stuttgart [Wit04, e.g℄, as well as realised several artisti worksin ollaboration with IRCAM and Centre Pompidou in Paris, suh as for theDADA exhibition (see below), the Agora/Resonanes festival34 and the SamuelBekett exhibition35.L'Amiral herhe une maison à louer (2005) - Gilles GrandFor the Dada exhibition in Centre Pompidou from Otober 5th, 2005, till Jan-uary 9th, 2006, Gilles Grand36 reated a sound installation utilizing the WaveField Synthesis system of soniEmotion, in ooperation with IRCAM37[Kuh06℄.The sound installation was based on the poem (Simultangediht) of Tzara,Huelsenbek and Jano from 1916, and aimed to reate a new interpretation ofthis poem, whih was ited simultaneously by three ators in three languages,German, English and Frenh. The installation was presented as a ompletelywhite room; the 56 speakers used were �at panel speakers, invisible for the audi-ene. The three virtual ators move around through the spae. In the realisationdiretional soures are used, so one an hear a di�erene depending on in whihdiretion the virtual ator is turned.4.3.3 Works reated for the The Game of Life systemWouter Snoei's Correlation (2006) is a omposition onstisting of two fairly in-dependent parts. The piee is an exploration of di�erent types of trajetoriespossible with WFS, suh as sounds that move, spiralling into eah other, ran-dom movements through the spae, onstellations of point soures around theaudiene in ellipti forms, whih would hange over time, melodies played fromdi�erent loations (serial approah), as well as very fast movements along thearray.Yannis Kyriakides uses snippets of voal sounds, that form words when theymeet in his Musi in a foreign language (2006).Barbara Ellison works in A net to ath ontingeny (2006) with a dronethat slowly moves through spae, a stati water sound in one orner and mainlyirular movements of other sounds; voal sounds play an important role in herpiee as well, returning every now and again in the piee.For the SuperCollider Symposium 2007, Tom Hall (Skeletal Keys), Alo Allik(�Arti�ial Soul�), Je� Carey (Strutural Unit II ), Sergio Luque (Happy Birth-day) and Robert van Heumen (Phases2 (at the Symposium)) reated furtherompositions.Tom Hall uses distint points in spae to spatialise piano and violin sounds34�Seule ave Loup� (June 2006) - N+N Corsino Dane Group, whih is an interativehoreographi world, with both 3D visuals and audio. http://www.nnorsino.om/.35Centre Pompidou, Samuel Bekett exhibition, Marh 14 - June 25 200736http://ouir.free.fr37http://www.iram.fr/99.html?event=314Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...
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CHAPTER 4. WFS AND ELECTRO-ACOUSTIC MUSIC 95in a very quiet way. In his program notes he writes:�Skeletal Keys, a omposition for wave�eld synthesis playbak, ex-plores notions of harmoni and motivi ell repetition and reon�g-uration found in the musi of Erik Satie (1866 - 1925) and MortonFeldman (1926 - 1987). Suh tehniques were fundamental to bothomposers in di�erent ways, from Feldman's early "graph" musiand later notational pratie, to Satie's early "mystial" works andthe later piees suh as Cinema. Skeletal Keys ontains elements ofa number of these works, eah inhabiting di�erent spatial zones.�Alo Allik's piee, whose title translates to Arti�ial Soul, reates a subtleand quiet, almost meditative, spatial athmosphere, using WFS, where he makesuse of his previous experienes with ambisonis.Je� Carey's piee is inspired by the hemial building up of moleules, howthey are ombined to larger units, and uses in his piee a simple FM synthesisunit as his �strutural unit�. Spatially he slowly builds up an enompassingsound �eld around the listener.Sergio Luque's piee is based on extensions of Xenakis' stohasti theories.Spatially the piee is mostly frontal with some diversions to the left and rightand some e�ets of depth.Robert van Heumen establishes a dialog between sounds, and uses ontrastsbetween lose positions and surrounding ambiene, from the program notes:�A blend of algoritmi omposition & �eld reordings, inspired by the work ofJames Tenney�.4.3.4 SuperMonoAlex MMahon reated the omposition Stasis, �a spetral omposition for stringquartet and eletronis was developed in onjuntion with the system. This om-position proess explores the inherent struture of a simple sound to produean absolute musi. Synthesised sound soures are assigned three-dimensionalspatial positions and trajetories. It is intended that the system should pro-vide eah member of the audiene with a unique experiene of the same liveperformane.� [MM06℄.The speaker array he used is a 4 by 4 grid of speakers, whih were used toreate �steerable lobes� to projet sound onto the audiene.
... with a fous on the reprodution of arbitrarily shaped sound soures
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Chapter 5Soure model5.1 Physis of sounding objets5.1.1 Aousti waves in solidsIn a solid, sound an propagate both as a transverse wave, as well as a longi-tudinal wave. Propagation speed is dependent on the material harateristisof the solid: v =
√

B
ρ
where B is the bulk modulus and ρ is the density. Thespeed for transverse (waves of alternating shear stress) and longitudinal waves(waves of alternating pressure deviations from the equilibrium pressure, ausingloal regions of ompression and rarefation) an di�er in di�erent diretionsif the material is not isotropi. Dispersion ours in most material media, sothe wave energy is more spatially spread out and high and low frequeny wavespropagate at di�erent speeds. In general, the speed of sound within a solid ismuh higher (5 to 20 times as high, depending on the material), than the velo-ity of sound in air. Upon reahing a surfae or an edge of the solid, or a borderbetween materials, some aoustial energy will be re�eted, whereas other partswill transfer into the medium on the other side of the edge, border or surfae.Thus, a omplex pattern of surfae vibrations on the objet will our, basedon the material and the geometry of the objet.It an be observed that the vibration of the surfae of the objet is not asuperposition of randomly deorrelated point soures, rather, the sound omingfrom di�erent points on the surfae has a (omplex) physial relation to thevibration of the objet at other loations.5.1.2 Finite differene methodsFinite Di�erene Time Domain (FDTD) modelling is based on diret disreti-sation of the wave equation [KMP04℄. The seond-order partial derivatives arereplaed by symmetri seond-order di�erenes, for both time and plae. Thisresults in a reursion formula for eah spatial position where the two neighbour-ing nodes and the value of the node itself, one time step before, are used toompute the next value of the node. FDTD is based on omputing Kirhho�97



98 5.1. PHYSICS OF SOUNDING OBJECTSquantities. The advantage of the FDTD method is that only two unit delays pernode are needed in any dimensionality, while the Digital Wave Guide (DWG)method needs 2×K, where K is the dimensionality of the model. On the otherhand, FDTD are numerially less robust.5.1.3 Digital waveguide mesh methodThe Digital Wave Guide (DWG) mesh method is a variant of the FDTD meth-ods, but has its origins in the �eld of Digital Signal Proessing (DSP) and isdesigned for e�ient implementation. DWG methods are based on wave quan-tities. In a digital waveguide mesh (e.g. [BM04, Smi92℄), points in spae areviewed as units whih are onneted through bidiretional delay lines and sat-tering juntions whih at as spatial and temporal sampling points within themodelled spae. In higher dimensions di�erent mesh topologies an be used, forexample tetrahedral or retilinear. For a lossless juntion onneting lines ofequal impedane, two onditions must be ful�lled; namely (1) the sum of inputsequals the sum of outputs (�ow adds to zero), and (2) signals at eah intersetingwaveguide are equal at the juntion (ontinuity of impedane) [Sav00℄.Waveguide mesh models are limited by the dispersion error, i.e. the veloityof the propagating wave is dependent upon both its frequeny and diretionof travel, leading to wave propagation errors. This error is highly dependenton the hosen mesh topology, and an be ompensated to some extent usingfrequeny warping tehniques. The auray of the method primarily dependson the density of the mesh.5.1.4 Modal synthesisIn modal synthesis, a struture is treated as an assembly of substrutures, eahof whih is analysed as a separate unit. The equations of motion of the ompletestruture are formulated by synthesising the properties of the omponents, suhas mode shapes and interfae ompatibility onditions [Agr76℄.Examples for appliation of this method for musial purposes, an be foundin the software Modalys [IRC05, EIC95℄, in [Adr91℄, in [Bis00℄ and [HvdDF03℄.This method an be used for realtime synthesis with urrent CPU power.5.1.5 CombinationsThe tehniques desribed above an be used in ombination with eah other.Modalys provides a �nite element method to alulate the vibration of a sub-struture [IRC03℄. Bilbao [Bil06℄ desribes a method to use digital waveguideextration to alulate the modes for higher dimensional strutures, while Kar-jalainen and Mäki-Patola [KMP04℄ desribe ombined methods for FDTD andDWG methods.Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



CHAPTER 5. SOURCE MODEL 995.2 Soure model for 3D objetsThe wave �eld of a sounding objet an be approximated by superposition of thewave �elds of a number of point soures. The loations of these point souresand the number an be hosen arbitrarily, but it makes sense to hoose loationson the surfae of the objet. This separates the alulation of the vibration ofthe objet itself from the alulation of the radiation of the sound from theobjet into air.In pratie, the sound emitted from di�erent points on the objet's surfaewill be orrelated. For a pratial implementation it is useful to assume thatfor a point Ψ on the surfae:
SΨ(~rΨ, ω) = S(ω)G(~rΨ, ω) (5.1)i.e. from eah point soure that is part of the distribution, a soure signal

S(ω) �ltered with G is emitted (G depending on the loation ~rΨ of the pointsoureΨ and the angular frequeny ω of the sound). Applied to the reprodutionof eletroni musi, this allows a omposer to determine the �lter harateristisof his/her soure objet and the sound signal emitted by the soure indepen-dently. Thus, the resulting �ltering funtion for eah speaker an be determinedin advane and the signal input an be onvolved in realtime using this �lter.5.2.1 Triangulated meshesThe geometry of the soure objet an be e�etively modelled with a trian-gulated mesh. This is a ommon format used in omputational and graphialmodelling (e.g. [BB06℄), that an equally be used for aousti modelling. Atriangulated mesh de�nes the geometry as a olletion of triangular surfaes,edges and verties (points). The verties an be used as point soures in ourmodel.5.3 DisretisationSpatial aliasing in WFS due to the disretisation of the seondary soures, i.e.the loudspeaker array, has been researhed and doumented in the literature.With an arbitrary shape of the primary soure, spatial aliasing an also ourdue to spatially sampling the wave �eld on the soure surfae. This sampling isnot dependent on physial onstraints, as in the ase of the WFS reprodutionwith loudspeakers, where the speaker size provides the onstraint. Instead thesampling distane, ∆ξ, an be hosen freely. However, for a pratial implemen-tation it is desirable to keep the alulation power and data size requirementsas low as possible, and thus, to hoose ∆ξ as large as possible.If we assume that for a orret reprodution, the speakers should be drivenwith an alias-free signal, we an derive the following formula for the maximumsampling distane (∆ξmax) of a soure (in analogy to the spatial aliasing fre-... with a fous on the reprodution of arbitrarily shaped sound soures



100 5.3. DISCRETISATION

(a)soureb

b

b

b

b

b

∆ξ
~r

α

x0

(b)
0

λ0
λ0
λFigure 5.1: a) Geometry for the derivation of the aliasing formula (5.2). b) Ex-amples of amplitude variation over the length of a line soure with an indiationof the orresponding λ, to determine the Rayleigh riterion (eq. (5.3)).queny for the loudspeaker distane (eq. (2.37) and [Spo05℄)):

∆ξmax,1 =
c

fmax(1 + | sinαmax|)
(5.2)Where c is the veloity of sound, fmax is the highest frequeny in the souresignal, and αmax is the largest angle that the vetor between soure point and aspeaker reates with the normal on the soure surfae (see �gure 5.1a). For thegeometry, as shown in this example, we an replae sinαmax with x0,max

rmax
andwe an see that ∆ξmax will be larger at greater distanes from the array.Another soure for spatial aliasing an be the undersampling of the am-plitude variations over the soure surfae. Here the Rayleigh riterion (e.g.[BCJ01℄) determines the maximum sampling distane:

∆ξmax,2 =
λmin

4
=

1

4k′max
(5.3)here λmin is the smallest wavelength of the amplitude variation (see �gure5.1b) and k′max = kmax

2π an be seen as its inverse, the spatial frequeny of theamplitude.The maximum sampling distane allowed is then the minimum of equations(5.2) and (5.3).As with the arbitrarily shaped arrays disussed in setion 2.6.4, this is nota �xed riterion: the objet an have an irregular shape and thus the anglebetween the surfae normal and the 'soure point to speaker'-vetor will bedi�erent for eah fae and eah speaker.Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...
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(a)
soure 1 mWFS arrayreeiver -3.0mreeiver -1.0m (b)

0 10 20 3Figure 5.2: a) Geometry of the simulation experiments. b) Amplitude variationsof the di�erent soures, λmin-values: 2.0, 0.40 and 0.069m.5.3.1 SimulationsTo study disretisation e�ets, some simulations were done with Matlab [Mat℄.A line soure with a length of 1.0m was plaed 1.0m behind the WFS speakerarray, parallel to and entred to the entre of the WFS array. The soure signalused was a Gaussian wavelet at two di�erent frequeny bandwidths (�rst withentre frequeny 750Hz and maximum 3kHz, seond with 200Hz and 750Hzrespetively; see �gure 5.3.1). The soure signal was extrapolated with a wave�eld extrapolation operator based on the Rayleigh I integral. In the simulationexperiments 2 reeiver distanes were used: 1 and 3 meters in front of the array(see �gure 5.2a). The referene line was at 3 meters in front of the array. TheWFS reprodution array was sampled at 5cm intervals, as were the listeningpositions. The orresponding aliasing frequeny for this array is 3.4kHz ; forboth soure wavelets this is above the highest frequeny omponent. Thus, nospatial aliasing is introdued by the WFS reprodution array.In �gure 5.3 the e�ets of aliasing are shown. Already in the WFS reprodu-tion signal, there are aliasing e�ets visible if soure sampling disretisation ∆ξis taken too large (right-hand plots: ∆ξ = 0.2m), and aliasing appears as sidelobes in the higher frequeny parts (from a. 1500Hz ). In the reeiver area thisaliasing should be audible mainly towards the sides of the listening area, whilein the plots on the left-hand side (∆ξ = 0.1m), these e�ets are not visible.In �gure 5.4 the �eld extrapolated to the listening area is shown at 1m fromthe array, for a soure 1m behind the array with an amplitude distributionof type 2 as indiated in �gure 5.2b. For this soure ∆ξmax,2 = 0.1m. Thereprodution is indeed orret for this value. At 0.2m the frequeny spetrumbeomes less foused and thus inorret. In �gure 5.5 we see similar plots fora soure of type 3 (∆ξmax,2 = 0.017m); here the e�ets are muh learer: thereprodution with ∆ξ = 0.01m is orret, but at 0.05m the reprodution is nolonger orret, even further away from the WFS array.... with a fous on the reprodution of arbitrarily shaped sound soures
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diret + speular + di�rated only di�rateddiret + di�rateddiret + speular + di�rateddiret + di�ratedFigure 5.6: The problem of di�ration.5.4 DiffrationThe sound emitted by the soure objet di�rats around the objet itself.The basi problem of di�ration is illustrated in �gure 5.6. An objet isirradiated by a soure and bloks the transmission of the sound. We an dis-tinguish di�erent zones: the shadow zone, where no diret sound arrives, thespeular zone, where both diret and re�eted sound arrives and a zone whereonly diret sound arrives. In all zones di�rated sound arrives.5.4.1 Overview of diffration theoriesIn this setion a short review will be given of various models to alulate di�ra-tion of waves, motivating the hoie for the model, that is used as the souremodel, and is desribed in detail in the remainder of the setion.5.4.1.1 Geometrial and Uniform Theory of Diffration (GTD/UTD)The Geometrial Theory of Di�ration (GTD), as stated by Keller [Kel62℄ in the1960s is a desription of di�ration in terms of rays. Starting from a generalisedFermat's priniple, the GTD states the existene of di�rated rays by wedgesand peaks, reeping rays, plus many others in addition to the lassial diretand re�eted rays of geometrial optis. The �eld at a reeiver point in theshadow zone of an obstale an then be predited as the sum of all the �elds ofindividual rays, provided that all paths from soure to reeiver are known.There is a problem for the alulation of the �eld at the shadow boundary.This is solved with the Uniform Theory of Di�ration (UTD), that is derivedfrom the GTD with the addition of higher order terms after Lüneberg-Kline[KP74℄.Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



CHAPTER 5. SOURCE MODEL 1055.4.1.2 Radiosity or Energeti modelsReboul et al. [RBPL05℄ desribe a method based on radiosity. This methodattempts to �nd a transfer equation whih states the equilibrium of energy ex-hange between two faing surfaes. All rays travelling between these surfaesare taken into aount in the form of an integral equation. In ases of multipledi�ration, this has the advantage that the problem an be solved in a �nitenumber of steps, whereas methods based on the GTD have to be trunatedat some point (i.e. the alulation only goes up to a �xed order of di�ration).Though the results of the method are promising, results in the viinity of bound-aries between illuminated and shadow zones are inorret, just as in the GTD.In addition, interferene e�ets annot be desribed, as the energies are simplyadded. This is a limitation that does not our in GTD.Another method based on radiosity is desribed by Stephenson [Ste04℄, whihis essentially a beam traing method, where at suitable points in the alula-tion beams are reombined, so as to prevent an explosion of alulation time.Although he desribes the method extensively, it seems he has not implementedit.5.4.1.3 Biot-Tolstoy and Medwin's 'disrete Huygens interpretation'Biot and Tolstoy [BT57℄ present expliit impulse response (IR) solutions for theproblem of edge di�ration from an in�nite wedge irradiated by a point sourefor the ases of a rigid wedge and a pressure release wedge.Medwin et al. [MCJ82℄ present an interpretation of the Biot-Tolstoy modelwhih they desribe as a disrete Huygens interpretation, whih an be used for�nite wedges and an be extended to handle multiple di�ration. The model isa seondary soure method, whih assumes a number of seondary soures onthe di�rating edge.Svensson et al. [SF99℄ revised Medwin's theory and have sine worked onsolutions for singularities that our in the integrand of the method [SC06℄.Together with Calamia, several aspets of the numerial implementation havebeen presented [CS05, CSF05, CS07℄.Of the three di�erent models reviewed here, the last one an easily be in-tegrated with the soure model presented in this hapter, and results of themethod have proven (in the literature) to be aurate. Therefore, this modelwill be disussed in more detail in this hapter and has also been implemented.5.4.2 Seondary soure modelThe problem onsidered is that of a sound soure irradiating a rigid or soft objet[SF99℄. The impulse response (IR) for plane-surfaed objets an be stated asa sum of the geometrial aoustis IR, hGA, and the di�ration omponent,
hdiffr. The diret sound and spetral re�etions of �rst and higher orders willbe ontained in hGA. In the ase of an objet with an entirely onvex geometry(i.e. no indents), hdiffr will onsist of only �rst and higher order di�ration... with a fous on the reprodution of arbitrarily shaped sound soures
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zRFigure 5.7: The geometry of a wedge irradiated by a point soure S. Cylindrialoordinates are used with the z-axis along the edge of the wedge. The soure hasoordinates rS and θS and is plaed at zS = 0. The reeiver has the oordinates
rR, θR and zR and the wedge has an open angle of θW .omponents, whereas other geometries might ause ombinations of speularre�etions and edge di�ration. Here, we will only onsider onvex geometries;in setion 5.6 will be desribed how the model an be extended to inludespeular re�etions.Consider a rigid wedge with a geometry as indiated in �gures 5.7 and 5.8,where the ylindrial oordinates rS , θS , 0 are used for the soure and rR, θR,
zR for the reeiver. The ontinuous time edge di�ration IR an then be writtenas [SF99, CS05℄:

hdiffr(τ) = − ν

4π

4
∑

i=1

∫ z2

z1

δ(τ − m+ l

c
)
βi
ml

dz (5.4)where v = π/θw is the wedge index, θw is the open wedge angle, c is thespeed of sound, and m and l are the distanes from the soure to the edge pointand the reeiver to the edge point, respetively. The integration limits z1 and
z2 are the end points of the edge. The funtions βi are

βi = {±}i
sin(νφi)

cosh(νη) − cos(νφi)
(5.5)where the funtion {±}i depends on the harateristis of the surfae1, andthe angles φi are1For hard material, the funtion is +1 for all i, for soft (pressure-release) material thevalues are: i = 1 → −1, i = 2 → +1, i = 3 → +1 and i = 4 → −1.Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...
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Figure 5.8: A plane view of the edge onstruted from the two half-planesontaining the edge and the soure S and the edge and the reeiver R, respe-tively. Two z-oordinates, zl and zu, are indiated for whih the two soundpaths S − zl − R and S − zu − R have idential path lengths. Also indiatedis the shortest distane L0, via the apex point, denoted A, of the edge. Anglesare de�ned with signs so that sinα = z/m and sin γ = (z − zR)/l.
φ1 = π + θS + θR

φ2 = π + θS − θR

φ3 = π − θS + θR

φ4 = π − θS − θR (5.6)and the auxiliary funtion η is
η = cosh−1{ml+ (z − zS)(z − zR)

rSrR
} (5.7)5.4.2.1 Integrand singularitiesThe integrand in equation (5.4) has a singularity for ertain reeivers, namelynear the zone boundaries, shown in �gure 5.9. These singularities our as theterms cosh(νη) and cos(νφi), both take the value 1 for ertain ombinations of

θS and θR. This behaviour ours for z-values around the apex point, suggestingan approah with an analytial approximation of the integrand whih is validaround the apex point. The derivation of this approximation is given in [SC06℄;here only the result is given.... with a fous on the reprodution of arbitrarily shaped sound soures
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Figure 5.9: Zones de�ned by the geometrial aoustis as de�ned by the wedgeand the soure position S. A reeiver (R1) in zone I will reeive both re�etedand diret sound, a reeiver R3 in zone II only diret sound, and a reeiver R5in zone III neither. Di�rated sound will be audible in all three zones. Reeivers
R2 and R4 are on the speular and shadow boundary, respetively, for whih
θr = π ∓ θS . For these ases the singularities in the integrand of equation (5.4)our and the integrand should be approximated by equation (5.13).Given an edge, soure and reeiver, the z-oordinate of the apex point is

za =
zRrS + zSrR
rS + rR

(5.8)and an approximation of the integrand βi/ml near the apex point an bemade by using a z-oordinate relative to za, zrel = z − za.For small values of zrel
cosh(νη) ≈ 1 + ν2 (1 + ρ)4

2ρ2R2
0

z2
rel (5.9)and

ml ≈ R2
0ρ

(1 + ρ)2
+

cosψR0(ρ− 1)

ρ+ 1
zrel +

sin2 ψ(1 + ρ)2 − 2ρ

2ρ
z2
rel (5.10)where the dimensionless quantity ρ is de�ned as

ρ =
rR
rS

(5.11)and the angle ψ, shown in �gure 5.10, is de�ned suh that
sinψ =

rS + rR
R0

, cosψ =
zR − zS
R0

(5.12)Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...
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b
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zS

zRzFigure 5.10: An unfolded 2D view of a wedge, soure and reeiver, showing theangle ψ. R0 = m0 + l0 for equation (5.12).Using these equations, the integrand βi/ml an be approximated as
βi
ml

= B0 ·
1

z2
rel +B1

· 1

z2
rel +B2zrel +B3

(5.13)where
B0 =

4R2
0ρ

3 sin(νφi)

ν2(1 + ρ)4[(1 + ρ)2 sin2 ψ − 2ρ]

B1 =
4R2

0ρ
2 sin2(νφi

2 )

ν2(1 + ρ)4

B2 = − 2R0(1 − ρ)ρ cosψ

(1 + ρ)[(1 + ρ)2 sin2 ψ − 2ρ]

B3 =
2R2

0ρ
2

(1 + ρ)2[(1 + ρ)2 sin2 ψ − 2ρ] (5.14)Note that only B0 and B1 are funtions of φi. The �nite integral in equation(5.4) an be solved analytially when the integrand is given by equation (5.13).The solution will be disussed when we treat the numerial implementation insubsetion 5.4.3.5.4.2.2 Higher order diffrationFor a seond order di�ration, where the sound di�rated by one edge is di�ratedby another edge, we an write in analogy to equation (5.4) [SF99℄:
hdiffr(τ) =

ν1ν2
(4π)2

∫ z1,2

z1,1

∫ z2,2

z2,1

δ(τ − m1(z1) +m2(z1, z2) + l(z2)

c
)

∑4
i=1 βi,1

∑4
i=1 βi,2

2m1(z1)m2(z1, z2)l(z2)
dz1dz2 (5.15)... with a fous on the reprodution of arbitrarily shaped sound soures



110 5.4. DIFFRACTIONWhere z1 is the integration variable on the �rst edge, and z2 on the se-ond edge. The fator 2 in the denominator ompensates for the doublingin pressure generated by an aousti soure when it is mounted on a ba�e.It should be 1 if the path from the �rst edge to the seond edge does notrun along a plane. It should be noted that β1[α1(z1), γ1(z1, z2), θS1, 0] and
β2[α2(z1, z2), γ1(z2), 0, θR2], i.e. they are both dependent on both z1 and z2. Inthis formulation it has been assumed that the path is along a plane, so that
θR1 = 0 and θS2 = 0.Equation (5.15) an also be written as:
hdiffr(τ) = − ν1

4π

∫ z1,2

z1,1

[
δ(τ − m1(z1)

c
)

m1(z1)
∗ I2]dz1 (5.16)

I2 = − ν2
4π

1

2

∫ z2,2

z2,1

δ(τ − m2(z1, z2) + l(z2)

c
)

∑4
i=1 βi,1

∑4
i=1 βi,2

m2(z1, z2)l(z2)
dz2where ∗ denotes onvolution. For higher order di�ration we an then gen-eralise the result for arbitrary order N to

hdiffr(τ) = − ν1
4π

∫ z1,2

z1,1

[δ(τ − m1(z1)

c
)

1

m1(z1)
∗ I2(τ)]dz1 (5.17)

I2 = − ν2
4π

1

2

∫ z2,2

z2,1

[δ(τ − m2(z1, z2)

c
)

∑4
i=1 βi,1

m2(z1, z2)
∗ I3(τ)]dz2

...

IN = −νN
4π

1

2

∫ zN,2

zN,1

δ(τ − mN (zN−1, zN ) + l(zN)

c
)

∑4
i=1 βi,N−1

∑4
i=1 βi,N

mN (zN−1, zN)l(zN )
dzNAlternately, we an write this from a reeiver point of view:

hdiffr(τ) = −νN
4π

1

2

∫ zN,2

zN,1

[δ(τ − lN(zN )

c
)

1

lN (zN)
∗ IN−1(τ)]dzN (5.18)

IN−1(τ) = −νN−1

4π

1

2

∫ zN−1,2

zN−1,1

[δ(τ − mN (zN−1, zN )

c
)

∑4
i=1 βi,N

mN (zN−1, zN )
∗ IN−2(τ)]dzN−1

...

I1(τ) = − ν1
4π

∫ z1,2

z1,1

δ(τ − m1(z1) +m2(z1, z2)

c
)

∑4
i=1 βi,1

∑4
i=1 βi,2

m1(z1)m2(z1, z2)
dz1This last formulation is useful for our soure model, as it enables us toalulate the integral IN−1 for the soure objet as a whole, as the soure pointson the objet are stati with respet to the di�rating edges also on the objet.Then, only the last integral needs to be alulated when we know the soureobjet position relative to the loudspeaker array. This is further lari�ed insetion 6.6.Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



CHAPTER 5. SOURCE MODEL 1115.4.3 Numerial implementationThe transition from the ontinuous time domain to disrete time domain an beahieved by subdividing the edge into segments, and alulate for eah segmentthe ontribution ∆hi to the IR hIR(n)2 and distributing this ontribution amongthe appropriate time samples. In general, the numerial integration is straight-forward, but speial are needs to be taken for the singularity as desribed insubsetion 5.4.2.1. Regardless of whether or not the singularity ours, the an-alyti approximation of equation (5.13) is valid for the �rst sample of the IR,
h(n0). Thus, the approximation an always be used for the ontribution aroundthe apex point.5.4.3.1 Edge subdivision strategiesSample-aligned segmentsIn the ase of sample-aligned segments the edge is divided into segments, eahorresponding to the ontribution to one sample of the IR [CS05℄; this meansthat the integration limits zn,1 and zn,2 in

hdiffr(n) = − ν

4π

4
∑

i=1

∫ zn,2

zn,1

βi
ml

dz (5.19)are determined by the soure and reeiver loations suh that the path length
mn + ln = c(n± 0.5)/FS, where c is the sound veloity, FS is the sampling fre-queny and n is the sample index. The edge segment lies between intersetionsof the edge and two onfoal ellipsoids, of whih the foi are the soure andreeiver loations and whose axes lengths are determined by the path lengths,as shown in �gure 5.11.Using sample aligned segments has several advantages:1. By hoosing a high enough sampling frequeny, the spetrum of the dis-rete IR an math up to the ontinuous IR up to a hosen frequeny,dependent on the inherent low pass �ltering e�et of area sampling ofequation (5.19).2. For the onset sample n0 the analytial approximation of equation (5.13)an easily be used. It should be noted that even when the approxima-tion is not neessary, it is bene�ial to isolate the proessing of the onsetsample, as the di�rated energy at the start of the IR is very high, andthus inauraies will have greater e�et on the auray of the wholealulation.3. Two sample-aligned segments that ontribute to the same sample (so oneah side of the apex point) do so equally. Thus it is su�ient to de�ne andproess only the samples of the longest branh and double the ontributionfor these segments if a orresponding segment on the other branh exists.2throughout the following I will keep to the onvention of using hIR(n) for the full IR, and
h(n) for the ontribution at the sample n of the IR.... with a fous on the reprodution of arbitrarily shaped sound soures
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bR

bS

xn0 xn1x n2 xxn1xn2x
xFigure 5.11: Unfolded 2D view of a soure, reeiver, and segmented edge. Theupper edge is marked with the boundaries for a 3-sample alignment zone (sam-ples n0, n1, and n2 ) in blak and the original even-segment boundaries in red.The lower edge (S and R not shown) is marked with the modi�ed segmentboundaries for the hybrid subdivision sheme in blue: even segments overlap-ping the alignment zone have been trunated at the edges of the zone, and thoseompletely within the alignment zone have been disarded.

Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



CHAPTER 5. SOURCE MODEL 1134. The method is straightforward, and an use both numerial integrationmethods, as well as analytial approximation.However, this method also has disadvantages:1. The segment boundary alulations are time onsuming, and a high sam-pling frequeny an lead to a very large number of segments.2. The boundaries must be realulated for hanges in either soure or re-eiver position.3. The boundaries are only sample aligned for �rst-order di�ration, so thebene�ts do not extend to higher orders of di�ration.Evenly sized segmentsAlternatively, the edge (with length L) an be divided into evenly sized segmentsby setting a maximum segment size of ∆zmax and subdividing the edge into ksegments of length ∆z, where k = ⌈L/∆zmax⌉3 and ∆z = L/k [CS05℄. Asso-iated boundaries are easy to alulate and are independent of the soure andreeiver loations, while the segments an be used for higher order alulations.An edge segment j plaed at position zj will give a ontribution ∆hj to theIR
∆hj ≈ − ν

4π

4
∑

i=1

βi
m(zj)l(zj)

∆z (5.20)This ontribution should be added to a single time sample n = fs
(mj+lj)

c
ordivided over two or more onseutive time samples:

∆hj(n) ≈ − ν

4π

4
∑

i=1

βi
m(zj)l(zj)

∆zW (n) (5.21)where W (n) is a weighting funtion to divide the value over the relevantsamples, and only has values between the time samples orresponding to thepaths through zj ±∆z for a non-apex segment. For apex segments, the bound-aries are the onset sample and the sample orresponding to the longest paththrough either zj ± ∆z.If the path lengths zj±∆z are denoted as pa and pb with pb > pa, orrespond-ing to the real values sample numbers Na = pa · Fs/c and Nb = pb · Fs/c, andinteger sample numbers na = round(Na) and nb = round(Nb), then the samplespan for the segment is Ssp = Nb−Na, whih omprises SI = nb− na − 1 om-plete inner samples and 2 frational outer samples. For the latter, the segmentfrations �overed� are αa = na + 0.5 − Na and αb = Nb − nb + 0.5. A simple�at distribution of ∆hj over the sample span results in αa∆hj/Ssp in sample
na, αb∆hj/Ssp in sample nb and ∆hj/Ssp in eah of the SI inner samples. Thisis illustrated in �gure 5.12.3⌈f⌉ means the value of f rounded up to the next integer... with a fous on the reprodution of arbitrarily shaped sound soures
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αa = 0.7 αb = 0.5
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Ssp = 9.2

na
Na
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Figure 5.12: Illustration of the weighted distribution of the ontribution overthe available samples.However, a simple �at distribution leads to a stairase e�et in the impulseresponse. To remedy this, it is possible to hoose a di�erent weighting funtion,whih adjusts the ontributions based on the loal slope of the IR. For example,if two adjaent multi-sample segments with total amplitudes ∆h1 and ∆h2, andsample spans Ssp,1 and Ssp,2. With the �at distribution, the middle sample ofthe �rst segment would be given value ∆h1/Ssp,1 and the middle sample of theseond segment value ∆h2/Ssp,2. Under the assumption that the IR is loallylinear, the slope s between these samples an be alulated and the distributionof ∆h2 an be adjusted suh that the slope over Ssp,2 is equal to s.The disadvantages to evenly sized segments are, that a small value of ∆z maylead to a large number of segments to proess, and the per-segment proessingis somewhat more ompliated than with sample-aligned subdivision, as foreah segment the sample span must be alulated and the ontribution mustbe distributed. A large value of ∆z may lead to inauray, though the slopeorretion has proven to be a rather good approximation. Finally, the loationof the onset sample is not given automatially, whih makes it neessary toinlude an extra hek, to on�rm whether the apex is inluded in the segment,in order to avoid the onset singularity and to alulate the orret onset sample.Hybrid subdivision strategyA hybrid strategy an be used to bene�t from the advantages of both the samplealigned segments and evenly sized segments. In this strategy [CS07℄, samplealigned segments are used for the �rst M samples (inluding the apex segment,whih uses the analytial approximation for the integrand) and evenly sizedsegments are used for the rest of the edge. Any portion of an evenly sizedsegment that overlaps with a sample aligned segment is disarded.5.4.3.2 Integrand singularitiesHere we ontinue the disussion started in subsetion 5.4.2.1, to disuss theanalytial approximation of the integral in equation (5.19).The approximation is needed only for the �rst sample of the edge-di�rationIR, h(n0), as this is the only sample a�eted by the singularity in the originalintegrand [SC06℄. Thus, the limits of the integration will be the z-values thatdelineate the portion of the edge that ontributes to the onset sample. UsingMarije Baalman - On wave �eld synthesis and eletro-aousti musi, ...
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z-oordinates relative to the apex point, one of these values will be negative(z−0 ) and the other positive (z+

0 ), so we an write for the �rst sample:
hdiffr(n0) = − ν

4π

4
∑

i=1

∫ z+
0

z−
0

βi
ml

dz

= − ν

4π
(

4
∑

i=1

∫ 0

z−
0

βi
ml

dz +

4
∑

i=1

∫ z+
0

0

βi
ml

dz) (5.22)and as two segments on opposite sides of the apex point, whih ontributeto the same sample ontribute an equal amount,
hdiffr(n0) = − ν

2π

4
∑

i=1

∫ z+
0

0

βi
ml

dz (5.23)To approximate this integral, we need to distinguish between a symmetrialand an asymmetrial ase.Symmetrial aseFor a symmetrial ase, either zS = zR, i.e. ψ = π/2, or rS = rR, i.e. ρ = 1, andin both ases B2 = 0 in equation (5.13), thus the integral for the �rst samplebeomes:
hi(n0) ≈ − ν

2π
· B0

B3 −B1

∫ zrange

0

1

z2
rel +B1

− 1

z2
rel +B3

dzrel (5.24)The result of this integration beomes:
hi(n0) ≈ − ν

2π
· B0

B3 −B1
[

1√
B1

arctan
zrange√
B1

− 1√
B3

arctan
zrange√
B3

] (5.25)A speial ase for the symmetrial situation ours when ρ = 1 and ψ = π/4.The integrand βi/ml then simpli�es to
βi
ml

≈ B4
1

z2
rel +B1

(5.26)where
B4 =

B0

B3
=

sin(νφi)

2ν2
(5.27)The result of integration is then

hi(n0) ≈ − ν

2π
· B4√

B1

arctan
zrange√
B1

(5.28)... with a fous on the reprodution of arbitrarily shaped sound soures



116 5.4. DIFFRACTIONAsymmetrial aseThe integral form for the ith term of the �rst sample of the di�ration IR isafter some rearrangement
hi(n0) ≈

ν

2π

B0B2

B1B2
2 + (B1 −B3)2

(5.29)
∫ zrange

0

[
zrel + (B1 −B3)/B2

z2
rel +B1

− zrel + (B1 −B3 +B2
2)/B2

z2
rel +B2zrel +B3

]dzrelThe result of the integration is
hi(n0) ≈ ν

2π

B0B2

B1B2
2 + (B1 −B3)2

[
1

2
ln |

B3(z
2
range +B1)

B1(z2
range +B2zrange +B3)

|

+
B1 −B3√
B1B2

arctan(
zrange√
B1

) +
2(B3 −B1) −B2

2

2B2
F ] (5.30)where F an take one of four forms, depending on the quantity

q = 4B3 −B2
2 (5.31)For q < 0 and �nite, form I should be used, where

FI =
1√−q ln(|2zrange +B2 −

√−q
2zrange +B2 +

√−q · B2 +
√−q

B2 −
√−q |) (5.32)For q > 0 and �nite, form II should be used, where

FII =
2√
q
(arctan

2zrange + B2√
q

− arctan
B2√
q
) (5.33)When q = 0, the third form is

FIII =
4zrange

B2(2zrange +B2)
(5.34)The fourth form FIV = 0 is used when the denominator of q goes to zero.When q is written as

q =
4R2

0ρ
2[2(1 + ρ2) − cos2 ψ(1 + 6ρ+ ρ2)]

(1 + ρ)2[(1 + ρ)2 sin2 ψ − 2ρ]
(5.35)it is lear that the denominator will be zero when

sin2 ψ =
2ρ

(1 + ρ)2
(5.36)or, equivalently,

ρ = cot2 ψ · (1 ±
√

1 − tan4 ψ) (5.37)Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



CHAPTER 5. SOURCE MODEL 117Choie of zrangeFor the implementation, an appropriate value of zrange must be hosen. Therean be two ases:1. The whole segment from z−0 to z+
0 is ontained in the edge, whih is themost ommon ase at high sampling frequenies.2. One or both of the onset segment boundaries is not inluded in the edge.In this ase the doubling of the integrand (see eq. (5.23)) is not valid forpart of the segment. If z±edge is the edge end point in either the positiveor negative diretion, then the smallest of z±edge < z±0 is taken as theinitial hoie for zrange, and uses, for the remainder of the alulation, anumerial integration.Furthermore, the hoie of zrange must satisfy the ondition that zrange issmall ompared to m0 and l0 for the analytial approximation to be valid, so ariterion is for example zrange = 0.05×min(m0, l0). If the hosen value of zrangeis smaller than either of the segment boundaries z±0 , numerial integration mustbe used for the remainder of the segment.5.4.3.3 Numerial integrationFor the numerial integration of the integrand βi/ml several tehniques an beused. The most simple is a 1-point midpoint integration, whih simply evaluatesthe integrand at midpoint and uses this multiplied with the segment size ∆zas the resulting value. Alternate methods are a standard 3-point Simpson'srule integration, or a ompound Simpson's rule integration with one step ofRihardson extrapolation (also alled a Romberg integration).For three evenly spaed points x0, x1 and x2 with distane ∆x, the 3-pointSimpson's rule states that [Wei05a℄:

∫ x2

x0

f(x)dx =

∫ x0+2∆x

x0

f(x)dx ≈ ∆x

3
(f(x0) + 4f(x1) + f(x2)) (5.38)A ompound version of this rule an be obtained if we subdivide the inter-val [x0, x1] again in n steps, provided we divide them in an even number ofsubintervals (n = 2m):

∫ x1

x0

f(x)dx ≈

∆x

3

m−1
∑

i=0

(f(x0 + 2i∆x) + 4f(x0 + (2i+ 1)∆x) + f(x0 + (2i+ 2)∆x))

=
∆x

3
[f(x0) + 4f(x0 + ∆x) + 2f(x0 + 2∆x) + ...

...+ 2f(x0 + (n− 2)∆x) + 4f(x0 + (n− 1)∆x) + f(x1)] (5.39)... with a fous on the reprodution of arbitrarily shaped sound soures



118 5.4. DIFFRACTIONThe auray an be written with Rihardson extrapolation [Fen06℄ as
fexact(x) = f(x; ∆x) + α∆x + ... (5.40)where f(x; ∆x) means the solution obtained at x with step size ∆x, andwhere higher order terms are negleted. We do not know the oe�ient α orthe exat solution fexact(x). However, if we arry out a solution for two di�erenttime steps, we an solve the pair of equations and obtain an approximation for

fexact(x) by trunating the series. The oe�ient α is of no interest.
fexact(x) ≈

f(x; ∆x2)∆x1 − f(x; ∆x1)∆x2

∆x1 − ∆x2
(5.41)When ∆x2 = ∆x1/2 we obtain

fexact(x) ≈ 2f(x; ∆x/2) + f(x; ∆x) (5.42)In the ase of integration by the ompound Simpson rule, the order of thenegleted terms is O(∆x4). Applying the method here gives the sheme (thisform is known as the Romberg integration):
fexact(x) ≈ f(x; ∆x/2) − f(x; ∆x/2) − f(x; ∆x)

15
(5.43)5.4.3.4 Higher order diffrationThe integral formulations in (5.18) and (5.19) an be written in a disrete form;using the reeiver formulation, we have

h(n) ≈ −νN
4π

1

2

MN
∑

j=1

[
WN (n)

l(zj,N )
∗ IN−1(n)]∆zj,N (5.44)

IN−1(n) = −νN−1

4π

1

2

MN−1
∑

j=1

[
WN−1(n)

∑4
i=1 βi,N

mN (zj,N−1, zj,N)
∗ IN−2(n)]∆zj,N−1

...

I1(n) = − ν1
4π

M1
∑

j=1

W1(n)
∑4

i=1 βi,1
∑4
i=1 βi,2

m1(zj,1)m2(zj,1, zj,2)
∆zj,1Here the funtions Wk(n) are the weight funtions to divide the ontribu-tions over the relevant samples for order k, in analogy to the funtion W (n) inequation (5.21).Higher order di�ration is most easily implemented for evenly sized segments,though (with some extra e�ort) a hybrid approah an also be used. In this way,onset samples for eah intermediary impulse response will be alulated orretlyand inauraies will not propagate throughout the alulation.Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



CHAPTER 5. SOURCE MODEL 1195.5 The soure model inluding diffrationThe soure model desribed in setion 5.2 an now be extended with alulationsfor di�ration around the edges of the three dimensional objet. So for eahpoint on the surfae of the objet, we alulate the WFS driver funtions for eahspeakers of the diret sound, and then alulate the di�rated sound arriving ateah speaker, using the method desribed in the previous setion. Two thingsneed to be taken into aount:� If we ombine this formulation with the WFS operator for the seondarysoures, we must replae the amplitude fator aused by the path l, withthe WFS attenuation. The delay as alulated in the di�ration algorithmis the same as the WFS delay.� As the sound from the di�rated soure points for a onvex objet travelalong the objet's surfae, a fator 1/2 has to be added for the �rst orderdi�ration, as the soure is as if it were plaed in an in�nite ba�e (omparethe disussion in [SF99℄ about the seondary soures whih are used assoures for higher order di�ration).The details of the implementation will be desribed in the next hapter.5.6 Integrated modeling approahThe determination of the di�ration parameters an be used to detet whethera soure point is oluded for a reeiver, and whether speular re�etions our[CSF05℄. The approah is as follows: from the triangulated mesh of the soundobjet we alulate and store the di�ration parameters in a �rst pass of the listof edges.In a seond pass over the list of faes, we evaluate the di�ration parametersto determine whether or not a fae obstruts the diret sound, or reates aspeular re�etion. This is done by maintaining two ounters for eah fae:1. the number of edges for whih φ2 < 0 or φ3 < 0,2. the number of edges for whih φ4 > 0.When the �rst ounter is 3 (i.e. for all of the edges the situation ours),the fae obstruts the diret sound. One a fae has been found to obstrut thesound for a sound soure, no further faes need to be heked for diret soundobstrution.When the seond ounter is 3, the fae reates a speular re�etion. Furtherevaluation of parameters is neessary to �nd the re�etion point. One a speu-lar re�etion has been found to be reated by a fae, no other faes in the sameplane need to be tested.Both ases will be disussed in more detail below.5.6.1 Diret soundRelative to a single edge, a fae will olude the diret-sound path if the angles
θS and θR di�er more than π, i.e. if π− |θS − θR| < 0. If this is the ase for all... with a fous on the reprodution of arbitrarily shaped sound soures
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(b)Figure 5.13: Cheking for the olusion of diret sound. (a) the fae tested isshown as a horizontal line, and the edge omes out of the page. The di�rationparameter φ2 from equation (5.6) measures the angular distane of the reeiverfrom the shadow boundary. If φ2 < 0, for example for R2, the sound soure isoluded by the edge for the reeiver. (b) If φ2 < 0 for all three edges of thefae, the fae oludes the diret sound.three edges of a triangular fae, that fae oludes the sound. This is illustratedin �gure 5.13.The result an be generalised to a fae that is bordered by an arbitrarypolygon: if for all edges π − |θS − θR| < 0, then the fae oludes the diretsound. Inversely, any edge for whih π − |θS − θR| > 0, disquali�es the fae asa possible oluder (so no more edges need to be heked).This alulation is a fairly heap method to hek the visibility of a sourepoint. Another method would be to alulate the intersetion point of thesoure-reeiver path with eah surfae element of the objet; if this point iswithin a fae, then the point is not visible. More detail on this method will begiven in the next subsetion, where it will be used to �nd the re�etion point.5.6.2 Speular refletionsThe test for a speular re�etion involves testing whether φ4 = π− θS − θR > 0for eah edge of the surfae, i.e. θS + θR < π, or in other words, it measures thedistane of the reeiver to the speular boundary π − θS . This is illustrated in�gure 5.14.One a re�eting surfae has been found, it is possible to loate the re�etingpoint on the surfae. This method involves deriving the baryentri oordinatesof the point within the re�eting (triangular) fae. This method is similar to amethod used in omputer graphis to �nd line-triangle intersetions.To �nd the oordinates of the re�etion point, it is helpful to onsider �rsta 2D ase, as in �gure 5.15, to get an expression for the distane x of there�etion point to the edge, in terms of the di�ration parameters rS , rR, θSMarije Baalman - On wave �eld synthesis and eletro-aousti musi, ...
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122 5.6. INTEGRATED MODELING APPROACHand θR. When α1 = α2 (true for a speular re�etion), x is given by
x =

rSrR sin(θS + θR)

rS sin θS + rR sin θR
(5.45)For the 3D ase, onsider a soure S, reeiver R, and a triangular fae

△ABC, as illustrated in �gure 5.15, for whih φ4 > 0 for all three edges. The�rst order speular re�etion path from S to R must go through a point P inthe interior of the fae; the value x in equation (5.45) orresponds to the per-pendiular distane from P to the edge for whih the di�ration parameters aremeasured. Thus we an obtain a triple (xBC , xCA, xAB) representing the loa-tion P in exat trilinear oordinates. This triple an be onverted to baryentrioordinates (t1, t2, t3) [Wei05b℄, where
t1 =

xBCa

n
, t2 =

xCAb

n
, t3 =

xABc

n
(5.46)with a, b and c the lengths of the sides of the fae, and

n = axBC + bxCA + cxAB (5.47)Using the known Cartesian oordinates of the triangle verties A, B and C,the Cartesian oordinates of P an be found with
P = A · t1 +B · t2 + C · t3 (5.48)This is a similar representation as the parametri oordinates of a point Pin a plane4:

P = V (s, t) = A+ s~u+ t~v = (1 − s− t)A+ sB + tC (5.49)using the diretion vetors ~u = B−A and ~v = C−A, and where s and t arereal numbers, whih are oordinates for the plane relative to the origin A andthe basis vetors ~u and ~v. When 0 <= s, 0 <= t, and s+ t <= 1, P = V (s, t)is inside the triangle T = V0V1V2.In our soure objet model, speular re�etions an only our in the aseof a non-onvex geometry, i.e. when the objet has indents. The re�etiveproperties of the surfae an be taken into aount, by adding an extra �lteringfuntion R(ω) to the re�eted sound. The re�eted sound will also be di�ratedon the edges of the indent, that are not part of the re�eting fae.
4see http://www.softsurfer.om/Arhive/algorithm_0104/Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...
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Chapter 6Implementation: swonder3DqSoftware was written to implement the alulations for the GNU/Linux plat-form, as an open soure projet under the GPL-liense. The software is anextension of the sWONDER-software, though it has initially been developed asa separate projet. In this hapter several aspets of the implementation will bedisussed in detail, as well as aspets for the �nal integration with the softwaredesribed in hapter 3.6.1 Overview of software omponentsThe software is (urrently) divided into three exeutable programs and a libraryontaining the ommon lasses and data strutures.Graphial user interfaeOne of the programs is a graphial user interfae (GUI), reated using the Qt-libraries [Tro05℄. This GUI (see �gures 6.1 and 6.2) enables the user to de�ne aprojet ontaining several objets and alulate the loudspeaker �lters for WFSreprodution.The objets themselves are de�ned by their geometrial data and the radia-tion �lters at several points on the surfae. Objets an be positioned and givendi�erent orientations in spae. The user an de�ne �lters for eah node, andthe program alulates loudspeaker impulse response �lters based on the WFSoperators and saves them to disk.RendererA seond part of the software was written to enable sriptable alulations, basedon a projet. This program takes a sript with ommands to hange di�rationorder of an objet, or a loation, or to re�ne an objet, and then exeute theWFS alulation for spei� objets. The program outputs a log-�le in whih isdesribed whih ommands were exeuted, where the results of the alulationare stored and how long eah ommand took to exeute. A summary of sript123
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Figure 6.1: Snapshot of the main window of the graphial user interfae ofswonder3Dq.ommands is given in table 6.1.EngineA third part of the software enables the user to load a projet and listen to thedesired objet on the desired loation with the desired orientation. This part ofthe software an be ontrolled with OpenSoundControl (OSC) [WFM03℄. Anoverview of the OSC ommands is given in table 6.2. BruteFIR [Tor05℄ is usedas the onvolution engine. There is a simultaneous visualisation of the senepossible using GeomView (see below).6.2 Internal data struturesThe internal data struture has at its root a Projet, whih ontains the speakerArray, a list of Objets and a list of Senes. Eah element of the struture isimplemented as a C++-lass. In �gure 6.3 there is a general overview of thedata struture.The Array refers to the loudspeaker array used for the WFS reprodution.It ontains two lists, the �rst being a list of ArraySegments, the seond a listof ArraySpeakers. ArraySegments are used to de�ne linear parts of the array,from whih the atual loudspeaker positions are alulated with the funtionArray::alspeakerpos().Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...
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Figure 6.2: Snapshot of the objet de�nition window of the graphial userinterfae of swonder3Dq.The Objet refers to the de�nition of the sounding objet. The objethas a geometrial de�nition in the form of a triangulated Mesh, has salingfators sale and an have a number of positions as de�ned by the list ofObjetCoordinates. The saling fator allows for a saling of the Mesh in eahof the three dimensions and is �xed for eah objet.The list of ObjetCoordinates desribe oordinates for whih we want toalulate the WFS response of the loudspeakers. The objet oordinates onsistof a translation vetor, indiating the position of the objet, and a rotationvetor, indiating the rotation of the objet around eah axis. The results ofthe WFS alulation are stored in a binary �le: one for eah loation of eahobjet. This �le ontains all the impulse responses for all the speakers de�nedin the speaker array. The lass CoefSet ontains a desription needed to use thedata for onvolution, and ontains information about the speaker id to whih theoe�ients apply, the data format (e.g. Big Endian �oats), the blok size, theo�set and the name of the �le. With this information the engine an generatea BruteFIR on�guration �le.The WFS_Mesh-lass inherits from the Mesh-lass, whih ontains only thegeometri desription, and ontains the omplete de�nition of the objet. Thebasi geometry is divided into Verties, Edges and Triangles, where eahEdge is made up of two Verties, and eah Triangle is made up of threeEdges and three Verties. These referenes are stored internally using pointers.... with a fous on the reprodution of arbitrarily shaped sound soures
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Projet Array SegmentSpeakerObjet sale[3℄Coordinates translation[3℄, rotation[3℄CoefSetMesh VertexEdgeTriangleFilterNodePlaneOuterEdgeDi�rationEdgeSene ObjetsLoationsFigure 6.3: Overview of the data struture within swonder3Dq. A shadowedbox means there is a list of the named objet within the parent lass. Eahelement is implemented as a C++-lass (exept sale, translation and rotation).A desription is given in setion 6.2.
Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



CHAPTER 6. IMPLEMENTATION: SWONDER3DQ 127ommand arguments desriptionrefine ijb re�ne objet i j times with or withoutinterpolation of the �ltersdiffration ij set the order of di�ration of objet i to jaddloations ij add j loations to objet itranslate ijxyz translate loation j of objet i with (x, y, z)rotate ijxyz rotate loation j of objet i with (x, y, z)sale ijxyz sale loation j of objet i with (x, y, z)alulatewfs i alulate wfs �lters for objet i. If noargument is given, alulate for all objets# indiates a omment. The text of the ommentis opied into the log �leTable 6.1: Available sript ommands.Additionally eah Vertex, Edge and Triangle has a unique name, by whihit an be identi�ed. The aousti properties for eah Vertex are stored in aFilterNode, whih ontains a pointer to the Vertex it belongs to. The �lterde�nition is desribed in more detail in setion 6.4.The WFS_Mesh lass has a method, WFS_Mesh::find_planes_and_outeredges,to �nd from the geometri desription how many di�erent Planes are within theobjet, and the OuterEdges of eah Plane (see setion 6.3). These are then usedto reate the DiffrationEdgeswith WFS_Mesh::reate_diffration_edges.This will be desribed in more detail in setion 6.6.A Sene ontains two oupled lists: the �rst is a list of Objet id's whihare part of the sene, and the seond is a list of the loation id's of where theseobjets are in the sene. Creating Senes in a Projet allows to alulatethe resulting WFS speaker response for a onstellation of soures, inluding thedi�ration of the sound of one soure around another objet (by setting all ofthe �lters of an objet to zero, non-sounding objets an be reated, aroundwhih sound from other soures is di�rated)1.6.2.1 File formatAll data is stored in an XML �le format, whih is handled by a set of lasses:XML_WFS, XML_Projet, XML_Mesh and XML_Array. The last three reate �les forthe Projet, ontaining information on all objets and senes, the WFS_Mesh,and the Array. The lass XML_WFS ontains funtions whih reate the atualXML data struture. For the XML implementation, the library libxml++-2.6 2is used, whih is available in Linux distributions.1The sene alulation has not atually been implemented yet, though the basi infrastru-ture (as desribed here) is there.2http://libxmlplusplus.soureforge.net/... with a fous on the reprodution of arbitrarily shaped sound soures
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128 6.2. INTERNAL DATA STRUCTURESMessages the engine understands:ommand arguments desription/start start the engine/stop stop the engine/verbose print messages to stdout/quit quit the program/projet s load projet �le/hange ii move objet i to loation j/info s render get info on render status/info s projet get info about projet/info si objet get info about objet i/info sii loation get info about loation j of objet i/lient ss set lient address and port for feedbak/mute is mute objet i on or o�/geomview/start start the viewer/geomview/stop stop the viewer/geomview/array show the speaker array/geomview/projet show the projet/geomview/top open top view/geomview/front open front viewMessages the engine sends:ommand arguments desription/swonder3d s general feedbak/swonder3d/hange ii objet i moved to loation j/swonder3d/mute is objet i mute in state j/swonder3d/render s engine running or not running/swonder3d/projet si projet with name i and j amount ofobjets/swonder3d/objet issii objet i with name j, mesh �le k,
l amount of objets, urrently atloation m/swonder3d/loation sii����f objet with name i and id j,loation k, with xyz-parameters fortranslation, rotation and saleTable 6.2: OpenSoundControl namespae. In the arguments olumn �s� meansstring, �i� means integer and �f� means �oat. In the desription where neessarythe arguments are referred to with itali letters in alphabetial order, startingwith i, re�eting the order in whih the arguments are passed on with themessage.Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...
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Figure 6.4: Graphial display of an objet with mview.6.3 Mesh6.3.1 Choie of viewers and libraryThere are a multitude of programs and libraries available for manipulating andvisualising 3D data. The GTS-library [gts05℄ is a C-library and enompassesmany funtions to read, write and work with meshes. A disadvantage of thislibrary is that the points on the mesh (the verties) are not ordered or taggedwhile they are loaded, so it is not easily possible to onnet the data for theradiation �lters to them.In the C++-program mview [Can05℄ a lot of methods for working withmeshes had already been implemented and with only a few additions to imple-ment the �lter de�nition per soure point, it is inorporated into swonder3Dqfor the graphial display of the objets (see �gure 6.4).GeomView [Te05℄ is used as a seond viewer to view the whole sene: theWFS speaker array as well as several sounding objets (see �gure 6.5). Ge-omView is used as an external program, interfaed via a (�le) node.6.3.2 Supported file formatsAs the basi mesh ode is borrowed from mview, swonder3Dq an read thefollowing mesh formats:� PMesh format (used at the Vision group of the University of Edinburgh),� GTS format (from the Gnu Triangulation Library),... with a fous on the reprodution of arbitrarily shaped sound soures
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Figure 6.5: Visualisation of a WFS-Sene with GeomView.� Geomview format (only format "OFF" or "COFF"),� PLY format (only ASCII format),� VRML 1.0 format,� VRML 2.0 format (VRML97),� Visualisation Toolkit VTK format (ASCII POLYDATA only),� Alias Wavefront / Java 3D OBJ format (ASCII polygon data only).The mesh must be a triangulated mesh for the alulations within swon-der3Dq.In order to display a sene swonder3Dq stores the mesh in the GeomViewformat, so that GeomView an load and display the mesh.As mentioned above, swonder3Dq uses its own XML-format to store themesh. This is due to the fat that it needs to store muh more information thanan be ontained in the other formats.6.3.3 Refinement of the meshTo make the disretisation distane smaller, an algorithm is needed to alulatemore points on the objet surfae. A simple method (inspired by a methodin the GTS Library) is the mid vertex insertion method. On eah edge of atriangle, a point is added in the middle to divide the edge in two. Then, everyMarije Baalman - On wave �eld synthesis and eletro-aousti musi, ...
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b b

bFigure 6.6: Re�nement of a triangle with the midvertex insertion methodmidpoint is onneted to those of the other edges (�gure 6.6). This method anbe applied multiple times to reate a �ne raster of points. An estimate for thealiasing frequeny (see setion 5.3) an be alulated by �nding the longest edgein the mesh and alulate the orresponding aliasing frequeny from equation(5.2).Additionally the �lter for the newly alulated points needs to be determined.This is done by an average of the �lter of the neighbouring points, using aninverse distane weighting method [Gre00℄ to determine the ontribution of eahpoint:
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(6.1)
Zj is the value of the new point j, Zi of the neighbour point i, hij thedistane from point i to j, and β a fator that de�nes the weighting of thedistane, usually set to β = 2. In this ase the fator β an be interpreted as akind of measure how well the sound is propagated through the material of theobjet.Further aspets of the �lter averaging will be disussed in the next setion.6.3.4 Finding planes and outer edgesAlgorithm C.2 �nds the planes and outer edges in the mesh, whih will be usedfor the di�ration alulation. It alls the funtion WFS_Mesh::number_planes()(algorithm C.1), whih iterates over all the triangles, assigns a plane numbersto the triangle (if it does not already have one) and gives any other trian-gles in the same plane the same number. The hek for the same plane isa hek whether the normals of the triangles have the same diretion, andwhether the distane of the surfae to the origin is the same (see the funtionTriangle::on_same_plane in the soure ode).When a new outer edge is reated, it automatially looks for any other edgesthat are on the same outer edge. As eah Edge ontains referenes to the twoVerties it is made of, it an hek whether other Edges, of whih that Vertexis a part, are on the same line. This an be done iteratively, until no more Edgesare found. ... with a fous on the reprodution of arbitrarily shaped sound soures
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Figure 6.7: Snapshot of the dialog to de�ne a �lter for a point on the soureobjet surfae.6.4 Filter definition and alulationFor eah vertex of the objet a funtion G(~r, ω) needs to be de�ned. There are�ve options for this funtion:1. No �lter, i.e. G(~rN , ω) = 0.2. Unity �lter, i.e. G(~rN , ω) = 1. There is an amplitude parameter to setthe atual response to another sound level.3. A breakpoint �lter, i.e. the funtion G(~r, ω) is de�ned by a number ofbreakpoints for frequeny in magnitude and phase.4. An impulse response from �le.5. A �lter de�ned in the frequeny domain (this format is used internally).There is a simple graphial representation of the frequeny response of the�lter, where the user an de�ne breakpoints (�gure 6.7). The �lter settings anbe opied between soure points and there is an interation between the pikedtriangle and its orner points (whih an be seleted in the GUI) and the urrentsoure point for whih a �lter is de�ned.Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



CHAPTER 6. IMPLEMENTATION: SWONDER3DQ 1336.4.1 Filter response of the breakpoint filterIn the ase of a breakpoint �lter, the �lter's response is alulated with a methodas desribed in [Smi97, h. 17, p. 297-300℄. The following steps are taken inthe alulation:1. Convert the breakpoints to atual bin values for the frequeny magnitudeand phase response. This is done in the funtionFilterNode::ornerPointsToBins. The method has as a onstraint thatthe �rst and last sample must be 0.2. Convert from a magnitude/phase to a real/imaginary representation.3. The inverse disrete Fourier transform (DFT) is taken to move the �lterinto the time domain (see Convolution::filterNodeToFFTW). For thefast Fourier transform the FFTW Library is used [FJ05℄:fftw_exeute( bakward_transform );4. The time response is shifted with M/2 samples, where M is alled the �lterkernel:for ( int i=0; i < kernelsize/2; i++ ){ temp[i℄[0℄ = filt[i + windowsize - kernelsize/2℄[0℄;temp[i℄[1℄ = filt[i + windowsize - kernelsize/2℄[1℄;}for ( int i=0; i < (windowsize - kernelsize/2); i++ ){ temp[i+kernelsize/2℄[0℄ = filt[i℄[0℄;temp[i+kernelsize/2℄[1℄ = filt[i℄[1℄;}5. The time response is windowed:for ( int i=0; i < kernelsize; i++ ){ filt[i℄[0℄ = filt[i℄[0℄ * (0.54-0.46*os( 2*M_PI*i/kernelsize ) );filt[i℄[1℄ = filt[i℄[1℄ * (0.54-0.46*os( 2*M_PI*i/kernelsize ) );}6. The time response is trunated:for ( int i=kernelsize; i < windowsize; i++ ){ filt[i℄[0℄ = 0;filt[i℄[1℄ = 0;}7. The time response is transformed bak into the frequeny domain:fftw_exeute( forward_transform );... with a fous on the reprodution of arbitrarily shaped sound soures
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bFigure 6.8: Averaging of the �lter values. On the left is shown from whih pointthe average is taken: × is the new point, • are the neighbourpoints. On theright is shown how the breakpoints are added when averaging.6.4.2 Averaging filtersThe weighted average between two �lters is alulated as follows(see FilterNode::weighted_average):� If both �lters have no �lter, the result has no �lter (type0).� If one of the �lters has no �lter, then the amplitude of the other �lter isweighted (type0).� If both �lters have a unity response, the result has a unity response(type1).� If both �lters are of a breakpoint type: for eah breakpoint from either�lter the orresponding value on that frequeny value is alulated for theother �lter. The new �lter then has a breakpoint value at that frequenyvalue, whih is an average of the two breakpoints of the two �lters (�g-ure 6.8). The average is taken from the real and imaginary parts of theoe�ients (type2).� If both �lters are impulse responses, the average is taken of these (type3).� If one �lter has a unity response, and the other �lter an impulse response,then the impulse responses are averaged (type3).� In all other ases, both �lters are onverted to an FFT format (if they notalready are in that format) and the average is taken of these. The resultis kept in the FFT format (type4).6.5 3D WFS CalulationThere is a hoie between de�ning the soure points as monopoles or as dipoles.In the ase of a dipole, the main axis of radiation is in the diretion of thenormal (pointing outwards) on the surfae; in the ase of points on the ornersof triangles whih are not on the same plane, this normal is an average of thenormals of the triangles it is a orner point of.Algorithm C.3 gives an overview of the alulation of the 3D WFS operatorfor the monopole soure type; the alulation for a dipole soure type followsMarije Baalman - On wave �eld synthesis and eletro-aousti musi, ...
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2π from equation (2.30) is not takeninto aount during the alulation; given an appropriate FIR version this �lterit would be straightforward to add a onvolution with this �lter during theomputation.When a soure point is at the bak side of the objet, a diret path ofthe sound to the loudspeaker is not possible and this soure point should not betaken into aount. The algorithm for this was desribed in the previous hapter.Di�ration of sound waves around the objet is taken into aount using thedi�ration model from hapter 5 and implementation details are below.Algorithms C.4 and C.5 give an overview of the omplete proedure of al-ulating the WFS speaker responses for an objet.The amplitude fator with whih the speaker �lter is multiplied before it issaved to disk onsists of the amplitude that has been set by the user, and anamplitude orretion for the number of points N on the mesh. The latter fatoris

A =
1√
N

(6.2)whih an be easily derived, as the sound pressure level is dependent on thesquare of the amplitude of the wave.6.6 Diffration ModelIn setion 6.3 was desribed how the planes and outer edges of the objet arefound. Then (see algorithm C.6) for eah soure point emitting sound, �rst orderdi�ration edges are determined. After that, the higher order di�ration edgesare determined. Eah di�ration edge holds a referene to its soure funtion(the �lter of the soure point), its previous order di�ration edges, and its higherorder di�ration edges. Based on this information, a di�ration model of theobjet an be alulated.... with a fous on the reprodution of arbitrarily shaped sound soures



136 6.7. SUMMARY OF THE CALCULATION FOR EACH OBJECTThe next step is to prepare the di�ration impulse responses, in as far aspossible. To alulate the impulse response of a di�ration edge, we need toknow the soure position, the seondary (or edge) soures, and the reeiverposition. As in our ase the soure position is �xed (with respet to theobjet), we an alulate the (multiple) di�ration impulse responses up tothe seondary soures of the last edge, whih at as reeivers for the seondlast edge (see �gure 6.9 and equation (5.19)). Thus, these intermediary im-pulse responses an be alulated for the objet (this is done in the funtionWFS_Mesh::prepare_diffration_irs, desribed in algorithm C.7), and onlyfor the �nal impulse response, we need to alulate the ontribution from thelast edge soure to the reeiving point (in our ase the loudspeaker), onvolvethat with the impulse response of previous orders for that edge soure, add upthe ontributions from all edge soures, and save it as the impulse response forthe speaker.In algorithm C.6, it an be seen that an argument alled min. distane isused. This argument sets the minimum distane two edge elements need tohave, before multiple di�ration is taking plae between them. The minimumdistane given determines from what distane on the ontribution is windowed.If this is not done, then, espeially when high orders of di�ration are alulated,multiple di�ration between nearby edge elements ontribute with eah order,and as the travel time di�ers only marginally from previous order ontributions,they add up (too) rapidly3.In the funtion DiffrationEdge::alulate_edgesoure_response (al-gorithm C.8), the response for an edge is alulated. This is done by �rst �ndingthe sample aligned soures, after whih is heked within whih edge segmentsthey are. The user an set how many samples need to be aligned for the �rstorder; for higher orders always only the �rst sample is aligned to ensure thatthe onset sample is alulated orretly. Then the ontribution for eah sam-ple aligned soure is alulated, and, for the �rst order, plaed into the resultvetor. For higher order di�ration, the result is plaed into the vetor, whenthe response for the edge segment within whih the sample aligned soure liesis alulated.Finally, the ontributions for all edge segments are alulated. There needsto be iterated twie over the edge segments, as in the seond run we plae theontributions into the result vetor and in order to apply slope orretion, weneed to know the ontributions of all edge segments.6.7 Summary of the alulation for eah objetSummarised, the alulation method for eah objet is:1. Calulate the di�ration model.(a) Find the edges of eah plane surfae.(b) De�ne the di�ration edges.3For suh small distanes it annot be assumed that the di�ration theory is valid.Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



CHAPTER 6. IMPLEMENTATION: SWONDER3DQ 137() Calulate the intermediate impulse responses.2. For eah loation:(a) Transform the mesh to the new loation.(b) Calulate the WFS delay and attenuation (for eah speaker) for eahsoure point and eah seondary soure point, this inludes a visibilityhek.() Calulate the resulting impulse response for all di�ration edges foreah speaker position as a reeiver.(d) Convolve all of the impulse responses with the soure �lter.(e) Save the �lters to disk.6.8 Integration with sWONDERIn hapter 3 a general struture for a omponent based WFS software waspresented. The software swonder3Dq an be integrated into this system withthe following modi�ations:� The addition of a 3dqrender stream to wonder, whih takes are of theommuniation between a user interfae and a non-realtime renderer forthe alulation of the impulse responses.� Realtime rendering using fwonder, instead of BruteFIR.� Adaptation of swonder3Dq to split the o�ine rendering from the GUI, sothere will be an OSC-ontrolled o�ine renderer and a GUI that ommu-niates via wonder with the o�ine renderer and the realtime renderer.Additional OSC ommands for the ommuniation are shown in table 6.3.6.8.1 Realtime ontrolThe realtime rendering an be done with fwonder as a onvolution engine, whihmeans that during the non-realtime rendering the �le format for impulse re-sponse storage must be adapted.wonder needs to be extended to be able to selet the orret impulse re-sponses for fwonder to load.First of all the ommand /WONDER/soure/type needs to be interpretedsuh that type 34 means, that a 3D objet is hosen. With a further ommand/WONDER/soure/objet the atual objet an be seleted, upon whih wonderan send bak a message to the visual stream with the mesh data of the stream(/WONDER/soure/mesh).If a soure beomes a 3D objet, twonder must mute (or fade out) thatsoure, while fwonder must unmute (or fade in) that soure, as well as load theappropriate impulse responses.As 3D objets an be rotated, the ommand /WONDER/soure/rotationneeds to be added.4type 2 is reserved for multipoles... with a fous on the reprodution of arbitrarily shaped sound soures



138 6.8. INTEGRATION WITH SWONDER
ommand types arguments/WONDER/soure/rotation i��f sr id, rot x, rot y, rot z, time, duration/WONDER/soure/objet is sr id, name/WONDER/soure/mesh is�fb sr id, name, sale x, y, z, mesh data/WONDER/3dqrender/objet/add isb objet id, name, mesh data/WONDER/3dqrender/objet/point i objet id/WONDER/3dqrender/objet/mesh ib objet id, mesh data/WONDER/3dqrender/objet/sale i�f objet id, sale x, sale y, sale z/WONDER/3dqrender/objet/filternode iiib objet id, vertex id, type, data/WONDER/3dqrender/objet/diffration ii�� objet id, di�ration order + parameters/WONDER/3dqrender/objet/refine ii objet id, times of re�nement/WONDER/3dqrender/loation/add ii objet id, loation id/WONDER/3dqrender/loation/translate ii�f objet id, loation id, translation x,translation y, translation z/WONDER/3dqrender/loation/rotate ii�f objet id, loation id, rotation x,rotation y, rotation z/WONDER/3dqrender/sene/add i sene id/WONDER/3dqrender/sene/delete i sene id/WONDER/3dqrender/sene/objet/add iii sene id, objet id, loation id/WONDER/3dqrender/sene/objet/delete iii sene id, objet id, loation id/WONDER/3dqrender/alulatewfs i objet id/WONDER/3dqrender/objet/alulatewfs i objet id/WONDER/3dqrender/loation/alulatewfs i objet id, loation/WONDER/3dqrender/sene/alulatewfs i sene id/WONDER/3dqrender/task/done i task id/WONDER/3dqrender/task/error iis task id, error id, error message/WONDER/3dqrender/task/progress iii task id, progress, total/WONDER/3dqrender/task/new is task id, ommand name/WONDER/3dqrender/task/subtasks ii task id, number of subtasks/WONDER/3dqrender/subtask/uniqueID iii parent task id, sub task id, unique id/WONDER/3dqrender/task/stop i task idTable 6.3: Additional OSC ommands for integration of swonder3Dq withsWONDER.

Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



CHAPTER 6. IMPLEMENTATION: SWONDER3DQ 139When there are several soures (inluding 3D objets) at several loationshosen, wonder needs to hek whether a speial sene alulation has beenmade for that onstellation; if not, it an look for a simple superposition of theloations, if the hosen loations for the objets are available.Furthermore, for realtime interation with a user interfae it will be usefulto be able to request information about the available objets in the projet, andtheir loations, as well as the available senes. So this information needs to bepassed on between wonder and the user interfae.6.8.2 Non-realtime renderingThe o�ine alulation an bene�t from the luster arhiteture, as the alu-lations are for a large part only dependent on the reeivers, i.e. on the WFSreprodution array speaker positions. Only the �rst part of the alulation,where the di�ration model is being de�ned, annot be parallelised in this way.So for this part there are two possible solutions: (1) dupliation of this part ofthe alulation for eah luster node, and (2) alulation of this part on the on-trol node, after whih the result is distributed to eah other luster node. Theseond option would be the best solution, but requires extra e�ort to implement.As the luster nodes have dual ores, with hyper-threading, further paral-lelisation an be useful to speed up alulations. Here we an bene�t from thefat that alulations need to be done for eah loation of the objet, and thatthese alulations are independent from eah other. Thus we an reate threadsfor eah of these alulations, whih are then proessed independently.This an be ahieved by onstruting the program having two main fun-tions: the �rst is the OSC-server, whih waits for messages from wonder withommands for proessing. For eah ommand a task is reated and subdivided.Information about the task, and how it has been subdivided is sent bak towonder, with the message /WONDER/3dqrender/task/new to inform about thetask id, and /WONDER/3dqrender/task/subtasks about the number of sub-tasks, and /WONDER/3dqrender/subtask/uniqueID about the numbers eah ofthese subtasks have been labelled with. These tasks are put on a TaskQueue.The TaskQueue is heked in regular time intervals, to hek whether:1. a task has been ompleted (/WONDER/3dqrender/task/done),2. an error ourred while exeuting a task (/WONDER/3dqrender/task/error),upon whih the task is stopped,3. how far the task has progressed (/WONDER/3dqrender/task/progress),4. a task was not running yet, and an be started now.wonder adds to eah task message an extra argument, indiating the ren-dering unit, before passing the message on to the UI.The proposed struture an be used for any other non-realtime renderingprogram.With the objet-ommands the settings for objets an be set. The addommand, adds a new objet and sets the mesh data. If the objet is in fat apoint soure (useful, in ase it will beome part of a sene), an extra message... with a fous on the reprodution of arbitrarily shaped sound soures



140 6.9. FUTURE WORKneeds to be sent to set it to a point soure (point). If the mesh data needs tobe hanged, or be renewed, the ommand mesh sets the data. With sale theobjet an be saled. The aousti properties for eah vertex an be set withfilternode, by indiating the vertex id, the type of �lter, and data. Di�rationsettings are set with diffration. With the ommand refine, the objet isre�ned N times.With the loation-ommands, loations for the objet an be added andmodi�ed.With the sene-ommands, onstellations of soures an be reated, forwhih the omplete response will be alulated, i.e. the olusion of soundsoures by other objets is taken into aount, as well as di�ration aroundthese objets.The alulatewfs ommands start the atual alulation of all objets de-�ned in the projet, or for either an objet, a sene, or a loation of an objet,with the orresponding subommand.Eah of these ommands reates a task; if no other alulations are running,most of them will be ready soon. Re�nement of an objet an take some time,if the objet onsists of a lot of triangles. The WFS alulations are also timeonsuming.6.9 Future workThough the basi algorithms have been implemented, there are some diretionsin whih the implementation an be expanded, apart from the full integrationwith the other sWONDER omponents, as proposed in the previous setion.Future work should be direted towards:� Optimisation of the alulation algorithm, making alulations faster.� Inluding the alulation of audio senes, where the sound of one soureis di�rated around another objet.� Inluding loal re�etions on the objet, in order to enable aurate re-prodution of non-onvex geometries (see subsetion 5.6.2).� Conneting the method with physial modelling of the soure surfae vi-bration, in order to provide an integrated method (see setion 5.1)

Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



Chapter 7Evaluation7.1 Physial effetsIn the reprodution the following parameters an be varied: (1) shape of theobjet, (2) size of the objet, (3) level of re�nement, (4) di�ration (and manyparameters of this, suh as the order and number of segments), (5) �lters for thepoints on the surfae, (6) position of the objet and (7) rotation of the objet.Also the position of the listener herself has in�uene on the pereived e�et.To analyse the e�et of the parameters in the reprodution, several signalswere reated and analysed. The signals were reated for the reprodution setupas shown in �gure 7.1.We fous here on the e�et of the shape, the size, level of re�nement andthe position of the objet. The signals were alulated without di�ration, anda unity �lter for eah soure point (so G(~rΨ, ω) = 1 for all points).7.1.1 ShapeFour di�erent shapes were used: a point soure, a sphere, a tetrahedron and aniosahedron (abbreviated as "iosa"), as shown in �gure 7.2. The last three allhad a diameter of 2m.The resulting speaker impulse responses for the test setup are shown in�gure 7.3. Di�erenes are learly visible: the point soure shows (as expeted)a single wave front, whereas the more omplex shapes show several wave fronts,from several diretions. Depending on the re�nement and the size of the objet,the interferene patterns between the wave fronts beome more omplex. Theimpulse responses are fairly short: up to 10 ms; this is in the range of diret andpseudo-diret sound. From the amplitudes we an see that depending on theshape, the amplitude at the reprodution speakers has a di�erent distributionfor eah shape. Espeially note how the ontribution of the middle speakertends to be the highest. 141



142 7.1. PHYSICAL EFFECTS
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Figure 7.1: Virtual test setup for analysis of the physial e�ets. An arrayof 101 loudspeakers is used, with a total length of 10 meters. The pentagonsindiate the virtual sound soure position (1 m., 3 m., 6 m. and 10 m. behindthe array).
Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



CHAPTER 7. EVALUATION 143

(a) sphere (b) tetrahedron () iosahedronFigure 7.2: Di�erent shapes used in the simulation and the listening test.
(a) point soure (b) sphere
() tetrahedron (d) iosaFigure 7.3: The loudspeaker impulse responses for di�erent objet shapes (at1 meter behind the array) for the speaker setup used in the listening test (see�gure 7.19). On the x-axis is the time in ms, the y-axis is the speaker numberand the z-axis is the amplitude.... with a fous on the reprodution of arbitrarily shaped sound soures



144 7.1. PHYSICAL EFFECTS7.1.2 SizeTwo objets (the tetrahedron and the iosa) were reated with three di�erentsizes: one the original size, one half the size, one quarter the size. For thetetrahedron the resulting speaker impulse responses for the test setup are shownin �gure 7.4. Several e�ets an be distinguished: the wave form gets less widewith dereasing size, and the wave fronts get loser to eah other. For the left-hand plots the derease in size was done with the same number of points persurfae element. This means that the disretisation distane was also dereasingwith dereasing size. If the disretisation distane is held onstant, the numberof wave fronts is larger for larger objets, but the outer shapes are the same (i.e.the wave fronts from the most extreme points would still be there, and ausethe same spatial extension; see the righthand plots of �gure 7.4).7.1.3 RefinementTwo objets (the tetrahedron and the iosa) were reated with four di�erentre�nements.For the tetrahedron the resulting speaker impulse responses for the testsetup are shown in �gure 7.5. With inreasing re�nement, the number of wavefronts interfering with eah other inreases. The wave fronts start to aneleah other out, whih results in a smooth deay in the impulse response, whihwill ause a kind of lowpass �ltering e�et. This is shown on the right-handside of �gure 7.5, where the frequeny responses are plotted. It an be learlydistinguished that with inreasing re�nement, the higher frequeny omponentsare more attenuated.This an be understood if we look at the response of a line soure (vibratingin phase) at a ertain point in spae (see �gure 7.6). The response in point Ris the integral of a point soure response (see eq. 2.8) between point ~r1 and ~r2:
∫ ~r2

~r1

1

2πr
p̂(t− r

c
)dr =

∫ ~r2

~r1

1

2πr
δ(t− r

c
)dr (7.1)So there will be a �ltering of the sound, as ompared to the response of apoint soure. The frequeny will be dependent on the length of the line soure(so there is a relation to the diameter of the soure), and the number of points.This is illustrated in �gure 7.7. With inreasing length, we see that the impulseresponse get longer and the lowpass �ltering gets stronger. With dereasingre�nement, we see that the higher frequenies beome less attenuated, but alsomore irregularly �ltered.7.1.4 DistaneAll objets were reprodued at four di�erent distanes from the array: 1 meter,3 meters, 6 meters, and 10 meters behind the array. For the tetrahedron shapethe resulting speaker impulse responses for the test setup are shown in �gure 7.8.It an be seen that the urvature of the wave fronts dereases with inreasingdistane, ausing the speaker impulse responses to be more similar to eah other.Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...
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(a) fator 1 (b) fator 1

() fator 0.5 (d) fator 0.5

(e) fator 0.25 (f) fator 0.25Figure 7.4: The loudspeaker impulse responses for the tetrahedron of di�erentsizes for the virtual speaker setup (see �gure 7.1). The left-hand side plots showthe results with onstant number of points on the surfae, the right-hand sideplots with onstant disretisation distane.... with a fous on the reprodution of arbitrarily shaped sound soures



146 7.1. PHYSICAL EFFECTS
(a) 4 triangles (b) 4 triangles FFT
() 16 triangles (d) 16 triangles FFT
(e) 64 triangles (f) 64 triangles FFT
(g) 256 triangles (h) 256 triangles FFTFigure 7.5: The loudspeaker impulse responses for di�erent re�nements of thetetrahedron for the virtual speaker setup (see �gure 7.1). On the left-hand sidethe time domain plots, and on the right-hand side the frequeny domain plots.Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



CHAPTER 7. EVALUATION 147�nite linesoure
~r1 ~r2~r

′

2
~rs

b

RFigure 7.6: Calulation of the impulse response of the �nite line soure inreeiver point R.In the frequeny domain it an be seen (on the right-hand side of �gure 7.8)that the response is more similar for neighbouring speakers. Furthermore, thereare some subtle di�erenes in the frequeny response. Espeially note how atlose distanes there is a 'jump' in the response on the side (e.g. at 1m nearthe speakers 40 and 60). This jump is a result of not alulating di�ration, asfrom one speaker to the other, a soure point on the objet beomes 'visible' forthat speaker. At larger distanes, the angle between the speaker and the objetbeomes more or less the same for all speakers, and the 'jump' falls out of thesope of the speaker array.With inreasing distane, the signals beome slightly less �ltered, whih anagain be explained by looking at the impulse response of a line soure. Withinreasing distane, the resulting impulse response beomes shorter (but laterin time), thus reating a �atter impulse response (see �gure 7.9).7.2 Diffration effetsIn order evaluate the di�ration model, an example was alulated for the seneshown in �gure 7.10, modelled after the example disussed in [Van91℄. Thesoure objet is a model of a box loudspeaker, with a front ba�e dimensionof 0.4m by 0.64m., having a box depth of 0.32m. A point soure is plaed at0.2m from the top and side edges. The box is plaed suh that the point soureis at the height of the loudspeaker array. The alulations were done for twodistanes of the objet plaement: 2 and 7 meters behind the loudspeaker array,and two rotations of the objet: one with the fae towards the speaker array,and one with the bak to the array. The loudspeaker array onsisted of 101loudspeakers at 10m distane from eah other. A Hanning taper was appliedwith a width of 20%.7.2.1 Loudspeaker signalsThe loudspeaker signals that are alulated are shown in �gures 7.11a (for thespeaker model turned towards the array) and 7.11b (for the speaker modelturned away from the array) for �rst, seond and third order alulation. We... with a fous on the reprodution of arbitrarily shaped sound soures



148 7.2. DIFFRACTION EFFECTS
N 1000

0.01

0.008

0.006

0.004

0.002

0
18161412108

N 100
0.01

0.008

0.006

0.004

0.002

0
18161412108

N 10

0.007

0.006

0.005

0.004

0.003

0.002

0.001

0
18161412108 (a) time response

N 1000
0.05

0.045

0.04

0.035

0.03

0.025

0.02

0.015

0.01

0.005

20000100006000400020001000600400200100

N 100
0.05

0.045

0.04

0.035

0.03

0.025

0.02

0.015

0.01

0.005

20000100006000400020001000600400200100

N 10
0.05

0.045

0.04

0.035

0.03

0.025

0.02

0.015

0.01

0.005

20000100006000400020001000600400200100 (b) frequeny responseFigure 7.7: Impulse responses in the time (top) and frequeny (bottom) domainof a simulation of a line soure. The green line (upper) is for a line soure of 2meters long, the blue line (the middle) of 4 meters, and the red one of 7 meters(lower).Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...
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(a) 1 meter (b) 1 meter FFT
() 3 meters (d) 3 meters FFT
(e) 6 meters (f) 6 meters FFT
(g) 10 meters (h) 10 meters FFTFigure 7.8: The loudspeaker impulse responses for di�erent distanes of thetetrahedron for the virtual speaker setup (see �gure 7.1).... with a fous on the reprodution of arbitrarily shaped sound soures
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Figure 7.10: Sene with a simple loudspeaker model and a WFS array of 101speakers.an learly see the diret sound, followed by the �rst order di�rations fromthe edges, then followed by the seond and third order di�ration. The spatialproperties an learly be distinguished.In �gure 7.11b, we an see that the diret sound is missing, whih is to beexpeted. We an also see that the di�ration edges for the �rst order are notvisible for the middle speakers (the ones in between −0.2 and 0.2m.).The responses of two single speakers are shown in �gures 7.12 and 7.13, for aspeaker on-axis ((0, 3, 0)m.), and a speaker o�-axis ((−2, 3, 0)m.), for the modelturned towards the reprodution array and turned away from it.The di�erene between the speakers on and o�-axis are lear: for the speakeron the axis, the ontributions from the side and top edges oinide, whereas forthe speaker o�-axis, they arrive at di�erent times. In both ases we an see alowpass �ltering e�et of the di�rated signal, as well as a omb �lter e�et forthe higher frequenies. This is the expeted behaviour of the di�ration impulseresponse (see also [Van91, FBA03℄). We see that with higher order the lowpass�ltering e�et gets stronger. What is espeially interesting is that for frequeniesabove 1kHz there is only a very small di�erene between the di�erent orders ofalulation; the main di�erenes are found in the low frequeny region. Therethey vary most on o�-axis loations. This would suggest that it may not beneessary to alulate the signals up to a very high order.For the objet with the soure point away from the reprodution array, wean see that the di�rated sound does not arrive for the �rst order at the speaker... with a fous on the reprodution of arbitrarily shaped sound soures
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CHAPTER 7. EVALUATION 153on-axis. For both on-axis and o�-axis speakers the di�erene between the seondand third order is larger than with the soure point towards the reprodutionarray; the absene of diret (and �rst order di�rated) sound makes the higherorders more important. From 1kHz onwards the di�erene is relatively small.7.2.2 Extrapolation into the listening areaThe loudspeaker signals were onvoluted with the Gaussian wavelet shown in�gure 7.14, and extrapolated into the listening area, to 3m and 8m in front ofthe reprodution array. The resulting responses are shown in �gures 7.15 to7.18, for the two orientations of the objet, and two (virtual) distanes behindthe reprodution array.We an see that the spatial nature of the di�ration is kept. We an also seethat the �rst order di�ration, whih was not present for the middle speakers,is smeared out into the on-axis listening positions getting further from the re-prodution array. This is logial, as the waves propagate in all diretions fromthe speakers. In a way, it is a ontradition in the model, as the speakers willstill at as a kind of �window� for the sound oming from the objet, where thesound di�rats again from this window. When we ompare the sound �eld fromthe objet plaed at 2m. behind the array at a listening distane of 8m. fromthe reprodution array (�gure 7.16, lower plots), with the sound �eld from theobjet plaed at 7m. behind the array at a listening distane of 3m. from thereprodution array (�gure 7.18, upper plots), we an see that there is a leardi�erene between the two ases, although for the listener both situations rep-resent a soure objet at 10m. distane. Whereas in the �rst ase the responsein the middle of the listening area is already forming a oherent wave front, theresponse in the seond ase still shows lear disturbanes from the shadow zonespeakers.For the same omparison for the objet with the soure turned towards thereprodution array (�gure 7.15, lower plots, and �gure 7.17, upper plots), thedi�erene is not as serious.We an also notie in 7.16 and 7.18 that the results for the third order seemnot ompletely symmetrial, as the left side seems stronger pronouned thanthe right side. It is suspeted that this is due to a software bug.7.2.3 Summary of resultsThe di�ration alulations give plausible results. From the example shown,it an be onluded that for soure points faing the reprodution array, thedi�ration only needs to be alulated up to �rst or seond order to get anaurate result. For soures on the bakside (i.e. not faing the reprodutionarray), the response needs to be alulated up to seond or third order to getmore aurate results for the low frequenies. For a more omplex shaped objet,higher order alulations may be needed to aount for all di�ration edges.As the di�ration model is a geometrial model, there ours a kind of seond�stage of di�ration� at the reprodution array: as the di�rated sound for somespeakers may be bloked by the objet for ertain di�ration orders, there will... with a fous on the reprodution of arbitrarily shaped sound soures
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up to 3rd(d) frequeny response, o�-axis speakerFigure 7.12: The impulse responses for the speaker at oordinates (0, 3, 0) (top)and the speaker at oordinates (−2, 3, 0) (bottom), for the loudspeaker modelobjet plaed at (0, 5, 0) with the soure turned towards the reprodution array.
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up to 2nd
up to 3rd(d) frequeny response, o�-axis speakerFigure 7.13: The impulse responses for the speaker at oordinates (0, 3, 0) (top)and the speaker at oordinates (−2, 3, 0) (bottom), for the loudspeaker modelobjet plaed at (0, 5, 0) with the soure turned away from the reprodutionarray.
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CHAPTER 7. EVALUATION 161desribe the di�erenes between them. Often this is done in triads: of three sig-nals, the test subjet has to hoose whih one is the most di�erent from the othertwo and desribe the di�erene, as well as the similarity between the remainingtwo signals. In this way, bipolar pairs of harateristis are onstruted. In theseond phase of the test, eah signal is quantitatively rated on those bipolarsales.The hoie for the repertory grid method was motivated by the di�ulty toreate referene signals, whih made it impossible to ompare the reproduedsignals with real signals as emitted by 3-dimensional objets. Furthermore, asone of the main goals of the method is to reate spatial, pereptual e�ets foromposition of eletro-aousti musi, it was found interesting to investigate thepereptual e�ets resulting from ertain parameters in the reprodution. As therepertory grid method allows the test subjets to freely desribe the pereptuale�ets in the �rst phase of the method, while, in the seond phase, rating signalson bipolar sales resulting from the �rst phase, the results of these listening testsould give some guidelines of whih e�ets an be ahieved by hanging ertainparameters in the reprodution.7.3.1 Test setupThe �rst series of listening tests were performed in the WFS listening room1 ofthe Fraunhofer Institute in Ilmenau. The loudspeaker setup is shown in �gure7.19, and a photograph of the setup is shown in �gure 7.20.The 20 test subjets were employees of Fraunhofer and/or students at theTehnial University of Ilmenau. Of them, 16 had experiene with listening toWFS reprodution (and 2 a little), 8 were atively making musi, 4 were female,ages varied between 18 and 43 years.Three di�erent kinds of material were used: a male voie, a slow aoustiguitar and a fusion drum kit. Eah signal was 10 seonds long; the test subjetould play the signals as often as they liked, and also stop the signal before the10 seonds were over.Instrutions to the test subjets were given in written form (see appendixD), with a further verbal elaboration if needed by the test subjet. The listeningtest software was reated with SuperCollider [MC℄ and swonder3Dq, using thegraphi toolbox SwingOSC [Rut, v. 0.50℄ for the user interfae. The �lters forthe loudspeakers were �rst reated with swonder3Dq. Then on two renderingmahines (eah driving 16 loudspeaker hannels), the swonder3Dq engine wasrunning (using BruteFIR [Tor05℄ for the onvolution). The signals were playedfrom a third omputer running SuperCollider, whih also sent an OSC-messageto the renderers to hange the position of the objet to the desired loation. Ashemati overview of this setup is shown in �gure 7.21 and a sreenshot of thetest interfae for the �rst phase is shown in �gure 7.22.At the moment of the test, the amplitude fator as desribed in setion 6.5was not implemented yet, so the test signals were adjusted for loudness, bylistening to and omparing eah signal to the point soure signal.1Dimensions: width: 4.35 m, length: 7.75 m., height: 3.4 m., reverberation time: 0.25 s.... with a fous on the reprodution of arbitrarily shaped sound soures
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Figure 7.19: Listening test setup in the listening room at the Fraunhofer Insti-tute utilising 32 speakers. The dot indiates the listening position for the �rstphase of the test; the irles indiate the listening positions for the seond phaseof the test. The pentagons indiate the virtual sound soure position (1 m., 3m., 6 m. and 10 m. behind the array)
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Figure 7.20: Listening test setup in the WFS listening room of the Fraunhoferinstitute. Here the view from listening position 2 of the seond phase of thelistening test is shown. User interfaeSwingOSCControl and audio playerSuperCollider
Render unitswonder3Dq engineBruteFIR Render unitswonder3Dq engineBruteFIRaudio audio

OSC
OSC OSC

Figure 7.21: Shemati overview of the software and omputer hardware usedin the listening tests.... with a fous on the reprodution of arbitrarily shaped sound soures
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Figure 7.22: Test subjet interfae for the �rst phase of the repertory gridmethod. Note: as the test was performed in Germany, the labels were translatedinto German for the test.Though in this experiment the shapes used are the same as in the previoussetion, the sizes of the objet di�ered: the sphere had a diameter of 2m., thetetrahedron of 3.2m., and the iosahedron of 3.4m.7.3.2 Results of the first partThe results of the �rst phase were analysed by reading the desriptions given,and extrating the most ommon ones for all test subjets.The following desriptive pairs2 were extrated and used in the seond phaseof the experiment:� dull (dumpf) - lear (klar),� dark (dunkel) - bright (hell),� thin (dünn) - full (voll),2The terms were given by the test subjets in German; here a translation into English bythe author is given, as well as the atual German desriptions in brakets.Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



CHAPTER 7. EVALUATION 165� no bass (kein Bass) - a lot of bass (viel Bass),� no high tones/treble (keine Höhen) - a lot of high tones/treble (viel Höhen),� quiet (leise) - loud (laut),� narrow (eng) - broad (breit),� left (links) - right (rehts),� near (nah) - far (weit),� below (unten) - above (oben),� dry (troken) - spaious (räumlih),� lear loation (klare Ortung) - di�use loation (di�us).The �rst �ve desriptors listed here are related to the tone olour (timbre),the last six to spatial dimensions. It is interesting to see that some of thetest subjets distinguished di�erenes in the vertial diretion as well as in thehorizontal diretion.Another desriptor that was often used was naturalness. Other things somepartiipants noted were omb �lter e�ets for some signals and di�erenes inloalisation for di�erent instruments within the sound sample.The hoie in di�erent materials was good, as they emphasised di�erentpereptual harateristis.7.3.3 Semanti differential (phase 2)The desriptive pairs listed in the previous setion were used in the seondphase of the listening test in order to analyse how the di�erent parameters ofthe objet de�nition a�et the pereption of these objets. The pairs were thesame for eah test subjet.For this part the following sets were used:Shape point soure, iosa (2 times re�ned), tetrahedron (2 times re�ned),sphere.Size iosa, iosa half, iosa quart, iosa (3 times re�ned), iosa half (2 timesre�ned).Re�nement iosa, iosa (2 times re�ned), iosa (3 times re�ned), iosa (4 timesre�ned).Eah set was presented at two distanes, and with two stimuli (the voie andthe guitar from the �rst part), and the test subjets had to listen to all the setstwie: one from position 1 (right-front) and one from position 2 (left-bak).The order of the sets was randomised, as was the order of the signals withinthe set. The test subjet ould swith to another signal while it was playingusing a rossfade, and ould listen to the signals as often as they wanted. Thetest signals were 20 seonds long. The test interfae is shown in �gure 7.23.Instrutions to the test subjets were given in written form (see appendixD), with a further verbal elaboration if needed by the test subjet. Apart fromthe test interfae, the software used was the same as in the �rst part of theexperiment.... with a fous on the reprodution of arbitrarily shaped sound soures
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Figure 7.23: Test subjet interfae for the semanti di�erential.19 test subjets partiipated (again employees of Fraunhofer and/or studentsat the Tehnial University of Ilmenau), of whom 13 did the listening test atboth positions, 3 only at position 1 and 3 only at position 2. All but one listenedto all sets; the one who did not, listened to one set twie, and did not listento another set (due to a tehnial error that ourred during the test). 15 ofthe test subjets also partiipated in the �rst part of the test, so they weresomewhat familiar with the signals. 14 had experiene with listening to WFSreprodution (and 3 a little), 7 were atively making musi, 4 were female, agesvaried between 24 and 41 years.7.3.4 Analysis of the resultsThe data was analysed with R [R D07℄, after it had been onverted with Otave[Eat02℄ to a usable format. These sets were analysed separately: shape, sizeand re�nement was regarded separately; the listening position, the distane andthe stimulus type were regarded as fators in the analysis.7.3.4.1 RefinementIn table 7.1 a summary is given of whih fators have signi�ant in�uene on thepereption of eah feature, for the re�nement set, based on the ANOVA tableswhih an be found in appendix E.Based on these dependenies, the means for eah feature are displayed in�gures 7.24 and 7.25.Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



CHAPTER 7. EVALUATION 167feature fatorseng - breit signal, positionlinks - rehts signal, position, dist:sig:pos, distane, dist:sig, pos:signah - weit dist:sig, dist:stim, position, signalunten - oben position, signaltroken - räumlih signal, stimulus, positionklare Ortung - di�us signal, distanedumpf - klar signal, sig:stim, pos:sig, position, stimulusdünn - voll signaldunkel - hell signal, dist:stimkein - viel Bass signal, positionkein - viel Höhen signal, distaneleise - laut signal, dist:sig, distane, pos:sigTable 7.1: Overview of the features, and whih fators have signi�ant in�u-ene on them, in order of strength, for the re�nement set. Interation fatorsare separated by �:�. Abbreviations used are: dist(ane), pos(ition), sig(nal),stim(ulus).For the feature eng-breit, we an see that the listeners ould distinguishbetween the non-re�ned objet, and the re�ned versions, but not between dif-ferent re�ned versions. At the listening position more to the bak, the objetsare pereived as slightly less narrow, whih is to be expeted.For the feature links-rehts, it an be observed that there is a slight di�erenein pereption, depending on the listening position. For higher re�nement, theposition of the objet is observed to be more entral. Also for a larger distane(the seond plot in �gure 7.24b) of the soure, there is almost no variation inthe pereption of the horizontal plaement of the soure.For the feature nah-weit, there is a slight di�erene in pereption for theunre�ned objet, depending on the listening position; at a lose distane of theobjet, it is observed to be further away with higher re�nement, whereas at ahigh (virtual) distane of the objet, the trend is almost reversed.The feature unten-oben does not vary signi�antly between the signals.The feature troken-räumlih is distinguished between non-re�ned and re-�ned, and varies depending on the stimulus and the listening position.With inreasing re�nement the objets are pereived to be more di�use. Thise�et is slightly less when the objet is at a higher distane.The loudness of the signals does not vary signi�antly (exept for the un-re�ned objet) between the distanes. At the listening position farthest awayalmost no di�erene is pereived, whereas at the lose listening position themore re�ned objets are pereived to be louder. For the objets at a virtuallylose distane the loudness is more equal, whereas for a large virtual distane,the objet seems to get a bit louder with inreasing re�nement.The unre�ned objet was pereived to be signi�antly less �full� (dünn-voll),... with a fous on the reprodution of arbitrarily shaped sound soures



168 7.3. PERCEPTUAL EFFECTSorrelation ortung klar voll hell bass hoehenklare ortung di�us 1.000 −0.576 0.347 −0.492 0.526 −0.421dumpf klar −0.576 1.000 −0.503 0.852 −0.780 0.700duenn voll 0.347 −0.503 1.000 −0.530 0.676 −0.396dunkel hell −0.492 0.852 −0.530 1.000 −0.798 0.732kein bass viel bass 0.526 −0.780 0.676 −0.798 1.000 −0.682kein hoehen viel hoehen −0.421 0.700 −0.396 0.732 −0.682 1.000Table 7.2: Correlation between di�erent features (the full table an be foundin appendix E) for the re�nement set.than the re�ned versions, where there is an inrease in fullness pereived withhigher re�nement, but no di�erene between the last two re�nements.The brightness (dumpf-klar) dereases learly with inreasing re�nements,with slight variations depending on the listening position and on the stimu-lus. Similar e�ets are seen for the feature dunkel-hell, and the amount oftreble/highs. The amount of pereived bass inreases with inreasing re�ne-ment.From this disussion and the �gures, we an see that there seems to be a highorrelation between the various tone olour features; this is on�rmed, when wealulate the orrelation between the fators, as shown in table 7.2.To further investigate how many features are atually relevant, a prinipalomponent analysis was done [Bor05℄. The results are shown in table 7.3. Fromthis we see that aording to the Kaiser-Guttmann riterion3 3 omponentsare relevant; this is on�rmed by looking at the Sree plot in �gure 7.32a.When looking at biplots for these omponents, we an get an idea of what theomponents represent, by looking at whih omponents are orrelated to whihfeatures. These biplots are shown in �gure 7.33a. Here we an see that the �rstomponent onsists mainly of the features bass, full, treble, brightness, larity,whereas the seond omponent is related to soure width and spaiousness, andthe third to loalisation.7.3.4.2 ShapeIn table 7.4 a summary is given of whih fators have signi�ant in�uene onthe pereption of eah feature, for the shape set, based on the ANOVA tableswhih an be found in appendix E.Based on these dependenies, the means for eah feature are displayed in�gures 7.26, 7.27 and 7.28.For the feature eng-breit, we an learly see that a point soure is pereivedmore narrow than a omplex objet. For the di�erent objets (other than thepoint soure), there is a di�erene in pereption, based on the listening positionand the distane of the objet.3aording to whih the variane has to be larger than 1.Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



CHAPTER 7. EVALUATION 169Importane of omponents: Comp.1 Comp.2 Comp.3 Comp.4Standard deviation 2.1188500 1.3130143 1.08349409 0.9413208Proportion of Variane 0.3741271 0.1436672 0.09782995 0.0738404Cumulative Proportion 0.3741271 0.5177943 0.61562430 0.6894647Comp.5 Comp.6 Comp.7 Comp.8Standard deviation 0.8914157 0.83893611 0.77252678 0.74397199Proportion of Variane 0.0662185 0.05865115 0.04973314 0.04612453Cumulative Proportion 0.7556832 0.81433435 0.86406748 0.91019201Comp.9 Comp.10 Comp.11 Comp.12Standard deviation 0.68831589 0.54429286 0.41462863 0.36843655Proportion of Variane 0.03948156 0.02468789 0.01432641 0.01131212Cumulative Proportion 0.94967357 0.97436147 0.98868788 1.00000000Table 7.3: Importane of omponents in the prinipal omponent analysis forthe re�nement set.For the feature nah-weit, we an see that a point soure is pereived to beloser, when the objets are at a larger distane.For the left-right position, there is a lear distintion between the di�erentobjets at the front listening position, whereas with inreasing distane of theobjet, some objets are pereived di�erently.There is again almost no variation in the pereption in the vertial diretion(oben-unten).The point soure is pereived to be more dry than the omplex objets, withslight di�erenes for the di�erent stimuli. A similar e�et ours for the klareOrtung-di�us feature, where there is also a slight dependeny on the distaneof the objet.There is a signi�ant di�erene in pereived loudness between the objets,while also the stimulus and distane play a role in the pereived loudness.For the feature dumpf-klar, we an see that there is a lear distintion be-tween the point soure, the sphere, and the iosa/tetrahedron. At a largerdistane, the distinguishment is more lear. A similar e�et ours for the fea-tures dunkel-hell, kein-viel Bass and kein-viel Höhen. For the feature dünn-voll,the e�et is also similar, exept for the tetrahedron at a large distane, whihis pereived to be more full.As with the re�nement set, we notie that there is a strong orrelation be-tween the tone olour features, as shown in table 7.5.From the prinipal omponent analysis (see table 7.6), we see that aordingto the Kaiser-Guttmann riterion 3 omponents are relevant, whih is on�rmedby the Sree-test (�gure 7.32b). From the biplots (�gure 7.33b) we an see thatagain the �rst omponent is onneted to the tone olour, whereas the otheromponents are more related to spatial features.... with a fous on the reprodution of arbitrarily shaped sound soures



170 7.3. PERCEPTUAL EFFECTSfeature fatorseng - breit signal, distane, pos:siglinks - rehts signal, dist:pos, pos:sig, dis:pos:sig, dist:sig, positionnah - weit signal, dist:sigunten - oben signaltroken - räumlih signal, stimulusklare Ortung - di�us signal, dist:sig, sig:stimdumpf - klar signal, dist:sig, dist:stimdünn - voll signal, dist:sigdunkel - hell signal, dist:sig, distanekein - viel Bass signal, dist:sig, distane, pos:stimkein - viel Höhen signal, dist:sig, distane, stimulusleise - laut signal, dist:sig, distane, dist:sig:stimTable 7.4: Overview of the features, and whih fators have signi�ant in�ueneon them, in order of strength, for the shape set. Interation fators are separatedby �:�. Abbreviations used are: dist(ane), pos(ition), sig(nal), stim(ulus).orrelation ortung klar voll hell bass hoehenklare ortung di�us 1.000 −0.324 0.351 −0.287 0.368 −0.258dumpf klar −0.324 1.000 −0.306 0.689 −0.523 0.477duenn voll 0.351 −0.306 1.000 −0.442 0.729 −0.361dunkel hell −0.287 0.689 −0.442 1.000 −0.615 0.588kein-viel bass 0.368 −0.523 0.729 −0.615 1.000 −0.503kein-viel hoehen −0.258 0.477 −0.361 0.588 −0.503 1.000Table 7.5: Correlation between di�erent features (the full table an be foundin appendix E) for the shape set.7.3.4.3 SizeIn table 7.7 a summary is given of whih fators have signi�ant in�uene on thepereption of eah feature, for the size set, based on the ANOVA tables whihan be found in appendix E.Based on these dependenies, the means for eah feature are displayed in�gures 7.29, 7.30 and 7.31.The pereived width of the soure is not learly dependent on the size of theobjet. The full size, �nely re�ned objet is learly pereived to be wide, butthe non-re�ned full and half size objets are pereived to be more narrow thanthe quarter size and half size re�ned versions. The di�erenes are more learlypronouned for the voie stimulus.For the horizontal loalisation we an see there is a lear agreement forthe full size objet versus the smaller objets. The loalisation is also learlyMarije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



CHAPTER 7. EVALUATION 171Importane of omponents: Comp.1 Comp.2 Comp.3 Comp.4Standard deviation 1.9445795 1.2619726 1.1175722 0.97056103Proportion of Variane 0.3151158 0.1327146 0.1040806 0.07849906Cumulative Proportion 0.3151158 0.4478303 0.5519110 0.63041004Comp.5 Comp.6 Comp.7 Comp.8Standard deviation 0.95516040 0.88828233 0.83597022 0.7902018Proportion of Variane 0.07602762 0.06575379 0.05823718 0.0520349Cumulative Proportion 0.70643765 0.77219144 0.83042863 0.8824635Comp.9 Comp.10 Comp.11 Comp.12Standard deviation 0.71862817 0.63858442 0.51878946 0.46591694Proportion of Variane 0.04303554 0.03398251 0.02242854 0.01808988Cumulative Proportion 0.92549907 0.95948157 0.98191012 1.00000000Table 7.6: Importane of omponents in the prinipal omponent analysis forthe shape set.dependent on the listening position, and also somewhat on the distane of theobjet.The distane pereption (nah-weit) does not seem to be very signi�antbetween the di�erent sizes, though there is a signi�ant di�erene between thesizes, depending on the distane of the objet.The vertial loalisation does again not really signi�antly vary with thesignals, though there are slight di�erenes depending on the fators distaneand stimulus.The trend of distinguishing between the objets based on the feature troken-räumlih, seems to be more dependent on the disretisation distane, than onthe size itself. There is also a signi�ant di�erene between the type of stimulus,and to a lesser extent the listening position.The disretisation distane is the most dominant in the pereption of thefeature klare Ortung-di�us. There is a lear distinguishment between the signals,but it does not inrease linearly with inrease of size (keeping the disretisationonstant).The loudness is varying depending on the distane. Whereas for a losedistane, the signals annot be distinguished in loudness, on a large distanethey an.The feature dumpf-klar seems to be mostly dependent on disretisation dis-tane, and also varies based on stimulus and distane of the objet. Similartrends are seen for the features dünn-voll, dunkel-hell, kein-viel Bass and kein-viel Höhen.So again we see a strong orrelation between the tone olour features, whihis veri�ed in the orrelation table 7.8.From the prinipal omponent analysis (see table 7.9), we see that aordingto the Kaiser-Guttmann riterion 3 omponents are relevant, whih is on�rmed... with a fous on the reprodution of arbitrarily shaped sound soures



172 7.3. PERCEPTUAL EFFECTSfeature fatorseng - breit signal, stimulus, sig:stimlinks - rehts dist:pos:sig, pos:sig, signal, dist:pos, dist:sig,position, distane, pos:sig:stimnah - weit dist:sig, sig:stim, signalunten - oben stimulus, distane, signal, positiontroken - räumlih signal, stimulus, positionklare Ortung - di�us signal, dist:sig, stim, pos:stim, sig:stim, distanedumpf - klar signal, distane, dist:sig, stimulus, sig:stimdünn - voll signal, dist:sig, distane, position, stimulusdunkel - hell signal, distane, dist:sig, dist:pos:sigkein - viel Bass signal, distane, dist:sig, sig:stim, stimulus, dist:stimkein - viel Höhen signal, dist:sig, distaneleise - laut signal, dist:sigTable 7.7: Overview of the features, and whih fators have signi�ant in�ueneon them, in order of strength, for the size set. Interation fators are separatedby �:�. Abbreviations used are: dist(ane), pos(ition), sig(nal), stim(ulus).orrelation ortung klar voll hell bass hoehenklare ortung di�us 1.000 −0.529 0.405 −0.446 0.484 −0.333dumpf klar −0.529 1.000 −0.512 0.748 −0.681 0.573duenn voll 0.405 −0.512 1.000 −0.530 0.731 −0.431dunkel hell −0.446 0.748 −0.530 1.000 −0.659 0.607kein-viel bass 0.484 −0.681 0.731 −0.659 1.000 −0.550kein-viel hoehen −0.333 0.573 −0.431 0.607 −0.550 1.000Table 7.8: Correlation between di�erent features (the full table an be foundin appendix E) for the size set.by the Sree-test (�gure 7.32). From the biplots (�gure 7.33) we an see thatagain the �rst omponent is onneted to the tone olour, whereas the otheromponents are more related to spatial features.7.3.5 Summary of resultsSummarising the results, we an onlude that the di�erene in tone olour wasthe most lear pereivable feature when auralising omplex objets. It hangeswith inreasing re�nement; this is in aordane with what we expeted fromthe physial e�ets disussed in setion 7.1.The other pereptual omponents are of a spatial nature.The feature unten-oben was not signi�ant in any set, so does not seem tobe an important feature; whih is not surprising, as the reprodution only takesMarije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



CHAPTER 7. EVALUATION 173Importane of omponents: Comp.1 Comp.2 Comp.3 Comp.4Standard deviation 2.0851601 1.2577217 1.08055942 0.96487530Proportion of Variane 0.3623244 0.1318220 0.09730072 0.07758203Cumulative Proportion 0.3623244 0.4941464 0.59144711 0.66902914Comp.5 Comp.6 Comp.7 Comp.8Standard deviation 0.92974503 0.82728904 0.77773513 0.72755054Proportion of Variane 0.07203549 0.05703393 0.05040599 0.04411082Cumulative Proportion 0.74106463 0.79809856 0.84850455 0.89261537Comp.9 Comp.10 Comp.11 Comp.12Standard deviation 0.64775185 0.6384331 0.50331123 0.45619526Proportion of Variane 0.03496521 0.0339664 0.02111018 0.01734284Cumulative Proportion 0.92758057 0.9615470 0.98265716 1.00000000Table 7.9: Importane of omponents in the prinipal omponent analysis forthe size set.plae in the horizontal plane.With inreasing re�nement, the loalisation was more entralised (whih isin aordane with Blauert's disussion of pereption of orrelated soures (seealso 1.3.3)), though at the same time it was onsidered as more di�use, and lesslearly loalised.The pereived loudness di�erenes that were found are quite likely relatedto the fat that although the loudness was equalised by listening to eah signal,there were some signals, whih were still louder. However, sine the exeution ofthe listening test, the alulation method has been expanded with an amplitudeorretion, whih provides a better solution for the loudness equalisation.It is suggested for future work to do another experiment, where the signalsfrom the points on the surfae are not idential, but rather dependent on eahother in a physial meaningful way. The number of features tested an belimited to one or two tone olour features, and the spatial features used here,with the exeption of oben-unten. Another feature that ould be interesting toinvestigate is naturalness.The use of reordings of voie, guitar and drums, should also be reviewed.As eah of the reordings is made at a ertain distane from the soure itself,natural dampening of the higher frequenies will already have taken plae, sothe �nal result with this reprodution method will be exaggerated. It may beworthwhile looking into soure signals whih more aurately �t the soure, i.e.reordings from the surfae of an instrument, or soure signals reated throughphysial modelling.... with a fous on the reprodution of arbitrarily shaped sound soures
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(f) klare Ortung - di�usFigure 7.24: Means and 95% on�dene intervals for eah spatial feature, splitup aording to fators they are dependent on, for the re�nement set.Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...
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... with a fous on the reprodution of arbitrarily shaped sound soures
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(e) kein - viel HöhenFigure 7.28: Means and 95% on�dene intervals for eah feature, split upaording to fators they are dependent on, for the shape set.Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...
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Chapter 8ConlusionsWave Field Synthesis provides a solution to many limitations found in otherspatialisation tehniques where a onvining reprodution is only ahieved in a'sweet spot'. WFS exels at reating a lear loalisation of virtual sound souresfor a large listening area, by physially (re)reating the wave �eld. In order todo so, it does need a onsiderable investment in hardware: loudspeakers andomputation power, and su�ers from spatial aliasing. With the advent of man-ufaturers of loudspeaker panels, mostly ontaining 8 loudspeaker hannels, andthe inrease in available omputation power, even on the onsumer market, theinvestment in a WFS system beomes a�ordable. While omposers and soundartists alike are embraing the tehnology, onsiderable future developmentswould ensure that this beomes a viable sound presentation environment.Sine the �rst publi WFS onert in 2003, there have been several workspresented to audienes, and inreasing numbers of omposers are displaying aninterest in working in this �eld. With more institutes investing in WFS tehnol-ogy, this in turn provides more opportunities for omposers and sound artiststo do so. Simultaneously, WFS researh is also undergoing developments toenhane the possibilities of the tehnique beyond mere soure movements. Thisinludes methods for reproduing 3D sound objets that have been presented inthis thesis.As more omposers beome involved in usingWFS this will inrease demandson the possibilities that the software o�ers. These demands will inlude ontrol-ling parameters of the spatialisation, plus human omputer interfae models todo so, as well as demands for aoustial behaviour of the system. While WFSprovides a means of rereating natural aousti spaes, whih has been the fousof many developments so far, omposers interests lie beyond these representa-tions. Their desires are also direted towards reating virtual and unnaturalaousti spaes. It ould be surmised that the time has ome to address notonly the question of �How an we use Wave Field Synthesis?�, but also �Howan we abuse Wave Field Synthesis?�.While additional work an be direted towards improving the software aspresented in hapter 3, future work should be foussed on establishing a om-185



186patible format between WFS systems as well as between di�erent reprodutionmethods. Of speial interest here is addressing the aspet of saling ompositionsbetween large and small systems, whih is both a tehnologial and aesthetiissue.This thesis presents a method for reproduing arbitrarily shaped soundsoures, based on an additive point soure method where point soures arepositioned on the surfae of the (virtual) objet. This method inludes alula-tion of di�ration of the sound, around the objet itself, based on the di�rationmodel by Svensson et al. [SF99℄. Implementation of this method has been dis-ussed in detail, as well as the aoustial and pereptual e�ets ahieved withit. A listening experiment shows that the pereived e�et in�uenes both toneolouration (haraterising the objet), as well as spatial e�ets with severaldimensions suh as soure width and loalisation. Further listening experimentsare required to evaluate the in�uene of variations in the spatial phase andfrequeny relationships between points on the objet surfae.The di�ration model that was hosen does have a weakness in that it is ageometrial model, and for the wave model on whih WFS is based, this posesa problem as some of the reprodution speakers may be in a shadow zone forertain points on the surfae of the objet in question; this means that at thereprodution array a seond kind of di�ration ours, as from the reprodutionarray sound from the speakers neighbouring the shadowed zone will enter thisshadow zone. A solution ould be a model whih alulates the di�rationfor a representative (reeiver) area in the listening zone and does a bakwardstransformation to the loudspeaker array to alulate the reprodution signals.Though the method has been presented for WFS reprodution, omponentsof this method ould be used for other purposes, suh as binaural reprodution.For the binaural reprodution, the problem with the di�ration model will notbe a problem, as the signals an be alulated diretly for the loation of thelisteners' ears.The method will be useful for many di�erent appliations, varying from artis-ti appliations, to reating virtual environments, both in industrial appliations(e.g. for auralisation of arhiteture before buildings are atually built) andtraining/eduation appliations (e.g. military training, sound engineer training,visually impaired), as well as researh appliations.In order to make full use of the method, it will have to be onneted withphysial modelling of the soure objet surfae vibration.In the development of the method presented the emphasis has been on at-tempting to reate a method that produes an aurate reprodution, partiallyat the ost of omputational omplexity. It should be subjet of future researhin how far suh auray is needed to ahieve an e�etive, plausible reprodution,whih is omputationally simpler, and therefor apable of realtime appliation(without having to render in advane any possible soure onstellation that mayour).Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



CHAPTER 8. CONCLUSIONS 187OutlookWave �eld synthesis as audio reprodution method opens up a whole new rangeof possibilities, whih were previously impossible. This an have a serious e�eton how we think about what is a good audio reprodution: over 100 years ofworking with mono and stereophoni tehniques have austomed us to hearingoriginally aousti musi mainly through eletro-aousti reprodution methods,whih involve reording the aoustial musi, followed by various manipulationsof the reording (inluding editing and hanging the spatial relationships tosound �good� on stereophoni reprodution) by sound engineers, who followtheir own aesthetis. Thus for many listeners the aousti (real) event is nolonger the referene to whih they ompare a reording, but rather they omparethe aousti event (in whih musiians may make mistakes, or other nuanes,whih are usually lost in the editing proess), when they visit a performane(in whih they may not be seated in the ideal spot), to a polished reording.Future sound engineers, who produe reorded musi for WFS, may hoosedi�erent aesthetis: they may want to return to ome loser to the aoustievent, or they may want to have more subtle means for polishing the reording,by having a larger ontrol over all kinds of di�erent parameters.Another interesting point is that the larity of loalisation with WFS, setshigher demands on the auray of working with it: as sounds are more easilyloalised, and thus segregated, �ner nuanes in the sound will be heard. In otherwords, it is harder �to get away with� inauraies.As spatial qualities will gain more importane in the reation proess ofontent, this may eventually also train the listeners more in spatial hearing.A merge of WFS tehnology with arhiteture will be neessary for the teh-nology to beome widespread, and ome to the onsumer's homes. This is notonly interesting for reproduing entertainment ontent, but it also �ts into on-epts of soni arhiteture, where a building is made suitable for living in, notonly by the means of ergonomi strutural design, hoie of olours, lightning,et., but also in an aoustial sense, whih is then no longer limited to elimi-nating noise problems that are struturally transmitted, or improvement of theaoustis of a spae, but also give options for enhaning the spae with sound,whih makes a person feel omfortable within the spae.WFS is an exellent tehnology for augmented reality, where virtual realityinterats with �real� reality. Whereas for visual virtual reality the problem isthat the objets modelled have no substane, i.e. we annot touh the virtualobjet, for aoustially modelled objets, we do not need a substane, as soundsdo not normally have substane in nature; in other words, in order to interatwith an auditory virtual reality the reprodued sound is enough: there is no needfor further modelling through hapti devies. This makes it easier to merge anaousti virtual reality with the real world and so reate an augmented reality.WFS, espeially when merged with arhiteture in suh a way that its hardwareis not reognisable, provides exellent methods to reate suh an augmentedreality, as it an easily reate a window into a virtual world, and even open thiswindow, as virtual sounds an be positioned in front of the loudspeakers.... with a fous on the reprodution of arbitrarily shaped sound soures
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Appendix AXML file formats
<?xml version="1.0"?><!DOCTYPE globalarray PUBLIC "" "globalarray.dtd"><globalarray><speakers distane="0.1" referene="15.0" /><fous limit="12.0" margin="3.0" /><elevation y1="8.8" y2="25.7" z1="2.1" z2="6.5" /><polygon><point x="-7.7" y="0" z="2.1" /><point x="-10.0" y="8.8" z="2.1" /><point x="-10.0" y="25.7" z="6.5" /><point x="10.0" y="25.7" z="6.5" /><point x="10.0" y="8.8" z="2.1" /><point x="7.7" y="0" z="2.1" /></polygon></globalarray>Figure A.1: Example of a global array on�guration.
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204
<?xml version="1.0" enoding="UTF-8"?><!DOCTYPE array PUBLIC "" "array.dtd"><array><segment numspeak="8" winwidth="0"startx="-0.402500" starty="0.020000" startz="2.115423"endx="0.302500" endy="0.020000" endz="2.115377"normx="-0.000000" normy="1.000000" normz="0.000000" /><segment numspeak="8" winwidth="0"startx="0.406188" starty="0.020000" startz="2.115370"endx="1.111188" endy="0.020000" endz="2.115324"normx="-0.000000" normy="1.000000" normz="0.000000" /><segment numspeak="8" winwidth="0"startx="1.214875" starty="0.020000" startz="2.115318"endx="1.919875" endy="0.020000" endz="2.115272"normx="-0.000000" normy="1.000000" normz="0.000000" /><segment numspeak="8" winwidth="0"startx="2.023562" starty="0.020000" startz="2.115265"endx="2.728562" endy="0.020000" endz="2.115219"normx="-0.000000" normy="1.000000" normz="0.000000" /><segment numspeak="8" winwidth="0"startx="2.832250" starty="0.020000" startz="2.115212"endx="3.537250" endy="0.020000" endz="2.115167"normx="-0.000000" normy="1.000000" normz="0.000000" /><segment numspeak="8" winwidth="0"startx="3.640937" starty="0.020000" startz="2.115160"endx="4.345937" endy="0.020000" endz="2.115114"normx="-0.000000" normy="1.000000" normz="0.000000" /><segment numspeak="8" winwidth="0"startx="4.449624" starty="0.020000" startz="2.115107"endx="5.154624" endy="0.020000" endz="2.115061"normx="-0.000000" normy="1.000000" normz="0.000000" /></array>Figure A.2: Example of an array on�guration �le, ontaining several linearsegments.
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APPENDIX A. XML FILE FORMATS 205<?xml version="1.0"?><!DOCTYPE swonderonfig PUBLIC "" "swonderonfig.dtd"><swonderonfig><waddr host="127.0.0.1" port="58100"/><defaults projetpath="/home/wfsuser/swonder/projets" maxsoures="64" /></swonderonfig>Figure A.3: Example of a sWONDER default on�guration �le, ontaining theIP address and port of wonder, a default projet path and maximum numberof soures.<?xml version="1.0"?><!DOCTYPE swonder SYSTEM "swonder.dtd"><swonder name="example_projet" folder="" samplerate="44100"arrayfile="" gridfile=""><sene id="0" name="demo"><soure id="0" type="1" name="Soure #1" mute="0"posx="-1.66187" posy="-4.41185" posz="1" angle="-0"/><soure id="1" type="0" name="Soure #2" mute="0"posx="-11.1" posy="-2.65" posz="1" angle="37"/><soure id="2" type="1" name="Soure #3" mute="0"posx="10.95" posy="4.75" posz="1" angle="-0"/></sene><sene id="1" name="demo2"><soure id="0" type="1" name="Soure #1" mute="0"posx="-14.8619" posy="7.93815" posz="1" angle="-0"/><soure id="1" type="0" name="Soure #2" mute="0"posx="-14.05" posy="12" posz="1" angle="37"/><soure id="2" type="1" name="Soure #3" mute="0"posx="15.1" posy="16.95" posz="1" angle="-0"/></sene><sene id="2" name="demo3"><soure id="0" type="1" name="Soure #1" mute="0"posx="-1.66187" posy="-4.41185" posz="1" angle="-0"/><soure id="1" type="0" name="Soure #2" mute="0"posx="-11.1" posy="-2.65" posz="1" angle="37"/><soure id="2" type="1" name="Soure #3" mute="0"posx="10.95" posy="4.75" posz="1" angle="-0"/></sene></swonder>Figure A.4: Example of a sWONDER projet �le, ontaining three senes.... with a fous on the reprodution of arbitrarily shaped sound soures



206<?xml version="1.0"?><!DOCTYPE sorefile SYSTEM "sore.dtd"><sorefile date="2007-09-08 15:49:19"><orhestra><sr id="0" type="1" posx="0.153824" posy="0.0034" posz="0.0045"rotx="0" roty="0" rotz="0" angle="0"/><sr id="1" type="1" posx="0.153847" posy="0.0034" posz="0.0045"rotx="0" roty="0" rotz="0" angle="0"/><sr id="2" type="1" posx="0.15387" posy="0.0034" posz="0.0045"rotx="0" roty="0" rotz="0" angle="0"/><sr id="3" type="1" posx="0.153893" posy="0.0034" posz="0.0045"rotx="0" roty="0" rotz="0" angle="0"/><sr id="4" type="1" posx="0.153916" posy="0.0034" posz="0.0045"rotx="0" roty="0" rotz="0" angle="0"/><sr id="5" type="1" posx="0.153939" posy="0.0034" posz="0.0045"rotx="0" roty="0" rotz="0" angle="0"/><sr id="6" type="1" posx="0.153962" posy="0.0034" posz="0.0045"rotx="0" roty="0" rotz="0" angle="0"/><sr id="7" type="1" posx="0.153985" posy="0.0034" posz="0.0045"rotx="0" roty="0" rotz="0" angle="0"/><sr id="8" type="1" posx="0.154008" posy="0.0034" posz="0.0045"rotx="0" roty="0" rotz="0" angle="0"/><sr id="9" type="1" posx="0.154031" posy="0.0034" posz="0.0045"rotx="0" roty="0" rotz="0" angle="0"/><sr id="10" type="1" posx="0.154054" posy="0.0034" posz="0.0045"rotx="0" roty="0" rotz="0" angle="0"/></orhestra><sore><pos t="9.35" dur="0" id="0" x="0" y="0.0034" z="0.0045"/><pos t="9.36" dur="0" id="1" x="2.3e-05" y="0.0034" z="0.0045"/><pos t="9.38" dur="0" id="2" x="4.6e-05" y="0.0034" z="0.0045"/><pos t="9.39" dur="0" id="3" x="6.9e-05" y="0.0034" z="0.0045"/><pos t="9.4" dur="0" id="4" x="9.2e-05" y="0.0034" z="0.0045"/><pos t="9.41" dur="0" id="5" x="0.000115" y="0.0034" z="0.0045"/><pos t="9.42" dur="0" id="6" x="0.000138" y="0.0034" z="0.0045"/><pos t="9.43" dur="0" id="7" x="0.000161" y="0.0034" z="0.0045"/><pos t="9.45" dur="0" id="8" x="0.000184" y="0.0034" z="0.0045"/><pos t="9.46" dur="0" id="9" x="0.000207" y="0.0034" z="0.0045"/><pos t="9.47" dur="0" id="10" x="0.00023" y="0.0034" z="0.0045"/></sore></sorefile> Figure A.5: Example of a sore �le.Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



Appendix BProgram notesB.1 Conert Program Club Transmediale 2003Tuesday, February, 4th, 2003This onert is supported by the Eletro-Aousti Studio of the TU Berlin.Furthermore, this onert would not have been possible without the programBruteFIR of Anders Torger.Presentation about Wave Field SynthesisMarije BaalmanWave Field Synthesis gives the possibility to onstrut a wave�eld as desired,whih means that one an arbitrarily plae a virtual sound soure in spae andwith Wave Field Synthesis, one an alulate appropriate loudspeaker signals toreate a wave �eld as it would be when a real sound soure would have been atthe spei�ed loation. At the moment the neessary alulation apaity makeit possible to let suh a system run in realtime and enable the virtual soundsoures to move through spae. The system has as an advantage above othersystems that the e�et is not based on psyho-aousti theories and has a largelistening area; this makes the tehnique ideal for onert environments.The priniples of the system will be presented, as well as the software writtento enable omposers to make use of the system.More information an be found at: http://www.kgw.tu-berlin.de/~baalman/Bunte FlügelFrieder Butzmann - (1974/2003) - 6:191974. Rejeted by the girl friend. What else ould I do than making moreeletroni musi?! I onstruted and soldered, together with a friend, the ma-hine "Duo Multivibratorsimiltan Hik Hak". With this, I reorded many longtones, �ying high and falling even deeper, and distributed them over four han-nels. The tones had to �y! (Ja, die Liebe hat bunte Flügel. Solh einen Vogelfängt man shwer" / Carmen, Bizet). But they wouldn't �y. Maybe they �y207
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208 B.1. CONCERT PROGRAM CLUB TRANSMEDIALE 2003now with WFS.hermetishe_garageBoris Hegenbart - (2003) - 5:57is a trak from the new [#/TAU℄-release[somethingmovinginsideplastibox℄[smip℄ will be released in spring 2003 on Queksilber/StaubgoldRestored to LifeIlka Theurih - (2003) - 10:20'Sine 1999, I am experimenting with sound and more and more SOUNDart-PERFORMANCES ome to live. At the moment the entral fous of my artistiwork is at a performative soundgeneration and the aousmati interpretation,i.e. the gesture of the sound that is reated in a moment, its presene within theroom and its propagation from there. "Restored to Life" is a omposition forwave �eld synthesis, where I for the �rst time try to develop these ideas withinan auralisation.'BallroomMarkus Shneider + visualisation by Pietro Sanguineti - (2003) - 6:006 minutes audiovideo for a spatial sound system.audio: markus shneideraudio soure: sound�les from a webpage that explain the positioning of soundin spae. all �les are simulating various positions of sound in spae. the original�les where partially treated and then arranged on 8 traks within live audiosoftware. the original soure now will appear di�erently and in new spatialposition through the spatial sound system .video: pietro sanguineti.4 videos on 4 sreens show:video 1 = 1 ball.video 2 = 2 balls.video 3 = 3 balls.video 4 = 4 balls.this beause of 2 reasons:- eah ball is representing the image of an image (here as well an 3d image).there are 4 sreens.- the piee is alled ballroom.Polloks SprehwunshMarije Baalman - (2003) - 6:02Jakson Polloks improvisational drip painting tehnique was the model for de-termining the movements of the sounds through spae. The word �Sprehwun-Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



APPENDIX B. PROGRAM NOTES 209sh� (wish to speak), found in the Berlin trams, was the soure of inspirationfor the sounds. In this piee balloons try to speak...Hands and FingersRobert Lippok - (2003) - 6:04Pingpong BalletMar Lingk - (2003) - 15:00I wanted an impulsive, disontinuous and disretely moving sound, that shouldnot be from a perussion instrument nor an arti�ial eletroni sound. Thissound had to be very fast and rih in overtones, so that one an work withits sound olor and spaiousness. I then had the hoie between pinpong ballsand broken beer bottles. The last ones don't �y as fast, and not at all withoutdistortion. So I was left with pingpong balls. That also had an advantage, asthe setup of the game itself suggests a horeographie. Left and right two playerswith bats, a table in the middle, and a ball, a very fast ball, that also from timeto time drops on the �oor. Modulation algorithms will be played, that ouldmake a real sportsman razy. The system of Marije Baalman is very suitable todisplay this movement in spae. I see a grand future in this system.Mar Lingk, 31.1.3B.2 Eletrofringe 2003BeurskrahMarije Baalman + visualisation by Julius Stahl - (2003) - 3:30Exploring the possibilities of an objet in spae, that emanates slightly di�erentfrom di�erent points. Playing with distane perspetive as in a drawing. Im-ploding and exploding and oming together and �nally falling apart. MarijeBaalmanBuilding on photographi material of the soures of sound, eah "voie" isgiven a visual platform whose representation is determined from the propertyof the respetive sound. Therein is a bakground platform, interpreting theaousti environment in a di�erent way. The representation varies, with everyperformane. Julius StahlB.3 Linux Audio Conferene 2004SrathMarije BaalmanThis is a sound installation utilising Wave Field Synthesis, reated for the LinuxAudio Conferene 2004, in Karlsruhe, Germany. Srath is a soni reature, thatmakes srathy sounds and moves around in spae. The reature evolves itselfand reats to some extent on the audiene.... with a fous on the reprodution of arbitrarily shaped sound soures



210 B.4. DONAUESCHINGEN 2006B.4 Donaueshingen 2006HallenfelderKirsten ReeseKlang- Videoinstallation (2006), 50 MinutenDie Klang-Video-Installation, entstanden 2006 im Auftrag der DonaueshingerMusiktage, wurde für ein Wellenfeldsynthesesystem mit 20 Lautsprehern en-twikelt. Der Atmosphäre der leeren Turn- und Mehrzwekhallen Donaueshin-gens werden auditive und visuelle Momentaufnahmen der vielfältigen Veranstal-tungen, die in diesen Räumen das Jahr über statt�nden, gegenübergestellt.�Hallenfelder� handelt von neun Hallen und Sälen, in denen während der DonaueshingerMusiktage regelmäÿigMusikveranstaltungen statt�nden. Einerseits werden Klangund Atmosphäre der Hallen selbst in den Mittelpunkt gestellt. Andererseitsgeht es um das Potenzial dieser Räume - als �Mehrzwekhallen� zeihnen siesih dadurh aus, dass sie mit untershiedlihen Inhalten gefüllt werden können.In die Stille der leeren Räume brehen auditive und visuelle Momentaufnah-men von Veranstaltungen ein, die dort das Jahr über statt�nden, wenn nihtMusiktage sind. Durh mediale Aufzeihnung und Bearbeitung werden realeKlänge abstrahiert und �musikalisiert�. Gleihes geshieht mit den Eindrükender Veranstaltungen selbst: was erklingt, ist beispielhaft, aber auh beliebig, istsingulär, aber auh immer wieder gleih. Die Ereignisse sind - wie die Musiktageselbst - einmalig und wiederholen sih immer wieder, je nah Perspektive und Be-deutung, die ihnen auf einer persönlihen, kulturellen und künstlerishen Ebenezugewiesen werden. �Hallenfelder� wird über eine Lautspreherzeile mit 20 Laut-sprehern in Wellenfeldsynthese wiedergegeben. Da es niht um die Abbildungvon Realität, sondern eher um ihre Zuspitzung geht, werden die Möglihkeitender Wellenfeldsynthese niht nur für eine Verdeutlihung der räumlihen Klang-perspektiven genutzt, sondern auh um mit �unnatürlih� wehselnden Hörper-spektiven, momenthaften Irritationen und Illusionen zu spielen.B.5 Linux Audio Conferene 2007WFSLoopWave Field Synthesis (WFS) is an interesting method for spatialisation of ele-troni musi. Its main advantage is that it has no sweet spot, but instead alarge listening area, making the tehnology attrative for onert situations.The onept of Wave Field Synthesis (WFS) is based on a priniple that wasthought of in the 17th entury by the Duth physiist Huygens (1690) aboutthe propagation of waves. He stated that when you have a wavefront, you ansynthesize the next wavefront by imagining on the wavefront an in�nite numberof small soures, whose waves will together form the next wavefront.Based on this priniple, Berkhout (1988) introdued the wave �eld synthesispriniple in aoustis.By using a disrete, linear array of loudspeakers, one an synthesize orretwavefronts in the horizontal plane. An interesting feature is that it is alsoMarije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



APPENDIX B. PROGRAM NOTES 211possible to synthesize a sound soure in front of the speakers, something whihis not possible with other tehniques.There are some limitations to the tehnique.Spatial aliasing has a result that a wave �eld is not orretly synthesizedanymore and artefats our. This results in a bad loalisable sound soure.This limitation is a physial limitation, whih an not really be overome. How-ever it depends on the sound material whether or not this aliasing is a problemfrom a listener's point of view. In general, if the sound ontains a broad spe-trum with enough frequenies below the aliasing frequeny, the soure is stillwell loalisable.Furthermore, a lot of loudspeakers are needed as well as omputation powerto alulate the speaker signals for all these speakers.For the Wave Field Synthesis system in leture hall H0104, four ompositionshave been prepared, whih will play in a loop in the times mentioned below.The loop starts every hour.Reale Existenz! (2007)André BartetzkiThis piee is based on short fragments of a leture by the Austrian physiistShrödinger. Erwin Shrödinger, one of the inventors of quantum physis, gotvery popular due to his thought experiment with a at in a losed box in whihhe tried to illustrate the superposition of quantum states. Coupled to the stateof a deaying atom (via a Geiger ounter and a �ask of aid) the at is after awhile both dead and still alive aording to the superposition of the two possiblestates of that unstable atom. Only a ollapse of the wave funtion of this system- aused by an observer or by the in�uene of the marosopi environment -ould the at release of its indeisive state.Streams (2007)Vitor LazzariniStreams is a multi-dimensional woodwind quartet, set in 3-D physial spaeand in the several dimensions of frequeny-spae. The piee is roughly om-posed of three overlapping setions, starting with a slow ontinuous-sound partwhere eah of the four instruments get split in two and glide around the spaeeventually ondensing bak together. The middle setion starts with hord-forming lines that are spun around the spae, ontinuing into brief statementsof melodi motives that eventually lead to interloking ostinatos. These aeller-ate to an impossible tempo and then slow down to the original speed. The thirdsetion is dominated by an ever-asending anon (by tone), played by slightlyun-synhronised parts. A �nal oda is based on the ideas/texture of the �rstsetion. The piee was omposed mostly using software speially developed bythe omposer for spetral and time-domain proessing. This wave�eld-synthesisversion is dediated to the TU-Berlin WFS team: Marije, Simon, Torben, Thilo,Daniel and Eddie.... with a fous on the reprodution of arbitrarily shaped sound soures



212 B.6. LANGE NACHT DER WISSENSCHAFTEN 2007RitualeHans Tutshku - (2004) - 15:00The 15 minute piee �Rituale� (2004) proesses human voies and instrumentalsounds from various ultures to a sound ritual. It is a ontinuation of the work on�Rojo� and �objet-obstale�, whih were both also onerned with the theme ofrituals. The omposition uses extensively the possibility to plae sound souresbetween the speakers and the listeners - and so inside the listening room. Inthis way the sounds ome very lose to the listeners.�Rituale� was originally (in 2004) reated for the IOSONO Wave Field Syn-thesis system in the Ilmenauer Lindenkino, and was adapted for the leture hallof the TU Berlin in 2007.East (from Atlas)Christian Calon - (2007) - 17:00Based on an idea of artography, the Atlas projet, in its �nal form will be a spa-tial installation. Musially, it is an hommage to man's reative enterprise whihonsists into probing the unknown with the help of sound making instrumentsand then to turn ephemeral impressions into imperishable reations.This part of Atlas, East, was realized �rst as a onert version. The ompo-sition and the spatialization followed the onept of sound�eld, whih a WFSexels at reproduing. All sounds were generated as orrelated multitrak ob-jets to be plaed and spatialized as small onstellations in this larger sound�eld, in order to reate a multi-diretional spae for the listener.The musi is based on the sounds of traditional musi instruments from theFar Eastern regions of the Earth.The realization of East was made possible with a ommission from the In-ventionen Festival/DAAD, Berlin, and the Canada Counil. I am very gratefulto these institutions whom I warmly thank for triggering and supporting thisstage of the large Atlas projet.In its �nal spatial installation form, Atlas will stage several parallel maps:� in sound, it is a tribute to the reative enterprises of man in probing theunknown with the help of his musial instruments� as a silent and virtual monument, the projeted bodysape images willpresent as another artography, a surround topography of skins and faesof mankind in its rihness and diversity� at the same time projeted texts appearing on or around the bodysapes,will draw and list an underlying world map of Infamies, ats of hate,violene and power, perpetrated by man on his fellow man.B.6 Lange Naht der Wissenshaften 2007XronosLudger Brümmer - 18.10 min.sekElektroakustishe Komposition und Video-TryptihonMarije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



APPENDIX B. PROGRAM NOTES 213Tanz: Nik Ha�ner, Katja BühtermannVideo, Computer Animationen, Musik: Ludger BrümmerZeit, Ewigkeit, verändern, entwikeln, vergessen, Sein; es gibt viele Sihtweisenauf die Zeit, seien es statishe, dynamishe oder philosophishe. Zeit ist dieGrundlage für alles prozesshaft und läÿt sih nur mit sih selbst, über den Wegder Geshwindigkeit verändern. Die Musik, als akustishe Äuÿerung der Zeitbenutzt allesamt mit physikalishen Modellen erzeugte Klänge. Diese sind zumehr oder weniger prozeÿhaften Organismen zusammengefasst und bilden einegroÿe formale Phrase, die sih von einem weniger dihten Prozeÿ in einen repi-titiven Sog hinein steigert. Anders als die Musik, benutzt die visuelle Ebeneneben den Computeranimationen auh dynamishe Phänomene der Natur, wieWasser und Wolken, aber auh Individuen, Tänzer. Alle diese Objekte bewe-gen sih. Jedes auf seine eigenen Art, die sih jedoh auh untereinander inBeziehung setzen lassen, ob sie nun Gestalten oder Gesten ausbilden oder obihre Bewegungen in einer Flähe untergehen. Der Film soll weder die Musikerklären, noh soll er sie kommentieren. Er soll genauso wie der Klang und derRhythmus eine Ausdruksweise der Zeit darstellen.Der Zuspielung über die WFS-Analge stehen 3 Videos gegenüber. Die Videosselbst enthalten zwei oder einen sih bewegenden Körper, die Animationen en-thalten 5 einzelne Elemente. Die dreifahe Aufteilung wird mal zum Gesamtbild,mal zur Einzelgestalt. Jeglihe Kombination ist denkbar und es ist wihtig dieDinge auseinanderzuhalten, niht zusammenzuführen. In manhen Momentenjedoh addieren sih alle Elemente zusammen. Xronos entstand anlässlih einesKompositionsauftrages des französishen Kultusministeriums und wurde mit derSoftware Genesis von ACROE Grenoble entwikelt. Es wurde am Soni ArtsReserh Center in Belfast und ZKM in Karlsruhe produziert.Oral 29Mihael Ammann�Oral 29 beshreibt meine Forshung und mein Fortshreiten innerhalb meinerpersönlihen, akustishen Impression und einer "abstrakten Musikalität". Dieeinzelnen Kompositionen sind als nie fertige Skizzen und prozesshaft-intendiertzu verstehen. Sämtlihe Klänge sind phonetish generiert, sprih meine Stimmedient als einzige Klangquelle (siehe oralPhonetik). Mittels meinem SurroundTools Q_TIP bin ih in der Lage Klänge räumlih zu verorten. Ohne soft-waregestütze Bearbeitungsund-Automatisierungsprozesse und ohne digitales Fil-tering ist die Arbeit in dieser Form niht möglih.�Zellen - LinienHans Tutshku - (2007)(a. 13 Minuten), Urau�ührungfür Klavier und live-Elektronik, mit Sebastian BerwekDie elektroakustishen Bearbeitungen der Klavierklänge in Ehtzeit werden... with a fous on the reprodution of arbitrarily shaped sound soures



214 B.6. LANGE NACHT DER WISSENSCHAFTEN 2007alle durh die Spielweise des Pianisten gesteuert. Während des Spiels werdendie musikalishen Gesten des Instrumentalisten analysiert und in Abhängigkeitderer vorbestimmte Reaktionen im elektroakustishen Part ausgelöst. Dies bi-etet dem Spieler eine sehr direkte Kommunikation mit seinem �Begleiter�. DieEnergie des Spielers erfährt eine direkte Entsprehung in den Klangbearbeitun-gen und derer Verräumlihung. Die Wiedergabe der Elektronik mit dem Systemder Wellenfeldsynthese erlaubt eine genaue Abbildung von Klangbewegungen,die im Dialog zum Klavierpart stehen.Immersive Motion StudyShintaro Imai - (2007)This eletroaousti piee was omposed for the Wave Field Synthesis System atTU Berlin, and was realized at Kunitahi College of Musi in Tokyo and Ele-troni Musi Studio TU Berlin. The onept of this piee is to experiment onrelations between spatial movement/position/ diretion of eletroaoustis andtransition of its timbre/texture. Suh, "motion of sound" as it were, representimmersive perspetives in musial dynamis. The sound materials were pro-essed and organized via a realtime algorithmi sound-generating system basedon various granular sampling and phase vooding tehnique. Some of soundsoures were performed by �utist Sabine Vogel. The ompositional algorithmand sound synthesis programs were all written in Max/MSP. For editing andmastering, Pro Tools was used as well.

Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



Appendix CAlgorithms
Algorithm C.1 Numbering planes in the meshfuntion WFSMesh::number planesfor all triangles doif triangle has no plane number thenreate new planefor all triangles doif in the same plane thenassign plane numberend ifend forend ifend forend funtion

215



216
Algorithm C.2 Finding planes and outer edges in the meshfuntion WFSMesh::find planes and outeredges( npoints )if not reated planes and outeredges thennumber planesfor all triangles T doget the assoiated plane and add the triangle T to it�nd all the neighbouring triangles�nd all the neighbouring triangles on the same planeif more neighbours than on the same plane then

⊲ this means the triangle is near an outeredge
⊲ �nd the edges that are part of the outeredgefor all edges E of T dofor all triangles T 2 the edge is part of doif not on same plane as T thenstore referene to this Eend ifend forend forfor all found edges of T dofor all outeredges doif edge part of outeredge thennot a new edgekeep referene to this outeredgeend ifend forif new edge thenreate new outeredge ⊲ see textreate midpoints for outeredgeend ifadd outeredge to planeend forend ifend forelse if npoints != reated npoints thenRede�ne the midpoints on all outeredgesif di�ration alulated thenReset the edgesouresend ifend ifend funtion

Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



APPENDIX C. ALGORITHMS 217
Algorithm C.3 3D WFS point soure alulationfuntion WFSOperator::alpointfilt( WFSMesh, Array)for all verties doif �lter != zero thenreate WFSPointfor all ArraySpeakers doal point delay att( speaker, vertex, mesh )end forend ifend forend funtionfuntion WFSOperator::al point delay att(ArraySpeaker, Vertex,WFSMesh)alulate stationary pointalulate distane to stationary pointalulate distane between referene line and stationary pointif point visible from speaker thenif point behind speaker thenalulate delayalulate attenuationpoint validelse ⊲ not implemented yetalulate delayalulate attenuationpoint validend ifelsedelay and attenuation zeropoint not validend ifend funtion

... with a fous on the reprodution of arbitrarily shaped sound soures



218
Algorithm C.4 Speaker response alulation per objetfuntion Objet::alulateAndSaveWFS( Array, �lename)if alulate di�ration thenmesh->�nd planes and outer edgesend ifmesh->estimate �lter lengthmesh->set windowsizemesh->set samplerateif point soure thenreate mesh with 1 pointend ifmesh->salemesh->reate �lter impulse responsesif alulate di�ration thenmesh->reate di�ration edges ⊲ see setion 6.6.mesh->prepare di�ration irsend iffor all Loation domesh->transform to loationif alulate di�ration thenmesh->reate di�ration edgelines ⊲ this ensures the oordinatesof the edgelines are orret for this loationend ifif soure type == monopole thenwfsoperator->alulate point soure �lters( array, mesh )end ifif soure type == dipole thenwfsoperator->alulate dipole soure �lters( array, mesh )end ifif alulate di�ration thenwfsoperator->alulate di�ration point �lters( array, mesh )end ifwfsoperator->init onvolution( mesh )wfsoperator->alulateAndSaveFilters ⊲ see alg. C.5mesh->transform bakend formesh->undo salingend funtion
Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



APPENDIX C. ALGORITHMS 219
Algorithm C.5 Speaker response alulation per loationfuntion WFSOperator::alulateAndSaveWFS( �lename, WFS-Mesh, ObjetCoordinates )for all ArraySpeakers doinitialise speaker�lterfor all WFSPoints doif attenuation not zero thenprepare FilterNode �lter for onvolutionif �lter == unity thenput delay and attenuation in speaker �lterelsereate a WFS �lter based on delay and attenuationonvolve with the FilterNode �lterput result in speaker �lterend ifend ifend forif alulate di�ration then ⊲ see setion 6.6.for all Di�rationEdges doif valid thenalulate impulse responseif impulse response non zero thenput result in speaker �lterend ifend ifend forend ifwrite CoefSet informationmultiply speaker �lter with amplitude fator ⊲ see textsave speaker �lter to �leend forend funtion

... with a fous on the reprodution of arbitrarily shaped sound soures



220Algorithm C.6 The algorithm to determine the di�ration edgesfuntion WFSMesh::reate diffration edges ( order, min. distane,tolerane, zrange )if reated di�ration order < order then
⊲ reate the �rst order di�ration edgesif reated di�ration order == 0 thenfor all Planes P dofor all OuterEdges O in P doounter di�ration edges for this edge n = 0for all Verties in P doif Filter ! = zero thenif Vertex not on O thenif n == 0 thenreate new di�ration edge with vertex assoure elseadd vertex as a soure to di�ration edgeend ifend ifend ifend forend forend forend if

⊲ reate the higher order di�ration edgesfor max( reated di�ration , 2 ) up to order dofor all OuterEdges O doounter di�ration edges for this edge n = 0for all Planes P , O is part of dofor all OuterEdges O2 of P doif O! = O2 thenget list of di�ration edges in O2 that are of a lowerorder than the one we are urrently reatingfor all di�ration edges D in this list doif n == 0 thenreate new di�ration edge Dnwith D as lower edgeelseadd Dn as a higher edge to Dend ifend forend ifend forend forend forend forend ifreated di�ration = orderend funtionMarije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



APPENDIX C. ALGORITHMS 221Algorithm C.7 The algorithm to alulate the intermediary impulse responsesof the di�ration edgesfuntion WFSMesh::prepare diffration irsfor order = 1 to highest order - 1 dofor all di�ration edges of order doalulate the impulse responseend forend forend funtionfuntion DiffrationEdge::alulate irsif order == 1 then ⊲ �rst orderfor all higher edges H dofor all di�ration soures D on H doreate an IR vetor for the result and initialise at zeroset D as the reeiver for this edgefor all di�rated soures S doset S as soure for this edgealulate the edge soure response ⊲ see algorithm C.8add result to IRend forif IR is zero thendelete IRelsestore IR in Dend ifend forend forelse if order > 1 then ⊲ higher ordersfor all higher edges H dofor all di�ration soures D on H doreate an IR vetor for the result and initialise at zeroset D as the reeiver for this edgefor all lower edges L of this edge dofor all di�ration soures S of L doset S as soure for this edgealulate the edge soure response ⊲ see algorithm C.8add result to IRend forend forif IR is zero thendelete IRelsestore IR in Dend ifend forend forend ifend funtion... with a fous on the reprodution of arbitrarily shaped sound soures



222Algorithm C.8 Algorithm for alulating the response for a di�ration edge,with set soure and reeiverfuntion DiffrationEdge::alulate edgesoure responseinitialise result IRR�nd sample aligned soures�nd within whih edge soures the sample aligned arefor all sample aligned di�ration soures S on this edge doalulate the ontribution ∆hi for Sadd ontribution at sample time to IRR (�rst order only)end forfor all di�ration soures D on this edge doalulate the ontribution ∆hi for Dend forfor all di�ration soures D on this edge doalulate response IRD for D with (�rst order only) slope orretionif order > 1 thenonvolve with IR from previous orderend ifadd IRD to IRRend forend funtionfuntion DiffrationSoure::alulate irCalulate distane of edge segment end points to reeiver lc1, lc2Calulate the orner samplesif no sample aligned segments within this segment thenalulate start and end delaydo numerial integration (alulate ontribution quad)else if not only sample aligned segments within this segment thenfor all eah end that does not belong to sample aligned segment doalulate the length in samplesalulate a midpoint zmiddo numerial integration (alulate ontribution quad)alulate a midsample (needed for slope orretion)end forend ifend funtionfuntion SampleAlignedSoure::alulate irif not an apex segment thendo numerial integration (alulate ontribution quad)else if apex segment thenalulate apex ontribution for part within zrange ⊲ within zrangealulate midpoint for zrange-znear to ⊲ zrange to nearest endpointdo numerial integration (alulate ontribution quad)alulate midpoint for zrange-zfar ⊲ zrange to furthest endpointdo numerial integration (alulate ontribution quad)add all three ontributionsend ifend funtionMarije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



Appendix DListening testinstrutionsHörtest zurWiedergabe von willkürlih geformtenSound-Quellen mit Hilfe derWellenfeldsyn-these - Teil 1Vielen Dank für die Teilnahme an diesem Hörtest!HintergrundIn herkömmlihen Wellenfeldsynthese Anwendungen ist nur die Wiedergabe vonPunktquellen oder Ebenen Wellen möglih. Neue Forshungen untersuhen obund wie willkürlih geformte Shall-quellen widergegeben werden können.Das Ziel dieses Hörtestes ist es, herauszu�nden welhe E�ekte bei der Re-produktion einer willkürlih geformten Shallquelle hörbar sind.EvaluierungDir werden in insgesamt 27 Durhgängen jeweils 3 vershiedene Signale vorge-spielt. Jedes dieser Signale ist maximal 10 Sekunden lang. Du kannst dir injedem Durhgang die Signale so oft anhören wie du möhtest.Aufgabe:In jedem Durhgang sollst du die drei vorgespielten Signale vergleihen. Gib an,welhes Signal sih im Höreindruk am meisten gegenüber den beiden anderenSignalen untersheidet. Beshreibe bitte diesen Untershied. Bitte versuhe dieUntershiede so detailiert und genau wie möglih zu beshreiben.Erkläre zusätzlih, was die anderen beiden Signale gemeinsam haben im Hörein-druk. Gib hier bitte auh eine möglihst genaue Beshreibung.Die Beurteilung der wahrgenommenen Untershiede und Gemeinsamkeiten soll223



224auf akustish wahrnehmbare Eigenshaften der Signale basieren und niht aufdeiner persönlihen Präferenz (was du magst oder niht magst).

Hörtest zurWiedergabe von willkürlih geformtenSound-Quellen mit Hilfe derWellenfeldsyn-these - Teil 2Vielen Dank für die Teilnahme an diesem Hörtest!HintergrundIn herkömmlihen Wellenfeldsynthese Anwendungen ist nur die Wiedergabe vonPunktquellen oder Ebenen Wellen möglih. Neue Forshungen untersuhen obund wie willkürlih geformte Shallquellen widergegeben werden können.Das Ziel dieses Hörtestes ist es, herauszu�nden welhe E�ekte bei der Re-produktion einer willkürlih geformten Shallquelle hörbar sind.Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



APPENDIX D. LISTENING TEST INSTRUCTIONS 225Evaluation phaseDir werden in insgesamt 12 Durhgängen jeweils 4 oder 5 vershiedene Signalevorgespielt. Jedes dieser Signale ist maximal 20 Sekunden lang. Du kannst dirin jedem Durhgang die Signale so oft anhören wie du möhtest.Aufgabe:In jedem Durhgang sollst du die wiedergegebenen Signale nah bestimmtenMerkmalen bewerten. Diese Merkmale wurden im vorhergehenden Experimentermittelt. Zu beahten ist, dass Die Beurteilung der wahrgenommenen Unter-shiede und Gemeinsamkeiten auf akustish wahrnehmbaren Eigenshaften derSignale basieren soll und niht auf deiner persönlihen Präferenz (was du magstoder niht)Skala:Jedes Merkmal ist durh eine bipolaren Skala gekennzeihnet. Diese Skala istin 5 Stufen unterteilt und hat zwei entgegenesetzte Ausprägungen als Maxima.Ein Beispiel für die Einteilung der Skala kannst du nahfolgend erkennen.1 2 3 4 5sehr groÿ groÿ mittel klein sehr kleinIn diesem Hörtest sollst du jedem Signal für jedes Merkmal einen Wert vonder 5-stu�gen Skala zuordnen. Dabei ist in jeder Zeile das jeweilige Merkmalmit seinen zwei bipolaren Ausprägungen aufgetragen. In jeder Spalte muÿtdu den Bewertungswert der Skala für das entsprehende Signal eintragen. Imnahfolgenden Shema ist beispielhaft die Bewertung von vier Signalen und zweiMerkmalen dargestellt.Signal 1 Signal 2 Signal 3 Signal 4sehr groÿ 4 4 3 3 sehr kleinrealistish 3 1 4 2 unrealistishHörtestoberflähe:Die Benutzerober�ähe sieht so aus:... with a fous on the reprodution of arbitrarily shaped sound soures
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Wenn du ein Signal abspielst, werden die Spalten der andere Signale ausge-blendet und kannst du das Signal welhes spielt bewerten auf den Skalen. Dukannst die Zahlen 1 bis 5 eintragen, oder mit den Pfeilen-Tasten (oben, unten)die Werte ändern. Mit <tab> gehst du zum nähsten Merkmal.Die ersten 6 Merkmale haben Bezug auf Räumlihkeit, das 7. Merkmal aufLautheit, und die letzten 5 auf Klangfarbe.Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...
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Appendix EDetailed results of thelistening testsTable E.1: Detailed ANOVA results for the Re�nement setRe�nement Sum Sq Df F value Pr(> F )Re�nement: eng - breitfdistane 2.786 1.000 2.349 0.126fposition 6.842 1.000 5.770 0.017signal 42.789 3.000 12.027 0.000stimulus 0.091 1.000 0.077 0.782fdistane:fposition 0.488 1.000 0.412 0.521fdistane:signal 6.810 3.000 1.914 0.126fposition:signal 0.332 3.000 0.093 0.964fdistane:stimulus 0.372 1.000 0.314 0.575fposition:stimulus 0.568 1.000 0.479 0.489signal:stimulus 1.308 3.000 0.368 0.776fdistane:fposition:signal 0.528 3.000 0.148 0.931fdistane:fposition:stimulus 0.034 1.000 0.029 0.865fdistane:signal:stimulus 6.107 3.000 1.717 0.163fposition:signal:stimulus 1.815 3.000 0.510 0.675fdistane:fposition:signal:stimulus 1.909 3.000 0.537 0.657Residuals 569.219 480.000Re�nement: links - rehtsfdistane 5.544 1.000 8.649 0.003fposition 8.787 1.000 13.711 0.000signal 15.227 3.000 7.919 0.000ontinued on next page
229



230ontinued from previous pageRe�nement Sum Sq Df F value Pr(> F )stimulus 1.371 1.000 2.139 0.144fdistane:fposition 0.837 1.000 1.306 0.254fdistane:signal 7.337 3.000 3.816 0.010fposition:signal 5.297 3.000 2.755 0.042fdistane:stimulus 0.055 1.000 0.085 0.771fposition:stimulus 0.537 1.000 0.838 0.360signal:stimulus 0.544 3.000 0.283 0.838fdistane:fposition:signal 33.836 3.000 17.597 0.000fdistane:fposition:stimulus 3.018 1.000 4.708 0.031fdistane:signal:stimulus 0.847 3.000 0.441 0.724fposition:signal:stimulus 1.152 3.000 0.599 0.616fdistane:fposition:signal:stimulus 0.885 3.000 0.460 0.710Residuals 307.646 480.000Re�nement: nah - weitfdistane 0.504 1.000 0.660 0.417fposition 5.979 1.000 7.824 0.005signal 7.734 3.000 3.374 0.018stimulus 0.577 1.000 0.755 0.385fdistane:fposition 2.537 1.000 3.320 0.069fdistane:signal 32.402 3.000 14.134 0.000fposition:signal 2.841 3.000 1.239 0.295fdistane:stimulus 6.551 1.000 8.573 0.004fposition:stimulus 0.068 1.000 0.089 0.765signal:stimulus 3.020 3.000 1.318 0.268fdistane:fposition:signal 1.947 3.000 0.849 0.467fdistane:fposition:stimulus 0.008 1.000 0.011 0.917fdistane:signal:stimulus 0.884 3.000 0.386 0.763fposition:signal:stimulus 0.914 3.000 0.399 0.754fdistane:fposition:signal:stimulus 0.363 3.000 0.158 0.924Residuals 366.795 480.000Re�nement: unten - obenfdistane 0.145 1.000 0.305 0.581fposition 3.065 1.000 6.420 0.012signal 5.195 3.000 3.627 0.013stimulus 0.500 1.000 1.047 0.307fdistane:fposition 0.171 1.000 0.358 0.550fdistane:signal 0.018 3.000 0.012 0.998fposition:signal 0.114 3.000 0.079 0.971fdistane:stimulus 0.418 1.000 0.876 0.350fposition:stimulus 0.926 1.000 1.940 0.164ontinued on next pageMarije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



APPENDIX E. LISTENING TEST RESULTS 231ontinued from previous pageRe�nement Sum Sq Df F value Pr(> F )signal:stimulus 0.233 3.000 0.162 0.922fdistane:fposition:signal 2.109 3.000 1.472 0.221fdistane:fposition:stimulus 0.042 1.000 0.088 0.767fdistane:signal:stimulus 0.272 3.000 0.190 0.903fposition:signal:stimulus 0.963 3.000 0.673 0.569fdistane:fposition:signal:stimulus 0.403 3.000 0.281 0.839Residuals 229.171 480.000Re�nement: troken - räumlihfdistane 0.003 1.000 0.003 0.959fposition 13.305 1.000 10.554 0.001signal 37.521 3.000 9.921 0.000stimulus 16.931 1.000 13.430 0.000fdistane:fposition 0.105 1.000 0.084 0.773fdistane:signal 6.369 3.000 1.684 0.170fposition:signal 2.270 3.000 0.600 0.615fdistane:stimulus 1.459 1.000 1.158 0.283fposition:stimulus 0.261 1.000 0.207 0.649signal:stimulus 0.851 3.000 0.225 0.879fdistane:fposition:signal 0.955 3.000 0.252 0.860fdistane:fposition:stimulus 0.087 1.000 0.069 0.793fdistane:signal:stimulus 1.149 3.000 0.304 0.823fposition:signal:stimulus 1.174 3.000 0.311 0.818fdistane:fposition:signal:stimulus 2.450 3.000 0.648 0.585Residuals 605.141 480.000Re�nement: klare Ortung - di�usfdistane 5.274 1.000 4.771 0.029fposition 1.419 1.000 1.284 0.258signal 233.133 3.000 70.301 0.000stimulus 0.833 1.000 0.754 0.386fdistane:fposition 0.195 1.000 0.177 0.674fdistane:signal 7.640 3.000 2.304 0.076fposition:signal 0.270 3.000 0.081 0.970fdistane:stimulus 0.382 1.000 0.346 0.557fposition:stimulus 0.163 1.000 0.147 0.702signal:stimulus 2.983 3.000 0.900 0.441fdistane:fposition:signal 1.675 3.000 0.505 0.679fdistane:fposition:stimulus 1.534 1.000 1.387 0.239fdistane:signal:stimulus 2.335 3.000 0.704 0.550fposition:signal:stimulus 3.606 3.000 1.087 0.354fdistane:fposition:signal:stimulus 0.687 3.000 0.207 0.891ontinued on next page... with a fous on the reprodution of arbitrarily shaped sound soures



232ontinued from previous pageRe�nement Sum Sq Df F value Pr(> F )Residuals 530.593 480.000Re�nement: dumpf - klarfdistane 1.290 1.000 2.387 0.123fposition 2.011 1.000 3.720 0.054signal 691.648 3.000 426.580 0.000stimulus 1.972 1.000 3.648 0.057fdistane:fposition 0.296 1.000 0.548 0.460fdistane:signal 0.222 3.000 0.137 0.938fposition:signal 4.222 3.000 2.604 0.051fdistane:stimulus 0.806 1.000 1.491 0.223fposition:stimulus 0.640 1.000 1.184 0.277signal:stimulus 4.258 3.000 2.626 0.050fdistane:fposition:signal 0.473 3.000 0.292 0.831fdistane:fposition:stimulus 0.078 1.000 0.144 0.704fdistane:signal:stimulus 0.854 3.000 0.527 0.664fposition:signal:stimulus 2.163 3.000 1.334 0.263fdistane:fposition:signal:stimulus 0.624 3.000 0.385 0.764Residuals 259.421 480.000Re�nement: dünn - vollfdistane 0.001 1.000 0.001 0.978fposition 1.271 1.000 1.301 0.255signal 257.484 3.000 87.895 0.000stimulus 0.005 1.000 0.005 0.942fdistane:fposition 1.003 1.000 1.028 0.311fdistane:signal 0.912 3.000 0.311 0.817fposition:signal 2.666 3.000 0.910 0.436fdistane:stimulus 1.836 1.000 1.881 0.171fposition:stimulus 0.153 1.000 0.156 0.693signal:stimulus 0.591 3.000 0.202 0.895fdistane:fposition:signal 0.221 3.000 0.076 0.973fdistane:fposition:stimulus 0.314 1.000 0.322 0.571fdistane:signal:stimulus 0.385 3.000 0.132 0.941fposition:signal:stimulus 2.793 3.000 0.954 0.415fdistane:fposition:signal:stimulus 0.552 3.000 0.188 0.904Residuals 468.715 480.000Re�nement: dunkel - hellfdistane 0.440 1.000 0.977 0.323fposition 0.312 1.000 0.694 0.405signal 589.021 3.000 436.044 0.000stimulus 0.014 1.000 0.031 0.861ontinued on next pageMarije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



APPENDIX E. LISTENING TEST RESULTS 233ontinued from previous pageRe�nement Sum Sq Df F value Pr(> F )fdistane:fposition 0.095 1.000 0.211 0.646fdistane:signal 0.423 3.000 0.313 0.816fposition:signal 1.204 3.000 0.891 0.446fdistane:stimulus 2.673 1.000 5.937 0.015fposition:stimulus 0.318 1.000 0.706 0.401signal:stimulus 0.267 3.000 0.198 0.898fdistane:fposition:signal 1.293 3.000 0.957 0.413fdistane:fposition:stimulus 0.002 1.000 0.004 0.947fdistane:signal:stimulus 0.622 3.000 0.461 0.710fposition:signal:stimulus 1.112 3.000 0.823 0.481fdistane:fposition:signal:stimulus 0.536 3.000 0.397 0.755Residuals 216.133 480.000Re�nement: kein Bass - viel Bassfdistane 1.074 1.000 2.403 0.122fposition 2.435 1.000 5.450 0.020signal 569.771 3.000 425.005 0.000stimulus 0.141 1.000 0.315 0.575fdistane:fposition 0.175 1.000 0.391 0.532fdistane:signal 1.553 3.000 1.158 0.325fposition:signal 2.869 3.000 2.140 0.094fdistane:stimulus 0.013 1.000 0.028 0.867fposition:stimulus 0.354 1.000 0.793 0.374signal:stimulus 1.150 3.000 0.858 0.463fdistane:fposition:signal 0.277 3.000 0.207 0.892fdistane:fposition:stimulus 1.077 1.000 2.409 0.121fdistane:signal:stimulus 0.296 3.000 0.221 0.882fposition:signal:stimulus 0.481 3.000 0.359 0.783fdistane:fposition:signal:stimulus 1.129 3.000 0.842 0.471Residuals 214.500 480.000Re�nement: kein Höhen - viel Höhenfdistane 2.327 1.000 4.737 0.030fposition 0.399 1.000 0.812 0.368signal 328.053 3.000 222.582 0.000stimulus 0.925 1.000 1.882 0.171fdistane:fposition 0.414 1.000 0.842 0.359fdistane:signal 0.637 3.000 0.432 0.730fposition:signal 0.789 3.000 0.535 0.658fdistane:stimulus 0.218 1.000 0.443 0.506fposition:stimulus 0.069 1.000 0.140 0.709signal:stimulus 0.082 3.000 0.056 0.983ontinued on next page... with a fous on the reprodution of arbitrarily shaped sound soures



234ontinued from previous pageRe�nement Sum Sq Df F value Pr(> F )fdistane:fposition:signal 0.533 3.000 0.362 0.781fdistane:fposition:stimulus 0.673 1.000 1.371 0.242fdistane:signal:stimulus 1.732 3.000 1.175 0.319fposition:signal:stimulus 0.380 3.000 0.258 0.856fdistane:fposition:signal:stimulus 0.868 3.000 0.589 0.622Residuals 235.816 480.000Re�nement: leise - lautfdistane 1.709 1.000 4.031 0.045fposition 0.044 1.000 0.104 0.747signal 19.898 3.000 15.649 0.000stimulus 1.387 1.000 3.273 0.071fdistane:fposition 0.263 1.000 0.622 0.431fdistane:signal 5.449 3.000 4.286 0.005fposition:signal 3.239 3.000 2.548 0.055fdistane:stimulus 0.606 1.000 1.429 0.232fposition:stimulus 1.431 1.000 3.377 0.067signal:stimulus 0.723 3.000 0.569 0.636fdistane:fposition:signal 2.175 3.000 1.710 0.164fdistane:fposition:stimulus 0.114 1.000 0.268 0.605fdistane:signal:stimulus 0.033 3.000 0.026 0.994fposition:signal:stimulus 0.332 3.000 0.261 0.854fdistane:fposition:signal:stimulus 0.453 3.000 0.356 0.785Residuals 203.450 480.000

Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



Component 1 2 3 4 5 6 7 8 9 10 11 12eng - breit −0.203 −0.366 −0.217 −0.439 0.255 −0.367 0.496 −0.063 −0.363 −0.052 −0.012 −0.046links - rehts −0.142 −0.345 0.409 −0.351 −0.565 −0.199 −0.248 0.372 −0.007 0.088 0.054 0.007nah - weit −0.087 −0.454 0.439 0.269 0.306 −0.201 −0.315 −0.535 −0.004 −0.008 0.015 0.042unten - oben 0.029 −0.449 −0.175 0.695 −0.329 0.052 0.326 0.183 −0.173 0.038 −0.047 0.004troken - räumlih −0.144 −0.440 −0.146 −0.264 0.090 0.819 −0.097 −0.055 0.037 0.034 0.032 −0.005klare Ortung - di�us −0.330 −0.163 −0.094 0.090 0.332 −0.172 0.091 0.362 0.731 0.146 −0.006 0.114leise - laut −0.200 −0.058 −0.654 0.064 −0.015 −0.231 −0.647 0.043 −0.197 0.045 0.098 0.030dumpf - klar 0.418 −0.107 −0.127 −0.150 −0.061 −0.062 0.011 −0.139 0.048 0.474 −0.305 0.654dünn - voll −0.321 0.100 −0.175 −0.051 −0.490 −0.043 0.215 −0.588 0.308 0.160 0.315 0.006dunkel - hell 0.414 −0.165 −0.130 −0.084 −0.006 −0.101 −0.048 −0.082 0.203 0.399 −0.141 −0.733kein - viel Bass −0.427 0.118 0.004 0.016 −0.142 0.033 −0.034 −0.126 −0.010 −0.040 −0.866 −0.115kein - viel Höhen 0.359 −0.231 −0.204 −0.122 −0.176 −0.109 −0.041 −0.118 0.356 −0.743 −0.146 0.059standard deviation 4.490 1.724 1.174 0.886 0.795 0.704 0.597 0.553 0.474 0.296 0.172 0.136orrelation breit l-r weit oben räumlih ortung laut klar voll hell bass Höheneng-breit 1.000 0.230 0.189 0.071 0.321 0.390 0.257 −0.230 0.234 −0.230 0.269 −0.147links-rehts 0.230 1.000 0.279 0.079 0.215 0.172 −0.025 −0.202 0.157 −0.188 0.229 −0.098nah-weit 0.189 0.279 1.000 0.213 0.203 0.209 −0.059 −0.146 −0.035 −0.079 0.082 −0.077unten-oben 0.071 0.079 0.213 1.000 0.168 0.061 0.082 0.077 −0.033 0.126 −0.112 0.178troken-rämlih 0.321 0.215 0.203 0.168 1.000 0.254 0.170 −0.165 0.128 −0.146 0.191 −0.065klare Ortung-di�us 0.390 0.172 0.209 0.061 0.254 1.000 0.322 −0.576 0.347 −0.492 0.526 −0.421leise-laut 0.257 −0.025 −0.059 0.082 0.170 0.322 1.000 −0.273 0.304 −0.246 0.361 −0.162dumpf-klar −0.230 −0.202 −0.146 0.077 −0.165 −0.576 −0.273 1.000 −0.503 0.852 −0.780 0.700dünn-voll 0.234 0.157 −0.035 −0.033 0.128 0.347 0.304 −0.503 1.000 −0.530 0.676 −0.396dunkel-hell −0.230 −0.188 −0.079 0.126 −0.146 −0.492 −0.246 0.852 −0.530 1.000 −0.798 0.732kein-viel Bass 0.269 0.229 0.082 −0.112 0.191 0.526 0.361 −0.780 0.676 −0.798 1.000 −0.682kein-viel Höhen −0.147 −0.098 −0.077 0.178 −0.065 −0.421 −0.162 0.700 −0.396 0.732 −0.682 1.000Table E.2: Results of the prinipal omponents analysis and the orrelation table, for the re�nement set



236 Table E.3: Detailed ANOVA results for the Shape setShape Sum Sq Df F value Pr(> F )Shape eng-breitf distane 4.883 1.000 4.494 0.035f position 0.633 1.000 0.582 0.446signal 153.672 3.000 47.148 0.000stimulus 0.945 1.000 0.870 0.351f distane:f position 0.000 1.000 0.000 1.000f distane:signal 6.820 3.000 2.093 0.100f position:signal 8.164 3.000 2.505 0.058f distane:stimulus 2.531 1.000 2.330 0.128f position:stimulus 0.781 1.000 0.719 0.397signal:stimulus 3.695 3.000 1.134 0.335f distane:f position:signal 1.234 3.000 0.379 0.768f distane:f position:stimulus 0.008 1.000 0.007 0.932f distane:signal:stimulus 0.672 3.000 0.206 0.892f position:signal:stimulus 2.328 3.000 0.714 0.544f distane:f position:signal:stimulus 1.352 3.000 0.415 0.743Residuals 521.500 480.000Shape links-rehtsf distane 0.158 1.000 0.244 0.622f position 3.283 1.000 5.062 0.025signal 44.256 3.000 22.745 0.000stimulus 0.049 1.000 0.075 0.784f distane:f position 19.924 1.000 30.720 0.000f distane:signal 10.209 3.000 5.247 0.001f position:signal 39.459 3.000 20.280 0.000f distane:stimulus 1.643 1.000 2.533 0.112f position:stimulus 0.705 1.000 1.087 0.298signal:stimulus 2.193 3.000 1.127 0.338f distane:f position:signal 71.193 3.000 36.590 0.000f distane:f position:stimulus 0.018 1.000 0.027 0.869f distane:signal:stimulus 1.037 3.000 0.533 0.660f position:signal:stimulus 2.037 3.000 1.047 0.371f distane:f position:signal:stimulus 0.850 3.000 0.437 0.727Residuals 311.313 480.000Shape nah-weitf distane 2.258 1.000 3.272 0.071f position 0.633 1.000 0.917 0.339ontinued on next page
Marije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



APPENDIX E. LISTENING TEST RESULTS 237ontinued from previous pageShape Sum Sq Df F value Pr(> F )signal 40.766 3.000 19.691 0.000stimulus 0.008 1.000 0.011 0.915f distane:f position 0.031 1.000 0.045 0.832f distane:signal 48.445 3.000 23.400 0.000f position:signal 4.070 3.000 1.966 0.118f distane:stimulus 0.281 1.000 0.408 0.524f position:stimulus 0.500 1.000 0.725 0.395signal:stimulus 1.070 3.000 0.517 0.671f distane:f position:signal 3.109 3.000 1.502 0.213f distane:f position:stimulus 0.633 1.000 0.917 0.339f distane:signal:stimulus 2.172 3.000 1.049 0.371f position:signal:stimulus 2.078 3.000 1.004 0.391f distane:f position:signal:stimulus 0.695 3.000 0.336 0.799Residuals 331.250 480.000Shape unten-obenf distane 0.002 1.000 0.005 0.945f position 0.002 1.000 0.005 0.945signal 7.131 3.000 5.732 0.001stimulus 0.002 1.000 0.005 0.945f distane:f position 0.330 1.000 0.796 0.373f distane:signal 0.584 3.000 0.469 0.704f position:signal 0.428 3.000 0.344 0.794f distane:stimulus 0.049 1.000 0.118 0.732f position:stimulus 0.439 1.000 1.060 0.304signal:stimulus 0.709 3.000 0.570 0.635f distane:f position:signal 0.756 3.000 0.608 0.610f distane:f position:stimulus 0.330 1.000 0.796 0.373f distane:signal:stimulus 0.756 3.000 0.608 0.610f position:signal:stimulus 0.021 3.000 0.017 0.997f distane:f position:signal:stimulus 0.350 3.000 0.281 0.839Residuals 199.063 480.000Shape troken-räumlihf distane 0.500 1.000 0.386 0.535f position 2.531 1.000 1.956 0.163signal 98.297 3.000 25.316 0.000stimulus 7.031 1.000 5.433 0.020f distane:f position 0.031 1.000 0.024 0.877f distane:signal 1.609 3.000 0.414 0.743f position:signal 3.859 3.000 0.994 0.395f distane:stimulus 0.281 1.000 0.217 0.641ontinued on next page... with a fous on the reprodution of arbitrarily shaped sound soures



238ontinued from previous pageShape Sum Sq Df F value Pr(> F )f position:stimulus 0.125 1.000 0.097 0.756signal:stimulus 0.953 3.000 0.245 0.865f distane:f position:signal 5.859 3.000 1.509 0.211f distane:f position:stimulus 0.125 1.000 0.097 0.756f distane:signal:stimulus 2.953 3.000 0.761 0.517f position:signal:stimulus 4.328 3.000 1.115 0.343f distane:f position:signal:stimulus 2.141 3.000 0.551 0.647Residuals 621.250 480.000Shape klare Ortung-di�usf distane 1.221 1.000 1.281 0.258f position 1.424 1.000 1.494 0.222signal 178.287 3.000 62.377 0.000stimulus 0.049 1.000 0.051 0.821f distane:f position 0.049 1.000 0.051 0.821f distane:signal 18.428 3.000 6.447 0.000f position:signal 3.412 3.000 1.194 0.312f distane:stimulus 1.033 1.000 1.084 0.298f position:stimulus 0.096 1.000 0.100 0.751signal:stimulus 9.693 3.000 3.391 0.018f distane:f position:signal 3.100 3.000 1.084 0.355f distane:f position:stimulus 1.033 1.000 1.084 0.298f distane:signal:stimulus 0.396 3.000 0.139 0.937f position:signal:stimulus 7.021 3.000 2.457 0.062f distane:f position:signal:stimulus 2.771 3.000 0.970 0.407Residuals 457.312 480.000Shape dumpf-klarf distane 1.643 1.000 2.249 0.134f position 0.002 1.000 0.003 0.959signal 326.396 3.000 148.970 0.000stimulus 1.221 1.000 1.671 0.197f distane:f position 1.033 1.000 1.415 0.235f distane:signal 37.053 3.000 16.911 0.000f position:signal 1.850 3.000 0.844 0.470f distane:stimulus 2.674 1.000 3.661 0.056f position:stimulus 1.033 1.000 1.415 0.235signal:stimulus 2.975 3.000 1.358 0.255f distane:f position:signal 0.193 3.000 0.088 0.966f distane:f position:stimulus 0.236 1.000 0.324 0.570f distane:signal:stimulus 2.959 3.000 1.351 0.257f position:signal:stimulus 0.381 3.000 0.174 0.914ontinued on next pageMarije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



APPENDIX E. LISTENING TEST RESULTS 239ontinued from previous pageShape Sum Sq Df F value Pr(> F )f distane:f position:signal:stimulus 1.428 3.000 0.652 0.582Residuals 350.562 480.000Shape dünn-vollf distane 2.127 1.000 2.742 0.098f position 1.643 1.000 2.118 0.146signal 224.084 3.000 96.299 0.000stimulus 0.236 1.000 0.305 0.581f distane:f position 1.221 1.000 1.574 0.210f distane:signal 38.631 3.000 16.601 0.000f position:signal 3.428 3.000 1.473 0.221f distane:stimulus 0.096 1.000 0.123 0.726f position:stimulus 0.002 1.000 0.003 0.960signal:stimulus 1.428 3.000 0.614 0.606f distane:f position:signal 0.131 3.000 0.056 0.982f distane:f position:stimulus 0.236 1.000 0.305 0.581f distane:signal:stimulus 1.787 3.000 0.768 0.512f position:signal:stimulus 0.881 3.000 0.379 0.769f distane:f position:signal:stimulus 1.678 3.000 0.721 0.540Residuals 372.313 480.000Shape dunkel-hellf distane 13.133 1.000 21.850 0.000f position 0.008 1.000 0.013 0.909signal 265.164 3.000 147.058 0.000stimulus 0.383 1.000 0.637 0.425f distane:f position 0.945 1.000 1.573 0.210f distane:signal 18.695 3.000 10.368 0.000f position:signal 1.352 3.000 0.750 0.523f distane:stimulus 0.195 1.000 0.325 0.569f position:stimulus 1.758 1.000 2.925 0.088signal:stimulus 0.164 3.000 0.091 0.965f distane:f position:signal 0.820 3.000 0.455 0.714f distane:f position:stimulus 0.195 1.000 0.325 0.569f distane:signal:stimulus 0.695 3.000 0.386 0.763f position:signal:stimulus 0.914 3.000 0.507 0.678f distane:f position:signal:stimulus 1.195 3.000 0.663 0.575Residuals 288.500 480.000Shape kein-viel Bassf distane 21.125 1.000 38.067 0.000f position 0.781 1.000 1.408 0.236signal 357.008 3.000 214.439 0.000ontinued on next page... with a fous on the reprodution of arbitrarily shaped sound soures



240ontinued from previous pageShape Sum Sq Df F value Pr(> F )stimulus 2.820 1.000 5.082 0.025f distane:f position 1.758 1.000 3.168 0.076f distane:signal 26.453 3.000 15.889 0.000f position:signal 2.766 3.000 1.661 0.175f distane:stimulus 0.281 1.000 0.507 0.477f position:stimulus 3.125 1.000 5.631 0.018signal:stimulus 3.977 3.000 2.389 0.068f distane:f position:signal 1.227 3.000 0.737 0.530f distane:f position:stimulus 0.633 1.000 1.140 0.286f distane:signal:stimulus 3.766 3.000 2.262 0.080f position:signal:stimulus 1.516 3.000 0.910 0.436f distane:f position:signal:stimulus 1.570 3.000 0.943 0.420Residuals 266.375 480.000Shape kein-viel Höhenf distane 3.781 1.000 7.435 0.007f position 0.633 1.000 1.244 0.265signal 127.656 3.000 83.666 0.000stimulus 2.531 1.000 4.977 0.026f distane:f position 0.070 1.000 0.138 0.710f distane:signal 17.125 3.000 11.224 0.000f position:signal 2.336 3.000 1.531 0.206f distane:stimulus 0.281 1.000 0.553 0.457f position:stimulus 0.008 1.000 0.015 0.901signal:stimulus 1.312 3.000 0.860 0.462f distane:f position:signal 0.461 3.000 0.302 0.824f distane:f position:stimulus 0.945 1.000 1.859 0.173f distane:signal:stimulus 0.312 3.000 0.205 0.893f position:signal:stimulus 1.211 3.000 0.794 0.498f distane:f position:signal:stimulus 0.711 3.000 0.466 0.706Residuals 244.125 480.000Shape leise-lautf distane 3.781 1.000 8.843 0.003f position 1.125 1.000 2.631 0.105signal 15.336 3.000 11.955 0.000stimulus 0.281 1.000 0.658 0.418f distane:f position 0.383 1.000 0.895 0.345f distane:signal 33.281 3.000 25.944 0.000f position:signal 2.688 3.000 2.095 0.100f distane:stimulus 0.945 1.000 2.211 0.138f position:stimulus 0.195 1.000 0.457 0.499ontinued on next pageMarije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



APPENDIX E. LISTENING TEST RESULTS 241ontinued from previous pageShape Sum Sq Df F value Pr(> F )signal:stimulus 2.781 3.000 2.168 0.091f distane:f position:signal 0.711 3.000 0.554 0.646f distane:f position:stimulus 1.125 1.000 2.631 0.105f distane:signal:stimulus 3.648 3.000 2.844 0.037f position:signal:stimulus 0.773 3.000 0.603 0.613f distane:f position:signal:stimulus 0.438 3.000 0.341 0.796Residuals 205.250 480.000

... with a fous on the reprodution of arbitrarily shaped sound soures



Component 1 2 3 4 5 6 7 8 9 10 11 12eng - breit −0.282 −0.379 −0.298 −0.273 0.114 −0.034 −0.258 −0.106 0.302 0.654 −0.036 −0.021links - rehts −0.080 −0.318 0.079 0.810 0.368 −0.171 −0.222 −0.085 −0.048 0.000 −0.077 0.012nah - weit −0.135 −0.494 0.370 0.011 −0.093 0.085 0.409 0.520 0.363 −0.065 0.066 0.085oben - unten 0.017 −0.336 −0.295 0.251 −0.814 0.155 −0.125 −0.084 −0.138 −0.068 0.001 −0.065troken - räumlih −0.253 −0.292 −0.219 −0.193 0.047 −0.594 0.438 −0.308 −0.199 −0.287 −0.044 −0.036klare Ortung - di�us −0.308 −0.273 0.017 −0.316 0.192 0.204 −0.541 0.177 −0.241 −0.506 0.114 −0.028leise - laut −0.083 0.258 −0.689 0.162 0.073 −0.153 −0.006 0.507 0.301 −0.211 −0.008 0.061dumpf - klar 0.363 −0.204 −0.229 0.012 0.229 0.296 0.142 −0.348 0.333 −0.217 0.538 −0.214dünn - voll −0.370 0.051 −0.193 0.103 0.125 0.529 0.320 −0.195 −0.175 0.024 −0.019 0.587dunkel - hell 0.404 −0.242 −0.140 −0.128 0.160 0.226 0.047 −0.048 0.088 −0.173 −0.789 −0.020kein - viel Bass −0.427 0.150 −0.027 0.117 0.064 0.315 0.243 0.021 −0.074 0.045 −0.160 −0.765kein - viel Höhen 0.341 −0.219 −0.217 −0.036 0.195 0.050 0.182 0.398 −0.643 0.317 0.187 −0.083standard deviation 3.781 1.593 1.249 0.942 0.912 0.789 0.699 0.624 0.516 0.408 0.269 0.217Correlation breit rehts weit oben räuml. di�us laut klar voll hell Bass Höheneng-breit 1.000 0.121 0.219 0.129 0.432 0.495 0.118 −0.178 0.340 −0.220 0.303 −0.200links-rehts 0.121 1.000 0.191 0.060 0.106 0.107 −0.037 −0.006 0.084 −0.079 0.084 −0.021nah-weit 0.219 0.191 1.000 0.113 0.206 0.246 −0.268 −0.129 0.089 −0.075 0.148 −0.062unten-oben 0.129 0.060 0.113 1.000 0.068 −0.003 0.034 0.078 0.001 0.083 −0.088 0.074troken-räumlih 0.432 0.106 0.206 0.068 1.000 0.270 0.088 −0.224 0.267 −0.267 0.260 −0.167klare Ortung-di�us 0.495 0.107 0.246 −0.003 0.270 1.000 −0.026 −0.324 0.351 −0.287 0.368 −0.258leise-laut 0.118 −0.037 −0.268 0.034 0.088 −0.026 1.000 −0.063 0.180 −0.127 0.184 −0.011dumpf-klar −0.178 −0.006 −0.129 0.078 −0.224 −0.324 −0.063 1.000 −0.306 0.689 −0.523 0.477dünn-voll 0.340 0.084 0.089 0.001 0.267 0.351 0.180 −0.306 1.000 −0.442 0.729 −0.361dunkel-hell −0.220 −0.079 −0.075 0.083 −0.267 −0.287 −0.127 0.689 −0.442 1.000 −0.615 0.588kein-viel Bass 0.303 0.084 0.148 −0.088 0.260 0.368 0.184 −0.523 0.729 −0.615 1.000 −0.503kein-viel Höhen −0.200 −0.021 −0.062 0.074 −0.167 −0.258 −0.011 0.477 −0.361 0.588 −0.503 1.000Table E.4: Results of the prinipal omponents analysis and the orrelation table, for the shape set



APPENDIX E. LISTENING TEST RESULTS 243Table E.5: Detailed ANOVA results for the Size setSize Sum Sq Df F value Pr(> F )Size eng-breitf distane 0.264 1.000 0.239 0.625f position 0.977 1.000 0.883 0.348signal 111.962 4.000 25.295 0.000stimulus 8.789 1.000 7.943 0.005f distane:f position 0.077 1.000 0.069 0.793f distane:signal 9.588 4.000 2.166 0.071f position:signal 3.875 4.000 0.875 0.478f distane:stimulus 1.502 1.000 1.357 0.245f position:stimulus 0.264 1.000 0.239 0.625signal:stimulus 14.312 4.000 3.234 0.012f distane:f position:signal 1.712 4.000 0.387 0.818f distane:f position:stimulus 1.702 1.000 1.538 0.215f distane:signal:stimulus 0.475 4.000 0.107 0.980f position:signal:stimulus 3.087 4.000 0.698 0.594f distane:f position:signal:stimulus 2.962 4.000 0.669 0.613Residuals 663.937 600.000Size links-rehtsf distane 3.906 1.000 6.162 0.013f position 4.900 1.000 7.729 0.006signal 23.834 4.000 9.399 0.000stimulus 0.100 1.000 0.158 0.691f distane:f position 16.900 1.000 26.658 0.000f distane:signal 12.703 4.000 5.009 0.001f position:signal 66.553 4.000 26.245 0.000f distane:stimulus 0.225 1.000 0.355 0.552f position:stimulus 0.306 1.000 0.483 0.487signal:stimulus 0.728 4.000 0.287 0.886f distane:f position:signal 142.647 4.000 56.252 0.000f distane:f position:stimulus 0.006 1.000 0.010 0.921f distane:signal:stimulus 0.384 4.000 0.152 0.962f position:signal:stimulus 6.459 4.000 2.547 0.038f distane:f position:signal:stimulus 1.416 4.000 0.558 0.693Residuals 380.375 600.000Size nah-weitf distane 0.352 1.000 0.512 0.474f position 0.689 1.000 1.004 0.317ontinued on next page
... with a fous on the reprodution of arbitrarily shaped sound soures



244ontinued from previous pageSize Sum Sq Df F value Pr(> F )signal 6.719 4.000 2.448 0.045stimulus 0.127 1.000 0.184 0.668f distane:f position 0.452 1.000 0.658 0.418f distane:signal 34.000 4.000 12.388 0.000f position:signal 1.069 4.000 0.389 0.816f distane:stimulus 0.564 1.000 0.822 0.365f position:stimulus 0.189 1.000 0.276 0.600signal:stimulus 10.381 4.000 3.782 0.005f distane:f position:signal 1.650 4.000 0.601 0.662f distane:f position:stimulus 0.039 1.000 0.057 0.811f distane:signal:stimulus 2.975 4.000 1.084 0.364f position:signal:stimulus 0.319 4.000 0.116 0.977f distane:f position:signal:stimulus 1.938 4.000 0.706 0.588Residuals 411.687 600.000Size unten-obenf distane 2.889 1.000 5.830 0.016f position 2.139 1.000 4.317 0.038signal 5.734 4.000 2.893 0.022stimulus 2.889 1.000 5.830 0.016f distane:f position 0.264 1.000 0.533 0.466f distane:signal 4.134 4.000 2.086 0.081f position:signal 0.759 4.000 0.383 0.821f distane:stimulus 0.014 1.000 0.028 0.866f position:stimulus 0.352 1.000 0.709 0.400signal:stimulus 1.134 4.000 0.572 0.683f distane:f position:signal 1.572 4.000 0.793 0.530f distane:f position:stimulus 0.564 1.000 1.138 0.286f distane:signal:stimulus 1.759 4.000 0.888 0.471f position:signal:stimulus 0.734 4.000 0.371 0.830f distane:f position:signal:stimulus 0.022 4.000 0.011 1.000Residuals 297.312 600.000Size troken-räumlihf distane 0.264 1.000 0.194 0.660f position 7.014 1.000 5.140 0.024signal 59.713 4.000 10.941 0.000stimulus 25.202 1.000 18.470 0.000f distane:f position 1.502 1.000 1.100 0.295f distane:signal 9.431 4.000 1.728 0.142f position:signal 1.869 4.000 0.342 0.849f distane:stimulus 0.039 1.000 0.029 0.866ontinued on next pageMarije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



APPENDIX E. LISTENING TEST RESULTS 245ontinued from previous pageSize Sum Sq Df F value Pr(> F )f position:stimulus 0.977 1.000 0.716 0.398signal:stimulus 2.806 4.000 0.514 0.725f distane:f position:signal 2.288 4.000 0.419 0.795f distane:f position:stimulus 0.039 1.000 0.029 0.866f distane:signal:stimulus 5.938 4.000 1.088 0.362f position:signal:stimulus 1.875 4.000 0.344 0.849f distane:f position:signal:stimulus 2.656 4.000 0.487 0.746Residuals 818.688 600.000Size klare Ortung-di�usf distane 4.556 1.000 4.159 0.042f position 1.406 1.000 1.284 0.258signal 165.416 4.000 37.752 0.000stimulus 7.656 1.000 6.989 0.008f distane:f position 0.225 1.000 0.205 0.651f distane:signal 39.897 4.000 9.105 0.000f position:signal 1.859 4.000 0.424 0.791f distane:stimulus 0.900 1.000 0.822 0.365f position:stimulus 7.225 1.000 6.596 0.010signal:stimulus 13.422 4.000 3.063 0.016f distane:f position:signal 5.541 4.000 1.265 0.283f distane:f position:stimulus 0.506 1.000 0.462 0.497f distane:signal:stimulus 1.241 4.000 0.283 0.889f position:signal:stimulus 4.666 4.000 1.065 0.373f distane:f position:signal:stimulus 2.134 4.000 0.487 0.745Residuals 657.250 600.000Size dumpf-klarf distane 30.189 1.000 44.389 0.000f position 1.702 1.000 2.502 0.114signal 454.741 4.000 167.158 0.000stimulus 7.439 1.000 10.938 0.001f distane:f position 1.139 1.000 1.675 0.196f distane:signal 58.553 4.000 21.524 0.000f position:signal 5.728 4.000 2.106 0.079f distane:stimulus 0.264 1.000 0.388 0.533f position:stimulus 0.002 1.000 0.002 0.962signal:stimulus 11.022 4.000 4.052 0.003f distane:f position:signal 2.478 4.000 0.911 0.457f distane:f position:stimulus 0.564 1.000 0.829 0.363f distane:signal:stimulus 1.322 4.000 0.486 0.746f position:signal:stimulus 1.334 4.000 0.491 0.743ontinued on next page... with a fous on the reprodution of arbitrarily shaped sound soures



246ontinued from previous pageSize Sum Sq Df F value Pr(> F )f distane:f position:signal:stimulus 1.147 4.000 0.422 0.793Residuals 408.062 600.000Size dünn-vollf distane 8.100 1.000 10.199 0.001f position 5.256 1.000 6.619 0.010signal 337.884 4.000 106.364 0.000stimulus 4.900 1.000 6.170 0.013f distane:f position 0.025 1.000 0.031 0.859f distane:signal 19.447 4.000 6.122 0.000f position:signal 2.572 4.000 0.810 0.519f distane:stimulus 0.156 1.000 0.197 0.658f position:stimulus 0.000 1.000 0.000 1.000signal:stimulus 4.022 4.000 1.266 0.282f distane:f position:signal 1.459 4.000 0.459 0.766f distane:f position:stimulus 1.406 1.000 1.771 0.184f distane:signal:stimulus 2.859 4.000 0.900 0.463f position:signal:stimulus 1.047 4.000 0.330 0.858f distane:f position:signal:stimulus 3.359 4.000 1.058 0.377Residuals 476.500 600.000Size dunkel-hellf distane 26.814 1.000 41.512 0.000f position 1.502 1.000 2.325 0.128signal 362.119 4.000 140.152 0.000stimulus 1.314 1.000 2.034 0.154f distane:f position 0.077 1.000 0.119 0.731f distane:signal 49.913 4.000 19.318 0.000f position:signal 0.725 4.000 0.281 0.891f distane:stimulus 0.014 1.000 0.022 0.883f position:stimulus 0.689 1.000 1.067 0.302signal:stimulus 1.256 4.000 0.486 0.746f distane:f position:signal 6.369 4.000 2.465 0.044f distane:f position:stimulus 0.127 1.000 0.196 0.658f distane:signal:stimulus 0.775 4.000 0.300 0.878f position:signal:stimulus 2.100 4.000 0.813 0.517f distane:f position:signal:stimulus 1.319 4.000 0.510 0.728Residuals 387.562 600.000Size kein-viel Bassf distane 24.025 1.000 37.785 0.000f position 0.625 1.000 0.983 0.322signal 516.681 4.000 203.151 0.000ontinued on next pageMarije Baalman - On wave �eld synthesis and eletro-aousti musi, ...



APPENDIX E. LISTENING TEST RESULTS 247ontinued from previous pageSize Sum Sq Df F value Pr(> F )stimulus 6.006 1.000 9.446 0.002f distane:f position 0.306 1.000 0.482 0.488f distane:signal 43.694 4.000 17.180 0.000f position:signal 2.375 4.000 0.934 0.444f distane:stimulus 3.025 1.000 4.758 0.030f position:stimulus 1.225 1.000 1.927 0.166signal:stimulus 11.463 4.000 4.507 0.001f distane:f position:signal 0.788 4.000 0.310 0.872f distane:f position:stimulus 0.156 1.000 0.246 0.620f distane:signal:stimulus 1.975 4.000 0.777 0.541f position:signal:stimulus 1.994 4.000 0.784 0.536f distane:f position:signal:stimulus 0.906 4.000 0.356 0.840Residuals 381.500 600.000Size kein-viel Höhenf distane 5.256 1.000 9.108 0.003f position 0.756 1.000 1.310 0.253signal 185.366 4.000 80.303 0.000stimulus 0.006 1.000 0.011 0.917f distane:f position 0.006 1.000 0.011 0.917f distane:signal 31.166 4.000 13.501 0.000f position:signal 0.228 4.000 0.099 0.983f distane:stimulus 0.506 1.000 0.877 0.349f position:stimulus 1.406 1.000 2.437 0.119signal:stimulus 3.322 4.000 1.439 0.220f distane:f position:signal 1.916 4.000 0.830 0.506f distane:f position:stimulus 0.756 1.000 1.310 0.253f distane:signal:stimulus 0.259 4.000 0.112 0.978f position:signal:stimulus 0.859 4.000 0.372 0.828f distane:f position:signal:stimulus 2.384 4.000 1.033 0.389Residuals 346.250 600.000Size leise-lautf distane 0.077 1.000 0.171 0.680f position 1.314 1.000 2.932 0.087signal 46.413 4.000 25.887 0.000stimulus 1.502 1.000 3.350 0.068f distane:f position 0.564 1.000 1.258 0.262f distane:signal 25.119 4.000 14.010 0.000f position:signal 1.100 4.000 0.614 0.653f distane:stimulus 0.564 1.000 1.258 0.262f position:stimulus 0.189 1.000 0.422 0.516ontinued on next page... with a fous on the reprodution of arbitrarily shaped sound soures



248ontinued from previous pageSize Sum Sq Df F value Pr(> F )signal:stimulus 2.819 4.000 1.572 0.180f distane:f position:signal 0.631 4.000 0.352 0.843f distane:f position:stimulus 0.352 1.000 0.784 0.376f distane:signal:stimulus 1.100 4.000 0.614 0.653f position:signal:stimulus 1.319 4.000 0.736 0.568f distane:f position:signal:stimulus 0.625 4.000 0.349 0.845Residuals 268.938 600.000
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Components 1 2 3 4 5 6 7 8 9 10 11 12eng - breit −0.266 0.394 0.235 −0.185 0.261 −0.013 0.412 −0.223 0.514 −0.353 −0.091 −0.026links - rehts −0.109 0.282 −0.277 0.766 0.413 −0.143 0.125 −0.023 −0.194 −0.002 0.002 0.020nah - weit −0.014 0.419 −0.627 −0.051 −0.228 0.391 −0.268 0.187 0.335 −0.029 −0.031 −0.051oben - unten 0.021 0.500 0.168 0.110 −0.685 −0.412 0.191 0.026 −0.123 0.124 0.026 0.032troken - räumlih −0.211 0.387 0.089 −0.363 0.380 −0.379 −0.552 0.094 −0.159 0.187 0.057 −0.031klare Ortung - di�us −0.330 0.174 −0.056 −0.252 0.056 0.458 0.398 −0.128 −0.428 0.446 0.156 −0.007leise - laut −0.227 0.076 0.575 0.305 −0.028 0.383 −0.158 0.568 0.098 0.045 0.024 −0.105dumpf - klar 0.403 0.099 0.135 0.116 0.083 0.051 −0.053 −0.291 0.268 0.327 0.468 −0.550dünn - voll −0.364 −0.079 0.121 0.222 −0.187 0.119 −0.372 −0.531 0.179 0.062 0.283 0.461dunkel - hell 0.386 0.175 0.188 0.057 0.115 0.167 −0.068 −0.191 0.116 0.436 −0.646 0.280kein - viel Bass −0.405 −0.133 −0.015 0.100 −0.188 −0.009 −0.178 −0.313 −0.091 −0.015 −0.495 −0.624kein - viel Höhen 0.323 0.298 0.191 −0.021 −0.014 0.335 −0.202 −0.255 −0.477 −0.568 0.024 −0.034standard deviation 4.348 1.582 1.168 0.931 0.864 0.684 0.605 0.529 0.420 0.408 0.253 0.208Correlation breit rehts weit oben räuml. di�us laut klar voll hell Bass Höheneng-breit 1.000 0.180 0.047 0.163 0.449 0.481 0.313 −0.344 0.313 −0.290 0.311 −0.179links-rehts 0.180 1.000 0.190 0.057 0.128 0.113 0.098 −0.107 0.143 −0.111 0.137 −0.107nah-weit 0.047 0.190 1.000 0.179 0.119 0.155 −0.167 −0.050 −0.036 −0.021 −0.027 0.079unten-oben 0.163 0.057 0.179 1.000 0.104 −0.002 0.078 0.082 −0.024 0.105 −0.050 0.184troken-räumlih 0.449 0.128 0.119 0.104 1.000 0.314 0.181 −0.299 0.221 −0.224 0.240 −0.133klare Ortung-di�us 0.481 0.113 0.155 −0.002 0.314 1.000 0.271 −0.529 0.405 −0.446 0.484 −0.333leise-laut 0.313 0.098 −0.167 0.078 0.181 0.271 1.000 −0.300 0.405 −0.225 0.333 −0.159dumpf-klar −0.344 −0.107 −0.050 0.082 −0.299 −0.529 −0.300 1.000 −0.512 0.748 −0.681 0.573dünn-voll 0.313 0.143 −0.036 −0.024 0.221 0.405 0.405 −0.512 1.000 −0.530 0.731 −0.431dunkel-hell −0.290 −0.111 −0.021 0.105 −0.224 −0.446 −0.225 0.748 −0.530 1.000 −0.659 0.607kein-viel Bass 0.311 0.137 −0.027 −0.050 0.240 0.484 0.333 −0.681 0.731 −0.659 1.000 −0.550kein-viel Höhen −0.179 −0.107 0.079 0.184 −0.133 −0.333 −0.159 0.573 −0.431 0.607 −0.550 1.000Table E.6: Results of the prinipal omponents analysis and the orrelation table, for the size set
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